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Summary 

This thesis presents some results of the research into automation of topology selection for a 
module generator and automated generation of piecewise linear models. 

The goal of the selection process is to predict the topologies for which the requirements can be 
achieved according to what is feasible for a given topology, and to find the optimal candidate among 
the feasible ones. In an automated design environment, due to the constrains imposed by the required 
design knowledge, there is a limited number of topology alternatives for a given circuit. When 
topology selection and circuit sizing and optimization are performed sequentially, the selection aims 
to assure that the selected topology has the highest likelihood of success during sizing. The ability of 
a topology to accommodate the requirements is depicted by the topology's performance (solution) 
space. That is the space where the sizing and optimization look for the optimal point, described by 
the requirements. 

A new method has been presented for topology selection within an automated analog synthesis 
system. The method consists of the subsequent application of two procedural fllters, based on 
boundary checking and interval analysis respectively, followed by a rule-based flltering. This 
combination allows a trade-off between selection accuracy and required selection time. Practical 
evaluation results of this method have been presented and show an acceptable performance. The 
method has been implemented in the topology selection program of the analog module generator. The 
tool is available and it has been tested on a nuber of actual circuits. It has been shown that the use of 
solution space provides the selection that is most suitable for the given requirements. Furthermore, 
the results of solution space analysis are suitable for the optimization and sizing as well. 

The interval analysis rely on solution space that is constructed from a system of linear equations 
and inequalities. This system is derived from the topology's analytical model and input specifications 
and requirements. Large models require longer evaluation time but can provide better accuracy than 
the smaller models. Analytical models are usually nonlinear and this a problem for the chosen 
selection method. The solution is to linearize the model or to use piecewise linear models. 

The optimal solution of a linear system is, in contrast to a nonlinear system, much easier to find, 
it takes much less time to find it and it can always be found. In order to use linear programming 
(LP), we could try to approximate the non-linear behavior of analog devices by a set of linear 
segments. The collection of those segments is called the piecewise linear (PL) model. However, 
obtaining an useful approximation has proven to be difficult. Development and prototyping of 
accurate device and behavioral piecewise linear models for some of the PL descriptions up to now 
has been a manual process. This demanded lot of knowledge, experience and skill. Such manual 
process has been very slow, error prone, it lacked an efficient control or estimation of accuracy and 
last but not least it was not algorithmic. In order to have a process automated, a method should be 
clearly defmed and it should consists of feasible steps that can be performed with the limited initial 
information. An algorithmic method does not bring an improvement just by its virtue that it is 
automated. The real improvement, if there is any, over a manual process with comparable results is 
in the speed, reliability and control that the new method provides. 
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A methodology for automated generation of piecewise models is presented. The PL technique 
and one PL representation are introduced first. The method to automate the model generation is then 
presented step by step. All the inherent problems and implementational difficulties are discussed 
along with the proposed solutions. As an illustration of the method's potential, there is a comparison 
between the previous models and the new one generated by the proposed method. 
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Samenvatting 

Dit proefschrift behandelt enkele resultaten van een onderzoek op het gebied van het automatiseren 
van topologie selectie binnen een module generator en de automatische generatie van stuksgewijs 
lineaire modellen. 

Het doel van een selectie proces is om die topologieen te voorspellen welke geschikt zijn om aan de 
gevraagde specificaties te kunnen voldoen. Daarnaast moet dan uit de set van geschikte kandidaten 
de meest optimale gevonden worden. V anwege de beperkingen, opgelegd door de vereiste 
ontwerpkennis, is in een geautomatiseerde ontwerpomgeving de set van alternatieve topologieen voor 
een gegeven circuit beperkt. Indien topologie selectie, circuit dimensionering en optimalisatie 
sequentieel uitgevoerd worden zal de selectie tot doel heben dat de gekozen topologie de hoogst 
mogelijke slagingskans heeft in de dimensioneringsfase. Het gegeven of een bepaalde topologie aan 
de vereisten kan voldoen wordt bepaald door zijn 'prestatie' (oplossings) ruimte. Dit is de ruimte in 
welke tijdens dimensionering en optimalisatie het optimale punt gezocht wordt, vastgelegd door de 
opgelegde eisen. 

Een nieuwe methode voor de topologie selectie binnen een geautomatiseerd analoog synthese systeem 
wordt gepresenteerd. De methode bestaat uit het sequentieel toepassen van twee procedurele filters, 
respectivelijk gebaseerd op het afzoeken van de randen van een ruimte en het toepassen van interval 
analyse. Hierna volgt dan nog een regel-gebaseerd filter. Deze combinatie laat een afweging toe 
tussen de nauwkeurigheid in selectie en de hiervoor benodigde tijd. Van deze methode worden 
praktische evaluatie resultaten getoond welke een acceptabele werking laten zien. De methode is 
geimplementeerd in het topologie selectie programma van een analoge module generator. Deze 
generator is beschikbaar en is getest op een aantal actuele circuits. Het is aangetoond dat, gegeven de 
randvoorwaarden, het gebruik van een oplossingsruimte het meest geschikt is om selectie uit te 
voeren. Verder blijkt dat de verkregen resultaten uit de oplossingsruimte tevens geschikt zijn voor 
dimensionering en optimalisatie in een latere fase. 

De toegepaste interval analyse gaat er vanuit dat de oplossingsruimte is geconstrueerd uit een 
systeem van lineaire vergelijkingen en ongelijkheden. Dit systeem is afgeleid uit het analytische 
model van de topologie, de opgegeven specificaties en de eisen. Grote modellen vergen een langere 
evaluatietijd maar geven een verhoogde nauwkeurigheid vergeleken bij kleinere modellen. De 
analytische modellen zijn vaak niet-lineair hetgeen een probleem is voor de gekozen selectie methode. 
De oplossing is dan om het model te lineariseren of door gebruik te maken van stuksgewijs lineaire 
modellen. 

De optimale oplossing van een lineair systeem is gemakkelijker te verkrijgen dan die voor een niet
lineair systeem. Daamaast kost het minder tijd en kan de oplossing altijd gevinden worden. Indien we 
gebruik willen maken van Lineaire Programering (LP) zouden we het niet-lineaire gedrag van de 
analoge elementen moeten benaderen door een set van lineaire segmenten. De verzameling van deze 
segmenten wordt een stuksgewijs lineair (PL) model genoemd. Het is echter een gegeven dat het 
vinden van zo'n benadering moeilijk is. Tot nu toe is de ontwikkeling en prototyping van accurate 
stuksgewijs lineaire modellen voor een gegeven PL beschrijving een handmatig proces geweest. Dit 
handmatige proces is erg traag, foutgevoelig, heeft geen efficiente controle en afschatting voor de 
nauwkeurigheid en is niet algoritmisch. Om dit proces te kunnen automatiseren, moet de methode 
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duidelijk gedefinieerd zijn en moet bestaan uit stappen welke uitvoerbaar zijn gegeven de beperkte 
initiele informatie. Een algoritmische methode brengt geen verbetering als het alleen maar is 
voortgekomen uit het automatiseren van handmatige proces. De werkelijke verbetering t.o.v. een 
handmatig proces met vergelijkbare resulaten ligt in de snelheid, betrouwbaarheid en controle van de 
nieuwe methode. 

Een methodiek voor de automatische generatie van stuksgewijs lineaire modellen wordt 
gepresenteerd. Allereerst zullen de PL techniek en een PL representatie geintroduceerd worden. De 
methode om de model generatie te autornatiseren zal dan stap voor stap gepresenteerd worden. Alle 
inherente problemen en implementatie aspecten zullen behandeld worden naast de voorgestelde 
oplossing. Ter illustratie van de potentiele mogelijkheden zal een vergelijk tussen vroegere en nieuwe, 
door de voorgestelde methode gegenereerde, modellen gegeven worden. 
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1. Introduction 

There are several steady trends in integrated circuit (IC) design that last decades. To name most 
common ones: the feature size is decreasing while the number of components per chip is increasing. 
In recent years a single chip or multi-chip module can contain complete systems that previously took 
one or more boards. Increased technology capability results in complex' demands imposed on the 
designer. The time needed to define, design, produce and test a chip is therefore increasing as well. 

Design automation (DA) emerged as the answer to the challenge to reduce costs and at the same 
time improve perfonnance and reliability. That was the only way to go with large scale integration 
(LSI) and very large scale integration (VLSI). Computer aided design (CAD) appeared first in 
digital design and later on in analog design as well. Silicon compilers for digital design are today's 
reality. Because an increasing amount of functionality was being implemented as digital, the analog 
design and analog DA got much less attention. 

Nowadays as mixed-signal application specific integrated circuits (ASIC) are a common place, 
there is a need for good and reliable analog CAD tools too. Besides their main objective, to automate 
the design of an ASIC, their goals are optimization of the performance, speed and power 
consumption and to guarantee correctness of the design. On the top of it, the tools should provide for 
shorter design time at less cost. 

The need for analog CAD tools has been recognized in academia, research community and in 
industry. The European community acknowledged the need for such trlols as well and through 
European Space Agency (ESA) established projects to study and develop analog CAD tools. Two 
recent activities of ESA-ESTEC in the field of mixed-signal ASIC ~gn have been: the TRP
project "Mixed analog/digital silicon compiler", and the ASTP4-projlllct "VLSI design tools -
Module generation for analog silicon compilation". The fonner consisted of a system study 
resulting in an implementation plan for a mixed-signal silicon compiler, while the latter concentrated 
on the development and demonstration of an analog module generator CAD tool for low level analog 
modules. This analog module generator has been foreseen as a part of the mixed-signal silicon 
compiler. The SES group, formerly known as microelectronics design.~group EEB, at Technical 
University of Eindhoven (TUE) was involved in the both projects, .,as part of the projects' 
consortiums. 

In analog integrated electronics we can distinguish systems, modules and circuits, using the 
complexity of the object that has been designed as a criterion. This rough classification corresponds 
to hierarchical classification as well. At each of these hierarchical levels the design process consists 
of several steps such as topology selection, circuit sizing, layout generation, extraction and 
verification. 

An analog module generator (AMG) designs analog integrated modules or circuits from given 
perfonnance specifications down to layout. The design is carried out in a sequence of design steps. 
The design flow of the AMG is a natural one, for it follows the design procedure a human designer 
would take:. for a given functionality and set of perfonnance specifications a schematic for the 
module that implement required functionality is chosen, the chosen schematic is then sized and 
optimized for the required performance, the performance of such an optimized circuit is verified by 
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means of simulation, layout is generated for a verified circuit. the circuit is extracted from the 
generated layout in order to verify it's performance taking into account all the parasitics. If the 
verifications give positive result the design is completed, if not - the redesign takes place. The actual 
circuit is produced from the verified layout. 

Architecture and topology selection have been recognized as the frrst design steps. The aim of a 
selection process in an automated design is to search through the set of candidate topologies in a 
library that implement the required circuit behavior and to eventually fmd the best one. The selection 
is based upon the matching of the expected topology behavior with a required behavior as the 
criterion. The required circuit behavior is actually a set of input performance specifications that have 
to be met in a specified technology process. The set of input specifications are provided either by a 
human designer that is the user of such a tool, or by an upper hierarchical level of an automated 
synthesis system. A chosen topology is passed to a sizing and optimizing tool for further design. The 
conclusion whether the chosen candidate was the best one is reached by verification after the 
optimization phase. The decision, however, has to be made before the optimization phase. The 
methods used for the selection rely on the knowledge of topology's potentials. This knowledge can be 
expressed and used as qualitative, quantitative, procedural, rule based, etc. The selection process, 
using this knowledge, tries to predict how close an unoptimized circuit will fulfill the input 
requirements after it had been optimized. 

Work on the analog module generator project initiated some ideas that could be useful in other 
areas ofDA as well. Two of the AMG's tools, namely topology selector and circuit simulator, make 
use of piecewise linear (PL) techniques. These techniques need accurate PL models, to begin with. 
Accurate device, circuit and module models are of the essential importance for a successful DA 
synthesis system. The DA tools can be divided into two main groups: synthesis (e.g. topology 
selection, sizing, optimization, layout generation) and analysis (e.g. verification, simulation). Analog 
devices are intrinsically non-linear. As we try to model those devices though design equations those 
non-linearities begin to pose a problem. Problems of circuit synthesis are associated with fmding the 
optimum for nonlinear system under certain conditions. In circuit analysis, non-linear systems show 
convergence problems. The optimal solution of a linear system is, in contrast to a nonlinear system, 
much easier to find, it takes much less time to find it and it can always be found. In order to use 
linear programming (LP), we could try to approximate the non-linear behavior of analog devices by 
a set of linear segments. The collection of those segments is called the piecewise linear (PL) model. 
However, obtaining an useful approximation has proven to be difficult. Development and 
prototyping of accurate device and behavioral piecewise linear models for some of the PL 
descriptions up to now has been a manual process. This demanded lot of knowledge, experience and 
skill. Such manual process has been very slow, error prone, it lacked an efficient control or 
estimation of accuracy and last but not least it was not algorithmic. In order to have a process 
automated, a method should be clearly defined and it should consists of feasible steps that can be 
performed with the limited initial information. An algorithmic method does not bring an improvement 
just by its virtue that it is automated. The real improvement, if there is any, over a manual process 
with comparable results is in the speed, reliability and control that the new method provides. 

This thesis discusses some of the above mentioned problems and proposes some possible 
solutions. The organization of the thesis is as follows. 

To allow us to place the problems that will be discussed in a perspective and to narrow down the 
focus, chapter 2 of this thesis presents an introduction and short overview of current analog DA tools 
and techniques. 
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Chapters 3, 4, 5 and 6 of this thesis presents some results of research conducted as part of the 
ASTP4 project "VLSI Design Tools- Module Generation for Analog Silicon Compilation", project 
number 9890/92/NL/GS. Full project documentation is available, out of which some relevant 
documents are listed in Literature. The work: on the project is carried out by the consortium that 
consisted of people from: Katholieke Universiteit Leuven, Belgium, Techische Universiteit 
Eindhoven and Technische Universiteit Delft, the Netherlands, Interuniversity Microelectronic 
Center (IMEC), Belgium, BIM Belgium and ICT, the Netherlands. 

Chapter 3 presents the development of the Analog Module Generator. The main focus here is on 
the whole software CAD system, it's concepts and methodology: top-down-bottom-up design
redesign, hierarchy, modularity, technology independence, extensibility, knowledge-bases. The whole 
life-cycle is followed through development, integration, testing and validation. A short example of a 
design run-time is given. 

Chapter 4 focuses on topology selection (TS) and presents the TS tool of the AMG. An 
overview of existing selection tools and used techniques is given first. Then the proposed method is 
discussed in more detail. The selection process is viewed as a ftltering, with accents on boundary
checking, interval-analysis and rule-base as used filtering technique. Examples are given to show 
how the concept of using the complete solution space instead of a single solution point allows for 
accurate selection. 

Chapter 5 gives an overview of some specific constraints and results for other AMG tools and 
extensions introduced in chapter 3. A procedure to make sizing/optimization models, means to 
automate the process and a small example are presented first. The chapter is concluded by discussing 
the constraints that analog and mixed analog/digital domain pose on the layout tool and presenting 
the results for the demonstrator circuit. 

Chapter 6 presents the methodology for automated generation of piecewise models. For the 
readers convenience, the PL technique and one PL representation are introduced first. The method to 
automate the model generation is then presented step by step. All the inherent problems and 
implementational difficulties are discussed along with the proposed solutions. As an illustration of 
the method's potential, there is a comparison between the previous models and the new one generated 
by the proposed method. Simulation results for the demonstrator circuit designed by AMG conclude 
the presentation of analog module generation giving the verification for the previous design steps. 

Finally, chapter 7 draws conclusions and summarizes the thesis' main objectives and results. 
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2. Design Automation 

This chapter defines the goal of design automation and outlines a concept of an ideal silicon 
compiler. The TRP project (mixed Aid! silicon compiler) is briefly presented. The ASTP4 project 
(analog module generator) is introduced as well. A short list of existing analog CAD tools is given 
to present in broad lines in which direction the analog CAD goes. 

2.1 Introduction 

Design automation (DA) is a manner to perform the job of circuit/system designer in an 
automated way by means of computer programs. CAD tools are the actual programs that assists the 
designer, provides some phases of design fully automated and enables the designer to improve the 
quality and productivity. It is common to use both terms DA and CAD meaning automated tools. 

The ultimate goal for DA is to fully automate the design process. The designer would be 
required to merely describe the functionality of the system in a formal way Without reference to any 
particular implementation. The DA tools will then take over and correctly design the system down to 
layout. 

One basic principle of a CAD tool is to divide a complex problem into manageable tasks. 
Functional and technological decomposition's (figure 2.l.a) help to narrow down the scope of design 
domains and design targets (figure 2.1.b ). 

(micro)systems 
/ ~---

electronic mechanic ...--I--- continuous discrete 

sofware hardware eo-design 

/--- continuous ANALOG DIGITAL 
analog digital 

/ .......... / ............ 
continuous sampled DSP control flow SAMPLBDDATA DSP discrete 

time data digital 

a b 

Figure 2.1: Design Automation: a) scope b) domains 

Up to mid-eighties digital was the technology. The design as well as CAD research concentrated 
on digital applications. Analog design was neglected for some time and it looked it would give place 
to all digital design. Large number of analog functions were being replaced .by digital counterparts. 
That boom, however, had some limits. Interfaces between VLSI chips and outer world were needed. 
The signals outside of the chips are analog. There are applications where low noise, low power 
consumption or high frequencies require the use of analog circuits. As soon as those limits were 
reached the lack of appropriate analog CAD tools became apparent. 

1 
Aid: Capital A small case d subsystems are dominantly analog circuits with a few digital circuits 
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In comparison with state-of-the-art digital CAD results, analog CAD was far behind. There are 
already digital silicon compilers [BR0-92] that can reliably translate moderate high-level 
specifications all the way down to layout. That is still the goal for analog. 

In order to automate a certain design process, the process should be thoroughly understood and 
suitable for formal description. In this respect both analog and digital design are suitable for 
automation. The formal description should be specific enough to provide a solution for the given 
problem, yet general enough to be used for a class of similar problems. This generalization is in 
digital design obtained through signal abstraction. Analog design lacks that formalism. 

Suppose we can use the same design methodology for analog. Although digital CAD tools 
deliver good quality design, it is not possible to use them directly for aualog design due to different 
design concerns (e.g. time, noise, parasitic). Domains are different and a coarse comparison that 
follows will show how that prevents direct usage of tools across domains. In digital, signals are 
regarded as discrete. The actual value fluctuates but it is of no interest as long as it can be classified 
to a quantized level. There is a noise floor related to the quantized signal levels. The time is of 
importance for the periods when the signals change from one quantized level to another and for 
duration of some states. On the other hand, analog signals have continuous values and are changing 
continuously in time. Because of continues signal values, noise is always an issue. The very same 
sirnplifications that led the transition from the analog domain to the digital domain are the largest 
obstacles for using the digital tools back in the analog domain. 

It is not even possible to adapt the digital CAD tools to use them for analog design. Even though 
the methodology could be the same (for instance hierarchical decomposition, as it will be shown 
later), the goals are achieved through substantially different approach. The way to go is to build the 
analog CAD tools applying the methodologies well-known from digital CAD while addressing the 
issues specific for analog design. 

The problems in analog design are the large number of variables and degrees of freedom that 
have to be managed in an optimization process. Hierarchical decomposition is an useful way to 
divide a complex problem into easily manageable parts. However, the decomposition itself is not 
easy, nor the specifications translation. 

There are several levels of signal abstraction in discrete signal domains (digital and DSP): 
functional level, behavioral level, register transfer level, gate and switch level. The levels of signal 
abstraction here correspond to the hierarchical levels. CAD tools for discrete signal domains, digital 
and DSP, have taken full advantage of these well defined hierarchical levels. 

On the other hand, in analog domain, there is no signal abstraction. Signals are considered in 
time domain and in frequency domain, as depicted in figures 2.2a and 2.2b. 

Figure 2.2a 
Figure 2.2b 

However, the same concept of voltages, currents and time are used throughout the system, no 
matter what structural or functional decomposition we use. The hierarchy in analog design is based 
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on structural and functional decomposition. This decomposition is not strictly defmed and it varies 
as the scope varies: sometimes the same group of devices is considered subsystem, sometimes -
module or circuit or sub-circuit. It is up to a circuit designer or tool designer to define the scope for 
the hierarchical decomposition that is going to be used. 

The flow of a design process can be broken into several phases, out of which the main two are 
synthesis and analysis (figure 2.3). The synthesis phases are: architecture and topology selection, 
sizing and optimizing of the selected topology and layout generation for the sized circuit. At any of 
intermediate phases there is a need for verification of the undertaken decisions, that makes the 
analysis phase. The verification is provided by simulation. In order to verify the layout there must be 
a mean to extract the parasitics. If those processes are to be automated there must be a mean to give 
a designer an insight into each design step and possibly to allow the designer to intervene, should it 
be necessary. On the other hand, it should be possible to carry out the whole design without the 
designer's interaction if it is not needed. Redesign takes place whenever the verification phase detects 
that results of a synthesis step deviate from the specified or expected. The design flow is then altered 
and some synthesis steps are repeated for modified requirements. 

specifications 

layout 

Figure 2.3 General designjWw 

Design automation of hardware electronic systems could be achieved through a mixed analog 
digital silicon compiler. An ideal design flow of such a compiler is shown in figure 2.4 (based on 
[DON-94]). The availability of particular tools, both academic2 and commercial, marked "existing 
tools", is indicated along with the ongoing research activities. The figure 2.4 serves more to ilustrate 
a design flow in a silicon compiler and the place of some items discussed in this thesis in the design 
flow, then to give extensive and up to date list of tools and projects. 

Design of the system starts with defming design requirements that are formulated as high-level 
specifications for that system. There should be a formal description language to cover this phase. At 
present, there is no such language that can describe full systems. Such language would provide 
means to verify if the translation of design requirements to a formal form is consistent. The system 
described at the highest level should be decomposed into architectural partitions according to 
operation domains of subsystems. The subsystems themselves should be formally described and the 
high-level specifications should be translated into specifications for each subsystem. This is also a 

2 ESPRIT (ADMIRE, ARTEMIS and AD2000) and JESSI are projects funded by European Community. lOP is a project funded by Dutch 
technology foundation STW 
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phase that has yet to be automated. Each design phase is followed by analysis and verification 
therefore the next step would be to verify the partitioning. This partitioning allows to proceed with 
the design of different domain's subsystems in parallel. The tools that provide automated digital and 
DSP synthesis already exist. The tools that should perform mixed A/d synthesis are still in 
development. They are the subject of the next section. Design of each of the sub-systems should be 
verified by simulation. Simulators for all domains are by now truly reliable CAD tools. At this point 
in design flow, the remaining phases are layout generation, layout assembly for the different 
subsystems and extraction of parasitics. Simulation with the parasitics taken into account serves to 
verify quality of the overall design. A failure detected during verification has to be corrected and it is 
usually done by repeating some of the synthesis steps that preceded the current verification step. 
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Two recent activities under ESA-ESTEC funding in the field of mixed-signal ASIC design have 
been: TRP-project "Mixed analog/digital silicon compiler", and ASTP4-project "VLSI design tools 
- Module generation for analog silicon compilation". The place of these two projects regarding the 
silicon compiler's ideal design flow is indicated in figure 2.4. 

The TRP project is introduced in the next section. The ASTP4 project of an analog module 
generator is introduced in the section 2.3. The full discussion of an analog module generator is 
presented in the next chapter. At the module level (shaded area in figure 2.3) there is a need for 
following DA tools: architecture/topology selector, sizer/optimizer, layout generator, simulator, 
extractor, graphical user interface (GUI) and a framework to run all the tools. Some existing tools 
aimed to cover those design phases are listed in the section 2.4. 

2.2 TRP Projece 

The scope of the TRP project [TRP-FR] was the synthesis of a mixed analog digital sub-chip 
(figure 2.4). Mixed analog digital sub-chip was here defined as Aid, meaning dominantly analog 
with a few digital circuits, mostly simple controllers. It is presumed that architecture partitioning 
took care of other digital circuits, that those circuits are already placed in digital or DSP subsystem 
and designed by dedicated tools. 

The goals of the TRP research project were: 

• to study and structure the mixed Aid ASIC design process 
• to study space application domains and target process technologies 
• to identify and study the open issues and the key research areas which are essential for 

the development of a mixed signal silicon compiler 
• to ensnre compatibility with ongoing research and commercial activities in the field of 

digital and mixed design antomation 
• to describe an ideal mixed Aid silicon compiler and to develop software prototypes 

for some of the critical capabiUties of the compiler 
• to select, design and fabricate a demonstrator circuit 

In order to manage complex designs there should be some hierarchical strategy. Therefore we 
can make a distinction between systems and modules, where system consists of modules. The TRP 
study explored two possible design approaches at the system level, namely AHDL and the template 
approach. The synthesis at the module level has been the task of the module generator which was 
subject of the ASTP4 project. 

To begin with, an analog and mixed analog/digital design characterization has been done. That 
included systems and circuit aspects as domain characterization (figure 2.l.b) and the used 
techniques (e.g. voltage, current or charge modes), technology aspects as suitability for particular 
applications (e.g. space, radiation), 'library' aspects as the issue standard versus custom cell 
libraries. 

An application study and demonstrator selection followed the characterization phase. The 
application study concentrated on the issues relevant to the space application field, as the crucial for 
ESA. The presented space-experiments are evaluated for the need for CAD tools in order to design 

3 contract No. 9606/91/NUJS(GF) 

9 



the required circuitry. One of the experiments has been chosen to serve as a demonstrator, where the 
existing design can be compared to the design obtained by the silicon compiler. The demonstrator is 
used to illustrate and to test the design flow of the silicon compiler that was to be developed within 
the project. 

The chosen demonstrator is a general-purpose charge amplifier system. The circuitry that 
inspired the demonstrator can be found in the WIND project used for experiments with solid state 
telescope (SST). An ESA satellite contained a SST telescope with a sensor/detector used to measure 
radiation of elementary particles in space and a PCB board with detector front-end circuitry such as 
amplifiers, shapers, converters, counters, etc. Figure 2.5 illustrates the concept of the demonstrator 
circuitry. There are N channels which contain the detector and the analog processing circuits 
(amplifier for the input signal, signal shaper which maximize signal to noise ratio, sample and hold 
circuit). Further, there are digital processing circuits and logic circuits which control the entire 
operation of the sub-chip. This is a good real-life example of an Aid chip. 

N analog channels 

, signal 

• • • 

analog input/output 

Figure 2.5: TRP demonstrator circuit concept 

For the design steps identified in the design flow of an silicon compiler, as shown in figure 2.4, 
there are already some existing tools. For those tools and in the scope of the TRP project an 
evaluation and classification has been done. The major design tasks, for which the commercial tools 
were evaluated, are identified as: design representation, design entry, design verification, design 
synthesis, physical design and physical design verification. 

The design flow of an ideal mixed analog digital silicon compiler was proposed as in figure 2.4. 
The design is hierarchical with the following levels: chip level, subchip level, module level, circuit 
level and device level. The whole mixed AID ASIC is considered at the chip level. The distinction 
between digital, DSP and mixed Aid subchip is made on the subchip level. The demonstrator circuit 
illustrates the mixed Aid subchip. The remaining levels are of the concern for the Module Generator. 
The synthesis is top-down, regarding the hierarchy, from the overall specifications down to layout. 
The layout assembly is bottom-up, regarding the hierarchy. Two approaches are proposed to 
implement the design flow in figure 2.4: the unified and the glued approach. 

In the unified approach the compiler itself makes the decision as to how to decompose the chip 
into the subcbips and how the required processing operations are to be implemented. This is 
transparent to the user. However, this approach is not feasible at the moment, due to the lack of a 
universal HDL and to the inherent inefficiency of an potentially conceivable HDL. 
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In the glued approach, it is user's responsibility to provide the chip partition. The high level 
description comprises then VHDL for digital subchip, Silage for DSP subchip and AHDL for mixed 
Nd sub-chip. The simulation is performed through the dedicated simulators: VHDL, DSP and 
analog simulators coupled together. The synthesis of the digital and DSP subchips is carried out by 
the existing tools. The syntheses of the analog part is not in full covered by existing tools. 

High-level synthesis of the mixed Nd sub-chip is then addressed by a hierarchical structural 
refmement methodology. This methodology consists of three steps, which are in sequence repeated 
on each hierarchical level, for the above described hierarchical decomposition. Those three steps are: 
architecture generation, specification translation and verification. Architecture generation delivers an 
architecture that implements the required functionality. The architecture consists of building blocks 
from the lower hierarchical level. The specification translation's task is to consider the specifications 
for the current hierarchical level and to provide the design specifications for the architecture's 
building blocks. The verification ensures that the first two steps are completed correctly before 
undertaking the design of the lower hierarchical level in the top-down strategy. The verification is 
performed by means of behavioral simulation. If the outcome of the simulation is negative (i.e. the 
structure does not behave as required) the redesign takes place. Two complementary approaches that 
follow this methodology were proposed: AHDL approach and architecture template approach. 

The AHDL approach uses AHDL description of the mixed Nd subchip as the starting point for 
the synthesis. Architecture generation relies on translation of the AHDL description into architecture 
of syntesizable modules. Analog modules are expected to be synthesized by an analog module 
generator and digital controllers by a logic synthesis tool. 

The architecture template approach [KRU-96] relies on availability of a library of fixed 
architectures for a number of applications. These .fixed architectures still provide a degree of 
freedom for tuning their performance. The user is expected to specify the domain of application and 
performance requirements. Here the architecture is not generated but rather selected, from the 
library, among a limited number of choices. The specification transition is based on equation-based 
sizing and optimization methods. 

The AHDL approach is more general since it is not limited by the contents of the design library. 
However, the template approach is much faster due to equation based optimization in contrast to 
AHDL approach's simulation-based specification translation which requires large number of 
iterations. The template approach requires a good architecture template library and if the solution 
exists in the library it is guarantied that it will work. The two approaches are complementary and 
both can be implemented in the silicon compiler to give it a flexibility of using the comparative 
advantages of either approach, when appropriate. 

2.3 ASTP4 Project 

The scope of the ASTP4 project [ASTP-PR] was analog module generation. The place of an 
analog module generator (AMG) within the design flow of an ideal mixed analog digital silicon 
compiler is indicated with a shade in figure 2.4. Considering the hierarchical decomposition of the 
Nd sub-chip, the AMG takes module, circuit and device level. 

Chapter 3 is dedicated to the results of the ASTP4 project - Analog Module Generator, here is 
the summary in a nutshell. Objectives [ASTP-FR] of this project were: 
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• development, implementation, integration, testing, demonstration and validation of an 
analog module generator for low-level analog circuits. 

• development of supporting library elements 
• design of a optimal circuit layout for a demonstrator circuit using the AMG 

It is expected to be possible to use the AMG as a stand-alone CAD package, as well as a 
generator embedded within the silicon compiler. As a stand alone tool, it should satisfy a broad range 
of users (system designers, circuit designers, students, etc.). 

The design flow of the module generator (figure 2.6) follows the general design flow. The design 
is hierarchical, with the proposed design steps performed in the sequence at each hierarchical level. 
The synthesis which consists of topology selection, circuit sizing and circuit's layout generation is 
top-down. The layout assembly for all the circuits that a module consist of is bottom-up, with 
verification (e.g. simulation) after each assembly. There is no verification after topology selection 
(cf. architecture selection on figure 2.2) because the selection decision can be verified only when the 
circuit is sized. 

specifications 

layout 

Figure 2.6: Design flow of the analog module generator 

Two libraries were foreseen: a cell library and a technology library. Any module or circuit that 
is being designed is considered a cell. This corresponds to the architecture template approach from 
the TRP project. Three types of cells are used: fixed cells, parameterized cells and fully custom cells. 
A cell contains all the knowledge needed for a particular tool to carry out the design. Only the 
modules known to the cell library can be synthesized. 

A circuit knowledge-base was built in the course of the project to provide the necessary design 
knowledge for the cell library. That comprises (analytical) models to be at dispose to each tool. The 
methods that implement the design tasks should be as content-independent as possible: generic type 
of the module or circuit should not have any influence on the choice of a used algorithm. 

The analog module generator in the ASTP4 project was foreseen as a generator of analog 
modules for space applications. The choice of the application domain influences the choice of 
circuits used for demonstration. 

The tools that perform the design steps should be as technology independent as possible. 
Therefore a library with the supported technologies is established. The distinction should be made 
here between technology classes and technology processes. A technology class is a large technology 
family, such as: CMOS, BiCMOS, Bipolar, GaAs, SOS, etc. A technology process is a particular 
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process, foundry dependent, for instance for CMOS class: MIETEC 2.4f.Ull, MIETEC 0.7f.Ull, AMS 
l.SJ.Lm, ES2 lf.Ull etc. 

It is not reasonable to expect to have the tools independent of the technology class, because the 
contents of the cell library can not be made technology-class independent.'However, the used models 
that are stored in the cell library should be, to a fair degree, process independent. 

Two other major concerns were to integrate the AMG on the top of an existing framework, and 
to use available tools (be it public domain or commercial) whenever possible. 

The need was recognized for the following tools: 

• topology selector 
• sizing and optimization 
• mixed-mode mixed-level simulation 
• analog layout generation 

The layout verification phase relies on parasitic extraction and it can make use of existing 
extractors. A suitable existing framework should be used for integration of all tools. There is a need 
for a dedicated graphical user interface. 

The project started with domain characterization and demonstrator characterization for space 
applications. Evaluation of existing tools and methods was performed in order to clarify the 
shortcomings of the tools and the techniques as to how to achieve the improvements. The next phase 
was the implementation phase. The needed tools that implement the proposed methods were 
developed and tested. The circuit knowledge base was conceived and developed, as well as the cell 
library. The individual tools were integrated, verified and tested. The whole AMG is integrated into a 
commercial EDA framework. The functionality of the whole AMG was demonstrated on the design 
test case of the chosen demonstrator circuit. The whole AMG was then evaluated as to how does it 
improves the design process. 

There is already a number of existing analog DA tools. Those tools are mainly research 
prototypes, very difficult to extend to cope with new design. The next section lists some research 
sites, tools and the underlying ideas. 

2.4 Some analog DA tools that introduce new concepts 

The presented list is by no means exhaustive. It presents major lines in research at some 
academic and commercial sites. The mentioned tools [RUT-93] were mostly prototypes used to 
evaluate the underlying design ideas. 

The comparison by means of used CPU time is not possible for several reasons. There is no 
established benchmark test-set. Besides, CPU times given in the references are for the whole design 
of a circuit without specifying times for particular stages of the design process. One of the common 
problems for all the listed tools is the required effort to extend them. Adding the new knowledge in 
the existing tools is a process that takes lot of time. 

Circuit optimization tool IDAC and layout generation tool ILAC are developed at CSEM and 
targeted to design operational transconductance amplifiers, operational amplifiers (opamps), low-
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noise BiCMOS amplifiers, quartz oscillators, comparators and oversampled AID converters, etc. 
IDAC [DEG-87] does not provide automated topology selection. It was one of the frrst automated 
circuit design tools, important as a circuit optimizing program with embedded simulator. Its concept 
was to act as design assistant during the selection process which is entirely the user's responsibility. 
The rest of the synthesis is performed automatically. Problem of topology selection was not tackled, 
neither was taken advantage of hierarchical decomposition. 

BLADES [ELT-89] is an analog design expert system intended for design of bipolar opamps 
developed at AT&T labs. It uses hierarchy and it has a special hardware description language for 
each design level. 

Several tools have been developed at CMU within the design environment ACACIA [CAR-
89a]. OASYS [HAR-89] is highly hierarchically structured design tool aimed at design of opamps 
and comparators. Topology selection is performed as "design style selection". Translation of 
specifications down to the next level takes place after selection. Sizing is the final translation at the 
lowest level. Extending the tools for new design requires a major effort. KOAN/ANAGRAM 
[COH-91] are the tools used for layout generation and routing. There are reported attempts to do 
equation-free synthesis ASTRX/OBLX [OCH-92] and simultaneous selection and sizing MNLP 
[MAU-92a]. 

OPASYN [KOH-90] is a compiler for CMOS opamps, with currently 5 flat topologies 
incorporated, developed at UC Berkeley. The synthesis does not use hierarchical partitioning of a 
topology. The overall synthesis is modeled as an optimization of the circuit performance modeled as 
a large set of tightly coupled nonlinear equations (called analytic model). The design follows a 
decision tree. 

KUL developed the design system ARIADNE [SWI-90a], [SWI-90b] [GIE-93]: HECTOR 
[SWI-91a] has as a main goal to construct a circuit topology for a specific analog function using 
library descriptions of commonly used basic building blocks. The applied construction strategy is 
hierarchical, interactive and expert-system-assisted. Building blocks in the library are described in a 
declarative, hierarchical AHDL and in a context-independent way. They are stored as unordered sets 
of algebraic equations, which could be derived with the symbolic simulator ISAAC [GIE-89]. The 
optimization is done by DONALD [SWI-91b], a design system based on manipulation of design 
equations. 

Three CAD tools were developed at TUE: TOPICS [LEE-92] is an expert system, performing 
topology selection, sizing of transistors and simulation of analog integrated circuits. Currently, it is 
capable of automatically designing one-stage and two-stage opamps in CMOS technology. 
PLANET [KEV-91] is a piecewise linear simulator used as a system's simulator. DARWIN [KRU-
95] is a synthesis tool based on generic algorithms which does topology selection and circuit sizing 
foropamps. 

2.5 Concluding remarks 

Design automation attacks complex problems by dividing them into manageable tasks. The 
partition of a design can be made along the lines of design's scope, domain or hierarchy, to name a 
few. Mixed analog/digital sub-chip is still a subject of research. Analog module generation is 
hierarchically a sub-part of an analog silicon compiler. The tasks of an analog module generation are 
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architecture/topology selection, circuit sizing/optimization, circuit verification and layout generation. 
There is a need for an analog module generator that can automatically or semi-automatically 
synthesize common analog building blocks and which is open and extendible for new design 
knowledge. The analog module generator will be presented in the next chapter. 

15 



16 



3. Analog Module Generator 

The analog module generator is a set of analog DA tools aimed to completely design analog 
modules from the input specifications down to the layout. The whole system can be part of a mixed 
analog-digital silicon compiler or a stand alone tool. The overall input can therefore be specified 
either by an upper level system or by a human designer. The complexity of the modules to be 
designed is as of a filter, an ADC or front-end read-out particle detector'electronics. 

3.1 Introduction 

Mixed-signal ASIC on a single chip is today a reality. The portion'of the chip occupied by 
analog circuitry is in inverse proportion to the invested design effort and time to design it. The TRP 
research project was aimed to investigate methods which could fit the gap in mixed analog-digital 
silicon compilation. In a hierarchical view of automated analog design, the TRP project concentrated 
on system level, whilst the ASTP4 project aimed at the module level [DED~93]. 

The analog module generator is foreseen as a set of CAD tools that can:be used together or stand 
alone, by a human designer or with specifications coming from an upper-design level from a silicon 
compiler, to design integrated analog modules from specifications down to:layout. In the context of 
the project, the modules are targeted for space applications. 

The fmal goal of analog DA would be to fully automate the desigfllprocess from the input 
specifications down to layout. There will, however, always be some phases of the design process 
which are too creative to be automated. This ensures the place for a good analog designer. More 
realistic approach is for DA is to provide structured design tools for an expert and allow the designer 
to explore design space in an efficient way. 

Analog module generator (AMG) is a set of software tools to be used td design analog hardware 
modules that have specified functionality. To have a desired functionillity, the AMG itself is 
designed as a modular tool. The following discussion uses generic words such as design and 
module within the software as well as the hardware domain, with a clarification of context, when 
necessary. 

This chapter will present development, implementation, integration, teSting, demonstration and 
validation of an analog module generator. The underlying concepts, such as hierarchy, top-down
bottom-up design, modularity, building of knowledge libraries are presented as well. 

3.2 Global overview of the AMG 

Let us first present a global overview of the AMG [GIE-95], starting With the requirements, the 
expectations and the way how an user/designer sees them. The logical model of the AMG is 
presented next. The self-contained entities form the logical model are then discussed in more detail. 
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The main general objectives of a CAD tool are: 

• to reduce the overall design time and cost; to improve the turn-around rime 
• to realize high-performance optimized applications 
• to guarantee the correctness of the design 

The tools listed in the previous chapter, as any other reported tool, all thrived to achieve these 
objectives, while exploring some new design concepts. However, there is still no tool, or rather set of 
tools, that fully covers the design cycle for a general purpose analog module generator. Most of the 
other tools deliver the results that are either simple for an experienced designer to foresee or are too 
cryptic for a novice designer to learn from it. The existing tools are geared towards some specific 
type of circuits and not easily extendible for new circuits. The new design knowledge required by 
some tools, such as internal models, requires a lot of time to develop and implement. The separated 
tasks that existing tools perform are not well coordinated and integrated, which poses problem in 
using them in an automated environment, as a silicon compiler. As a consequence to all the listed 
shortcomings, the most used analog CAD tool used so far is the SPICE simulator and the synthesis 
technique amounts to simulation-based design iterations. All the listed shortcomings should be 
considered during the design of an analog module generator and its tools. 

To begin with the objectives in mind, there are three types of users the AMG was developed for. 
They all have different needs and that was one of the concerns during the development: 

• experienced circuit designer expects a tool which can assist him during the design. The tool 
is expected: 

+ to be fast enough to allow the designer to explore the design space 
+ to automate and carry on straight-forward structured design 
+ to allow the designer to make crucial decisions and changes at any time 

• inexperienced circuit designer, on the other hand, expect the tool: 

+ to carry on the design and to document and explain all the design decisions, so as to 
allow such designer to learn design concepts 

+ to allow the designer to change the design flow and learn from mistakes 

• system designer or silicon compiler expect the tool to: 

+ design reliably the modules from the given specifications down to layout without a 
need for interaction 

The intention of automated module generation (figure 3.2) is to take the specifications stating 
what kind of module to design, with what requirements and in what technology and to deliver the 
layout for such a module along with the full documentation of the design process. 

speciflca1lons technology 

data sheet file layout 

Figure 3.2: Inputs and outputs of the analog module generator 
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The input for the AMG consists of: 

• a choice of the module 

• specifications of the module or circuit to be designed 

• specifications of the technology process 

• an indication of preferred design style (fixed-cell, parameterized-cell or full-custom) 

• an indication of the running mode (interactive or batch) 

The module chosen to be designed should be known to the module generator - should exist in the 
cell library. The specifications defme the required performance and behavior for the designed 
module. The specifications are design constraints in form of "parameter A should have its value 
greater/smaller/equal than/to the specified value X". A technology class and process can be chosen 
only from the ones the AMG supports. The design style indicates roughly the designer's preference 
towards quality of optimization and the required design time. The running mode determines which of 
the design phases and tasks will be subject to designer's modification, if any. 

As pointed out in the previous chapter, hierarchical composition recognizes module, circuit and 
device level. The design flow is top-down for synthesis and bottom-up for layout assembly, with the 
design controller as a program supervising the design (figure 3.3). The hierarchy is discussed in 
section 3.4.A. The top-down and bottom-up design flow is presented in section 3.4.B. 

design 
con troll 

Figure 3.3: A coarse hierarchical view 

In the introduction to analog DA (chapter 2) it was shown that the CAD tools that correspond to 
the design phases are: architecture/topology selector, sizer/optimizer, layout generator, simulator, 
extractor, GUI, and a framework to run all the tools. In the course of ASTP4 project, the care has 
been taken to reuse available DA tools and a framework. From the end user's point of view the 
AMG looks as shown in figure 3.4, which does not show the design flow nor the way the tools and 
design phases are integrated. That aspect will be presented along the AMG's logical model. 

SiZed netlist 
data sheet 

used model 
design history data 

layout 

Figure 3.4: User's view of the AMG 
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In the automated design, the user supplies the specifications and the AMG performs the tasks of 
each of the design phases and provides the design outputs. 

The outputs of a successfully completed design carried out by the AMG are then: 

• the layout of the circuit 
• the sized schematic 
• the data-sheet 
• the design history 

The generated layout is in one of the industry standard formats, ready to be used for mask 
generation for production. The sized schematic is an intermediate product of design which later can 
be used to produce a netlist as the input for other layout programs. The data-sheet contains the 
performance values obtained by the fmal design. The design history is kept in a file that contains the 
trace of the complete design session, for documentation or inspection purposes. 

What the user does not see is how the tools and design phases are interconnected. This is shown 
with the logical model of an analog module generator, in figure 3.5, where the already available tools 
(e.g. extractor and framework) are omitted. The logical model only shows which constituent parts of 
the AMG are connected and how they interact. The design flow is discussed in section 3.4.B. 
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Figure 3_5: Logical model of Analog Module Generator 

The user interacts with the AMG (figure 3.5) through the graphical user interface (GUI). 
Although not a design tool, a graphical user interface GUI is a must if the AMG tool is intended to 
be (widely) used. The GUI provides an interface that improves designers productivity each time an 
interaction between a tool and designer takes place. The GUI gives: a clear picture of the design flow 
with the indicated current phase and, more important, full control over the design flow; the 
specifications are easy to read and type in; the presentation of the choices for selection is clear and 
insightful as to what was the decision tree, the actual topology and the possible candidates with their 
main characteristics; the simulation tasks, netlists and the graphical results are available; the quality 
of the whole design is observable through the data sheets comparing the specifications with the 
current outcome of a particular design step; the layout generation is fully editable. 
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At the heart (figure 3.5) of the AMG is the design controller. That program schedules the design 
flow, passes inputs, starts different tools, receive results and takes care about the common data 
structure. The design controller program is not a CAD tool, however, there will be no AMG without 
it. To end this, design controller ensures proper integration of the tools and the framework 
environment. 

The common data structure (figure 3.5) is more of an implementation aspect than a designer's 
issue. However, identifying this requirement helps to structure the way_ of looking at different 
circuits, different algorithms and different hierarchical decomposition. At thecimplementationallevel, 
the common data structure assures the smooth interaction between tools and allows full automation 
of the design process. In combination with the design controller and the used framework the common 
data structure facilitates data management and data consistency. At the design level, it allows a 
highly structured design by separating algorithms, tasks and tools from thedesign object (e.g. any 
circuit or module). 

The key concepts of the AMG, as a set of CAD tools, are modularity, openness and flexibility. 
Modularity here means that tools are independent from each other; openness implies that the tools 
are changeable and they use a common data~structure; flexibility means new design knowledge is 
easy to add and different design styles are supported. As to modularity, the:AMG consists of four 
main tools (figure 3.5): the topology selector, the sizing tool, the verification tool, and the layout 
generator, developed in the course of the project. The tools and design phases are briefly presented in 
section 3.5. 

From the modularity, openness and independence requirements stems the'need for two libraries, 
namely a technology library and a cell library. Independence of the technology means that each tool 
takes actual values for technological parameters out of a technology library (figure 3.5). The 
technology library contains different technology classes (e.g. CMOS, Bipolar) and different 
technology processes for a technology class (e.g. MIETEC 2.41J.m for CMOS). The AMG is 
supposed to be process independent for selected technology class. The other library, called cell 
library (figure 3.5), contains descriptions of all modules and subcircuit topologies that are known to 
the AMG. This is the architecture template approach .. The architecture template approach (see 
section 2.2) is more promising in the absence of a reliable AHDL. Furthermore, using this approach, 
the synthesis based heavily on numerous simulation-based iterations is, likely to be avoided. 
Independence of the tools allows and supports multiple cell descriptions, dedicated for each tool. One 
of the AMG's requirements is easiness of adding new cells. This implies that methods the tools 
apply, to some extent, should be independent of the current and the future contents of the cell library. 
Cell library with some examples is discussed in section 3.4.C in more detail. 

Based upon the design style, three different types of cells have been foreseen: fixed, 
parameterized and full-custom analog cells. The differences among styles are in the number of 
parameters that can be tuned during sizing, and in allowable variation for the values that a parameter 
can take. The time required for sizing and layout depends on the number of parameters that are not 
fixed (free variables). Fixed cells have all their parameters fixed and their layout is already available 
in the library. This ensures high design speed, and known and guaranteed design quality, for cases 
when such a cell exist in the library and matches the required input specifications. Custom cells, on 
the other hand, offer the most design freedom regarding the variety of input requirements, which 
allows for high-quality optimization. Specifying design style at the input allows the user to stress 
some preferences regarding optimization implicitly. 

After a successful design cycle of either a parameterized or a full custom cell, the result is a 
sized netlist along with the module's layout, which form together de facto a fixed cell. Therefore, a 
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natural way of extending the library of fixed cells is to include modules that were successively 
designed. A qualified user has the privilege to add new technology files or cell files, as well as to 
store the successfully completed full designs as fixed cells. 

Extending the cell library in a reliable, simple and fast way was also a concern in the 
development of the AMG. A database interface as indicated in figure 3.5 is in fact a set of tools 
which is outside of the scope of the AMG. However, it has been investigated as to use of symbolic 
simulator like ISAAC and the design equation manipulator DONALD for acquiring the analytical 
models needed for cell library. An other tool that might fall in this set is a piecewise linear model 
generator which is the subject of the chapter 6. 

In order to establish users confidence in the performed design there is always a verification 
phase in the analog synthesis system. The main part of verification consists of a circuit simulation. 
The goal of verification is to compare the simulation's results with the specs. 

Redesign has to take place whenever the verification tool detects a failure to meet the 
specifications. This is not supposed to happen, though. The tools are designed to strive to make the 
correct design from the beginning. However, sometimes the specifications are too tight and there is 
no correct solution at all. Sometimes the specifications are near the boundary of what is feasible for 
a current design and due to all kind of approximations used in the process a tool might fail to deliver 
the best design. Depending on the fault recovery strategy, it might be necessary to redo one of the 
previous design steps. The redesign is taken care of by a design controller, again a program which is 
not a design tool itself. This program is rather necessary in order to achieve integration of the CAD 
tools that can as well be used as stand alone tools. 

This concludes the review of the requirements without going into details as to how they will be 
fulfilled. The following section introduces the demonstrator circuit. It has been chosen to 
demonstrate the usefulness of the AMG through all phases of design, as shown in a logical model in 
figure 3.5. The design flow of the AMG and other important concepts are then easier to present, 
bearing the demonstrator circuit in mind. 

3.3 A demonstrator module for the AMG 

The module chosen to be the demonstrator is a particle detector read-out module. Several 
reasons from the different directions led to this choice. There was a bread-board implementation of 
such circuits within the WIND project [RON-91] of ESAIESTEC and a comparison with the results 
obtained by the AMG would show the advantages the design automation brings. Space application 
as domain of the application for the module fits well within ESA activities. From the view point of 
automated design, the module offers challenge for all design tools. The module consists of several 
circuits, each might have a different implementation (topology), which should be sized, optimized, 
simulated and for which a layout should be generated. For all of the design tools there should be 
some design knowledge developed, mostly as the part of dedicated data base libraries. Let us first 
examine the demonstrator module. 

The particle detector read-out (figure 3.6) is the front end of the solid state telescope (SST). The 
telescope "counts" electrons by measuring the amount of radiated energy. The design of a such a 
front-end module has been described in detail in [CHA-91]. When a radiation event occurs, the 
semiconductor detector (e.g. diode) generates a number of electrons proportional to the absorbed 
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energy, which is proportional to the number of particles from the radiation event. The amount of 
energy is very small (e.g. 40keV) and it requires to be amplified before any processing takes place. 
The charge-sensitive preamplifier (CSA) is first in the chain. The purpose of the CSA is to amplify 
the input signal and to make the output signal independent of the variations of detector's 
capacitance. This is obtained by applying capacitive feedback to the input of a high-gain stage. The 
capacitor Cf and CSA form an integrator, with the current impulse generated by the detector as the 
input signal and the voltage step proportional to the generated charge Q, as the output signal. For a 
high resolution read-out the value of capacitor Cf can be as low as 0.1 pF. There must be a way to 
discharge this capacitor in order to register another radiation event. Hence the reset circuit is in 
parallel to the integrator (CSA and Cr), which might be a single resistor. The required resistance can 
have quite a latge value (lOOM.Q- lGO) and that makes it difficult for IC implementation. 

Pulse 

l'rocessing 

Figure 3.6: Particle detector read-out front-end 

The next in chain is the pulse-shaping amplifier (PSA). The PSA has several functions: to 
minimize the noise by means of shaping the signal for the best signal/noise ratio, to make the signal 
amplitude insensitive to rise time fluctuations in the detector signal and to further amplify the signal. 
A semi-Gaussian (S-G) pulse shaper is the most common one. The voltage step is transformed into a 
S-G pulse using a band-pass filter with one RC-differentiator and several integrators (figure 3.7). 
The number of integrators n is called the order of the S-G shaper. The peaking time 'ts of the shaper 
is set by the requirement of the read-out speed (counting rate). 

PSA 

Figure 3. 7: Semi-Gaussian pulse shaping amplifier 

The resolution of the read-out electronics is of great importance. Here the resolution means the 
smallest amount of energy that can be detected by detector, without being masked by the noise 
inherent to the module. The total noise of the module is mapped back to the input and it is expressed 
in equivalent noise electrons. The amplifiers in the chain should be designed to have the desired 
functionality, and at the same time, adding to the signal as little noise as possible. Minimizing the 
noise is one of the main design objectives for read-out circuits. Minimizing the power consumption is 
the design objective when a large number of read-out chains are applied, as it is a case for silicon 
strip detectors, or a number of channels as in the example in figure 2.4. As the analysis can show, 
these two objectives for minimization are mutually exclusive. However, a reasonable compromise 
can be achieved for a given optimization priority. 

The other aspects of the demonstration module, of importance to simulation and topology 
selection, are presented in chapters 4 and 5. 
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3.4 Important concepts of the AMG 

The concepts of the AMG that are not visible from the logical model (figure 3.5) presented in 
section 3.2 arc now possible to illustrate using the example of the demonstrator circuits presented in 
the previous section. 

The design methodology of AMG relies on: 

A. hierarchical decomposition of the electronic modules that are designed. 

B. top-down synthesis design flow 

C. celllibrary 

Hierarchical decomposition within analog DA (for instance, [BER-88], [ELT-89], [HAR-89], 
[LEE-92], [K.LI-92]) is a well known concept. Top-down design strategy [MAL-93] not only follows 
the steps a human designer would undertake but fits well into the design flow of a silicon compiler. 
Regarding the hierarchy and design flow, the AMG is no exception. The cell library contains all the 
necessary knowledge for the design to be carried out. The AMG can synthesize only the modules 
known to the cell library. These concepts are defined and discussed in detail in the following 
sections. 

A. Hierarchy 

The concept of hierarchical decomposition is presented in chapter 2. From the viewpoint of 
hierarchy, the analog design regarded as top-down deals with: 

• system (particle detector front end circuitry) 

• module (PSA,ADC} 

• circuit (CSA, opamp} 

• device (MOS transistor) 

Hierarchy allows us to break the design into tasks which are repeated at each hierarchical level. 
System, circuit and device are three basic hierarchical levels, but there might be more levels (e.g. 
subcircuit, subsub-, etc.). 

At each hierarchical level we can think of two abstraction levels which describe the current 
design item as: 

• a black box which provides the required behavior 
• the actual implementation by means of interconnection of black boxes from the lower 

hierarchical level 

We can look at a circuit as a function block or as a topology. A function block is a black box 
representation of a circuit. The function block represents generic type of the circuit, without any 
notion about the actual implementation. A topology is one implementation of a given circuit; it is the 
contents of the black box for a given function block. Any function block can have multiple 
implementations, which means that there are several topologies with a same functionality. An 
example will make this clear: an opamp is a function block, while circuits known as "Miller-opamp" 
and "Folded cascode-opamp" are two of the possible topologies. 

The topology selection operates with items from the cell library, called cells. These cells, are 
either function-block or topology. The demonstrator module consists of charge sensitive amplifier 
(CSA) and pulse shaping amplifier (PSA). The PSA further consists of one differentiator and a 
number of integrators. An example with possible function block and topology cells for the 
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demonstrator is depicted in figure 3.8. Here topology cell shows if it consists of lower level function 
block cells or not. Furthermore, each of the basic building blocks have an actual schematic. 

Function Blocks:~ 0 . 0 0 
Topologies: " ' ~. _ "" 

1
' , " _ ...... ~ ; ', _ I ', 

..a.. _,_ ..Q...' . ~ .---. · . ..Q_.. 
\'CSJ'~ , ~ , -~\v~ ~ ~P$Ay ~ , .. ,~ ~ 

~ • CM ~ ~v·~ .' .. ~~ ~,y~~·, .. , -.~f~ .. -~ 0 . _I'SJ'3_ "' "' - _ .. - -·.. Bee0 
"' - ~ _PS~4 ~ - -

Figure 3.8: Hierarchical decomposition for detector read-out front-end electronics 

As another example, hierarchical decomposition with several hierarchical levels for an opamp is 
shown in figure 3.9. As explained, each function block is regarded as a topology consisting of 
connected function blocks from the lower level. The task of the selection is to choose the best 
implementation (topology) for a required analog behavior (function block). 
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Figure 3.9: Hierarchical decomposition for a CMOS opamp 
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All basic sub-blocks are available in both nmos and pmos versions. There is no selection at the 
device level, devices and their connection at the sub-circuit level are defined. This example has one 
level of translation. 

Hierarchical design is currently not automated within the AMG. At present, in case of 
hierarchical design, the user has to carry out manually the tasks of design flow control. However, all 
the design steps at a particular hierarchical level are performed by a dedicated tool. 

B. Design flow 

The presented design flow is depicted in the GUI, as well as the hierarchical decomposition 
(figure 3.10). 

o Ale Edit View Preferences Help • 

hierarchical view panel 

data viewers 
I Data Sheet 11 Netlist Data 11 Layout Data 11 Design History I 

design flow panel------~f-_:::::,. 

message area 

Figure 3.10: Hierarchical decomposition and the design flow shown within the GUI 

The design flow is top-down. The flow consists of the design proper and redesign. The design 
proper is indicated. with solid arrows going downwards while the redesign is indicated with gray 
arrows going upwards. Design proper consists of the following steps in the given order: 
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1) the user· fills in the specification sheet using the spec-sheet editor, or the spec-sheet comes 
from the upper level design environment (e.g. silicon compiler). The specifications determine 
the type of the module from the list of available function blocks, the values of the required 
performance specifications together with the qualifiers (such as: greater than, less than, 



equal to}, the technology class and technology process from the ones that are available in the 
library, the environmental constraints such as power supply voltages, the optimization 
targets and the preferred design style (fixed, parameterized or custom). 

2) a schematic for the module is chosen by the topology selection tool (TS). To be specific, a 
topology block is chosen for the specified function block. The input for the TS program is 
the spec-sheet, topology list, and a non-sized netlist of the chosen topology is the output. A 
generic discussion of the topology selection is given in section 3.5. This serves as an 
introduction to chapter 4 

3) the chosen schematic is optimally sized for the given requirements and optimization targets 
by the sizing and optimization tool (S&O). The input for the S&O tool is the non-sized 
netlist and the output is the sized netlist. 

4) the resulting design is then verified by a simulation. The results of simulation are compared 
with the required specifications. The input for verification tool (VT) is the schematic of the 
circuit that is being designed or a sized netlist. The VT extracts the netlist in the format 
suitable for the used simulator when a schematic is given. The VT is also capable of 
converting SPICE sized netlists into a PLANET netlist, if a SPICE netlist is given as the 
input. The cell library contains the task files which describes the necessary simulations for 
verification of each function block. The outputs are data points file, graphical files and 
updated datasheet file. 

5) an optimal layout is generated by the layout generation tool (LT). The input for the LT tool 
is the sized netlist. The output is layout in one of the standard formats (e.g. GDS 2) 

6) an extraction tool (ET) extracts parasitics from the generated layout. The input for ET is the 
layout file, the output is a sized netlist. 

7) layout verification is performed the same way as the verification after sizing. A sized netlist 
that comes from the extraction tool is passed to the verification tool4) and simulated .. 

All these tools can be used as a stand alone CAD tools. On the part of the tools themselves, 
special DRI functions were used to assure uniform common data structures. 

Design, redesign and GUI are controlled by the design controller, a program that is not visible, 
except for the GUI. The module that is designed can consist of several library cells, hierarchically 
composed. The graphical interface shows that and highlights the current design path. The automated 
hierarchical design, however, is not yet implemented. The designer can of course alter the flow, 
should it be necessary. 

After having successfully concluded design described by the above design-flow example, the 
layout of the designed circuit is available, along with the other output files described in section 3.2. 

C. CeiJlibrary 

The cell library contains a number of function block cells and several topology cells for each 
function block cell. The topology cells have three possible types: 

• full custom cells 
• parameterized cells 
• fixed cells 

A fixed cell does not allow further hierarchical decomposition of itself, while a parameterized 
and a full custom cell can consist of a set of cells, which can be of either style. Figure 3.11 shows 
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how different design style cells may make different hierarchical decompositions of the demonstrator 
module. 

Module as a fixed cell: Module as a parameterizedlfull custom 
cell, consisting of fixed circuit's cells: 

~ 
·.c.;;··.~.;,::.:.!'. 

Module as a combination of fixed and parameterized/full 
custom cells: 

~ ·.c.;; .. ·c.; \J v" 
-" ... .. 

Figure 3.11: Illustration for fixed, parameterized and custom cells 

A fixed cell is a fully sized ready-to-use circuit with generated layout. A circuit successfully 
designed by AMG can be considered as a fixed cell. That is one way to expand the cell library. For a 
fixed cell all of the design steps after topology selection are trivial, since the fixed cell is already 
sized, verified and has the layout available. The purpose of fixed cells is to provide guaranteed 
performance at no design time (when they are available and fit the requirements). 

A custom cell is a cell with an unsized schematic. When this cell is chosen, the sizing and 
optimizing tool has to fmd the optimal values for all the cell's parameters. The optimization process 
as well as layout generation take longer time than for parameterized cells. The advantage is the 
flexibility, all the parameters can be fine tuned if it is feasible. 

A parameterized cell is a compromise between full custom cell and a fixed cell and it has 
partially sized schematic. Some parameter have their values fixed in advance while some parameters 
are left to be tuned during the optimization process. The layout of a parameterized cell can have 
some aspects fixed in advance as well. The advantage is in shortened design time, because the 
optimization process has to deal with smaller degree of freedom than for custom cell. This is a 
potential flow, at the same time: the parameters fixed in advance can not be changed during the 
optimization process. 

To make clear the concepts of the cell library, let us consider a PSA, which is a generic circuit 
as an example. There will be a function black called PSA. This function block can have different 
topologies that implement a PS A. Each of these different topologies can be implemented in the cell 
library as a fixed cell, parameterized cell or custom cell. There can be several fixed cells for the 
same topology, each fixed for a different set of specifications. There can be several parameterized 
cells as well. This time different set of parameters can be fixed. However, there will be a single full 
custom cell, which is not-sized schematic of a PSA on transistor level. 

A cell in the library contains all the data, except technology information, related to a given 
schematic necessary to carry out the design. That includes (analytical) models required by the AMG 
tools. To upgrade the cell library for the new knowledge (e.g. new function block or new topology) 
all the models have to be generated. 

3.5 Analog module generator tasks and tools 

So far the AMG is presented from: the view point of the user (e.g. what goes in and what comes 
out), the internal view points as a logical model (e.g. what is inside and how is that connected), and 
as a design-flow (e.g. in what time sequence the listed processes are activated, what are their inputs 
and outputs). Now the design phases and tools of AMG are discussed from their functional point of 
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view. These tools are topology selection, circuit sizing and optimization, verification, and layout 
generation. 

TOPOWGY SELECTION 

First step, according to our view of the analog module generator, is to find an appropriate circuit 
topology. This can be accomplished through topology generation or topology selection. 

The topology generation is a process in a hierarchical environment"owhere a topology is 
constructed from the building blocks that belong to a lower hierarchical level. The number of 
different building blocks can be fixed and taken from a library of blocks. This construction 
corresponds to the bottom-up design flow. With no limits, (e.g. no library) the construction means to 
develop completely new topologies, which is a highly creative process not suitable for automation. 
Genetic algorithm methodology is a suitable approach to topology generation. 

The aim of a selection process in an automated design is to search through the set of candidate 
topologies in a library that implement the required circuit behavior and to eventually find the best 
one. The selection is based upon the matching of the expected circuit behavior,with a required one as 
the criterion. The required circuit behavior is actually a set of input performance specifications that 
have to be met in a specified technology process. The set of input specifications are provided either 
by a human designer that is the user of such a tool, or by an upper hierarchicaHevel of an automated 
synthesis system. A chosen topology is passed to a sizing and optimizing tooHor further design. 

A topology is characterized by an analytical model. The model expresses the relationships 
between the design variables and the circuit's performance. Analytical models: are mostly non-linear 
equations and inequalities. Considering a reliable model for an opamp, .there can be 20 or more 
variables to deal with. Large number of free variables and sets of nonilinear equations with 
constraints results in long computational time for circuit sizing and optirili.zation. With a large 
number of topology candidates it would be too slow to attempt to optimize,all:candidates and then to 
select the best one. There should be a strategy to predict which candidates have the best chances to 
fulftll the design requirements after optimization and which candidates can'nDt possibly fulfill tbe 
requirements and not even attempt optimization for not promising candidates. 

Topology selection and circuit sizing can be done as one design step or separated in two steps. 
Both approaches have advantages and downsides, as summarized in table 3.1 

feature 

advantage 

disadvantage 

Table 3.1 

selection and sizing 

simultaneous in sequence 

guaranteed optimization flexibility regarding used 
methods, open and expandable 
for new knowledge and designs 

slower, exhaustive search, inflexible guess on forehand 
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The selection performed apart of sizing and optimization is a prediction as to how much the 
results of optimization of a certain topology will meet the given requirements for the given circuit. 
The choice of the best topology for the given requirements is based on comparison of predictions for 
all the candidates. This prediction can be based on qualitative and quantitative knowledge about the 
circuit and potential topologies. 

The selection can be procedural or rule-based. The methods that can be used for topology 
selection and an actual topology selection program, the tool used within AMG, are discussed in 
detail in chapter 4. 

SIZING AND OPTIMIZATION 

In the due course after the selection, a circuit implementation is known and depicted by a 
schematic. The circuit resources (in MOS technology this means widths and lengths of all the 
transistors) should have their values set such as to achieve the optimal performance, prescribed by a 
set of specifications. 

The task of sizing and optimization is to fmd an optimal solution for a constrained system of 
non-linear equations. The analytical model is a set of non-linear equations which has to be solved, 
with the circuit resources as variables. The specifications are (design) constrains. With the task 
formulated this way, the S&O tool can use well known Hooke-Jeeves algorithm to obtain a local 
optimum. However, function optimization can globally be achieved with stochastic methods such as 
simulated annealing. A comparison shows trade-off between the required time to obtain the solution 
and the global validity of the optimum. 

Regardless which optimization method is actually implemented, the optimization requires the 
analytical model to be known. This model is a part of cell description, along with the schematic and 
layout directives and it is stored in the cell library. The development of the required models is 
illustrated in chapter 5. 

VERIFICATION 

In the proposed design flow of the AMG the verification comes after sizing and after layout 
generation. Both cases represent the design step where a sized netlist is generated (in case of layout 
that actually happens during the circuit extraction). This sized netlist is simulated by SPICE or 
PLANET simulator and the result is compared to the required circuit performance. The verification 
serves to assure that the design is correct. Simulation is the only available mean to verify the design 
without actually producing the circuit and testing it. 

Some simulation results for the examples of the demonstrator circuit are presented and discussed 
in chapter 5. 

LAYOUT GENERATION 

The layout is needed to produce the circuit in silicon. Performance of both analog and digital 
circuits are critically dependent on layout. The nature of the dependence is, however, different. Let 
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us consider a transistor as a basic building block for layout, in an oversimplifying example of analog 
and digital design. In a layout of an analog circuit, most of the transistors have different dimensions 
because they have different functionality in the circuit. In digital design a transistor is considered a 
switch. A circuit then consists of switches which can be implemented the same way, therefore 
standard transistor layout can be used. Furthermore, the functionality of analog circuits is more 
sensitive to parasitic effects in layout than in case of digital circuitry, while the length of 
interconnections can have different impacts in both domains. This makes CAD tools developed for 
digital layout generation useless for AMG. 

In a mixed analog digital environment, as for design of a mixed Aid sub-chip with a silicon 
compiler, the analog layout generation has additional constraints induced by the presence of the 
digital circuitry. The important concerns for mixed signal layout generation are discussed in chapter 
5. The constraints taken in account for analog layout make adaptation of existing digital tools 
unfeasible. 

There is a number of purely analog layout tools reported in academia (Berkeley and CMU in 
particular) and industry [MEY-93], [RIJ-89], [COH-91], [MEH-91]. This includes placement as 
well as routing programs. The reported tools are indeed implementing the specific constraints for 
analog layout. However, having the academical nature, they do not implement nor explore all the 
important constraints, they rather concentrate on one or few key issues, hence a need for a tool which 
would combine the best achievements in analog layout. 

3.6 Concluding remarks 

An analog module generator is presented. The AMG is first considered from the point of view of 
a designer who is using the tool that automates the design process. At that point the inputs and 
outputs were defined. The design phases that translate the inputs into the outputs are recognized. The 
logical model shows how the design phases and tools that performs them are integrated into a 
framework of analog module generator. The design methodology is discussed in more detail with an 
accent on design flow. Then the tasks and tools of the AMG were briefly presented. The next chapter 
presents topology selection within the scope of the analog module generator. 
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4. Topology Selection 

Topology selection is presented as one of the design phases in an automated module generator 
and as a CAD tool. This chapter defines the task of topology selection and presents methods to 
perform it. The proposed method is discussed in more detail. The examples are given to show how 
the concept of solution space allows for accurate selection. The topology selection tool of the 
AMG is illustrated with results of appropriate experiments. 

4.1 Introduction 

The goal of a design process is to deliver a circuit that fulfills the. given requirements. The 
requirements somehow describe the expected circuit behavior. Accordingto their behavior, circuits 
can be classified into generic types (e.g. amplifiers, ftlters, oscillators, etc.). The frrst step in the 
design process is to choose a topology- an implementation- for the given:circuit type that is being 
designed. 

A circuit consist of building blocks. Topology of the circuit determines bow those building 
blocks are connected together. A not-sized topology is a schematic with the sizes of transistors not 
yet determined. The performance of such circuit is limited by the properties of the topology. A sized 
topology has a fixed performance which is determined by the circuit resources (transistor sizes). 

Circuit sizing and optimizing establishes values for the transistors' resources in a given circuit. 
The goal is to achieve the required performance. The sizing relies on an analytical model of the 
circuit and an optimization function. These two are topology dependenf:. The development of the 
models required a major design effort. 

In an automated design environment, due to the constrains imposed by the required design 
knowledge, there is a limited number of topology alternatives for a given circuit. When topology 
selection and circuit sizing and optimization are performed sequentially, the selection aims to assure 
that the selected topology has the highest likelihood of success during; sizing. The ability of a 
topology to accommodate the requirements is depicted by the topology's performance (solution) 
space. That is the space where the sizing and optimization look for the optimal point, described by 
the requirements. 

The goal of the selection process is to predict the topologies for which the requirements can be 
achieved according to what is feasible for a given topology, and to find the optimal candidate among 
the feasible ones. 

The next section gives the overview of the existing DA tools that perform topology selection. 
Section 4.3 presents so far the most used method for topology selection - the knowledge based 
approach. Section 4.4 proposes the method that combines the best in procedural and rule-based 
approaches. The selection process is viewed as a ftltering, with accents on boundary-checking, 
interval-analysis and rule-base as used filtering technique. The examples are given to show how the 
concept of solution space allows for accurate selection. An example of the topology selection within 
AMG is given. 
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4.2 Previous work 

A number of analog design tools have been reported and the most prominent ones were listed in 
chapter 2. Only one of them HECTOR, is specifically a topology selector. The lack of dedicated 
topology selection tools is due to the difficulty to make efficient topology selection without actually 
performing partial circuit sizing [MAU-92]. 

Table 4.1: Comparison between the tools that perform topology selection. 

PROSAIC ALCom BLADI!S OASYS COMP OPASYN OAC HECTOR TOPICS 
r-"!-~..!tr.. ___ ~L---+L---rL---+L--+L--+~---+L--rL---rL ___ 
~~..!Y.!~-- ~----+----~---+---~~--+----+---t-J.!l!'---r~---
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-~Yn~--- ~---+----+-----+---+---+-----+----tJ~---+-~--:-
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model I I I I I I I tllnear 

-~}!!i,2!1 ___ -.----+----~----+---+---~----+---f-----~----technology CMOS 1 ~<:;. 1 Bipolar 1 CMOS I CMOS I CMOS I 1 1 CMOS 
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Table 4.1, although incomplete due to limited information from the publications attempts to 
compare analog CAD tools that perform topology selection. Empty fields and question marks just 
indicate the information that is not revealed in the publications. Some techniques that are basically 
the same have different names, depending of the view point or the contexts of their description. There 
is no hard line between some techniques (like knowledge-based and rule-based), nevertheless they are 
named (differently) according to the terms used in the references. 

In most of the reported tools these two phases (selection and sizing) are closely coupled and the 
same method is used for both of them. Programs that do topology selection, such as OPASYN 
[KOH-90], OASYS [HAR-89], or the stand-alone tool HECTOR [SWI-91a], use heuristic rules to 
decide between the different predefmed alternatives. The selection between different related 
topologies in [MAU-92] has been integrated within the sizing process, by adding variables that 
control the topology configuration as additional optimization variables. None of these techniques 
makes explicit use of quantitative data about the obtainable performance ranges of the different 
candidate topologies to carry out the selection. 

A simulated evolution approach to circuit synthesis that handles non-fixed topology is 
represented by SEAS tool [NIN-91]. Optimization is based on simulated annealing. SEAS chooses a 
topology that is built up of subblocks available in the data base and then optimizes such circuit. The 
choice resembles natural mutations and evolution. 

There is a synthesis tool DARWIN [KRU-95] based on genetic algorithm that performs 
simultaneous topology selection and circuit sizing of opamps. DARWIN uses quantitative data in a 
form of a solution space. The solution space is used to assure that the new-built circuit will behave 
as opamp, not to assure that the new-built opamp will fulftll the requirements. The fitness criteria for 
selection and survival are based on simulation results. 

Topology selection in OASYS is called here "design style selection" and it relies on heuristics. 
OPASYN makes heuristic selection of a suitable circuit topology using a decision tree. 
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Configuration selection in AC/DC [KLI-92] uses adaptive rule base. BLADES [ELT-89] is built as 
an expert system as well. 

Other techniques, like for instance interval analysis, are reported as used in several tools, but its 
usage differs in "intensity". Within some tools (OASYS, DONALD) it is used just to perform worst
case design (checking the upper and lower bounds), somewhere else (TOPICS) it is used to find the 
whole solution space. The hierarchical partitioning is also an example where different tools use the 
same technique rather differently. 

Only OPASYN is known not to use hierarchy; PROSAIC [BOW-85] and An_Com [BER-88] 
use it, while for COMP [FUN-89] and OAC [ON0-90] it is not clear. 

The other tools are basically using knowledge-based and procedural techniques to perform a 
combination of a topology selection and a circuit sizing. A design system having the combination of 
these two design steps may benefit from using the same optimization method for selection and sizing. 
However, the price that such a system pays for is a limited openness toward new added design 
knowledge. 

Only one of the reported tools, HECTOR, is a real stand-alone topology selection tool, which 
implements knowledge-based technique together with checks of feasibility regions for design 
parameters. Boundary checking, although a fast technique, is not sufficiently accurate when it is 
used alone, especially when several design parameters are mutually dependent. 

Information about the obtainable performance ranges of the different candidate topologies is 
essential for the selection of a good topology. The selection of a good topology is as important to 
obtain a high-quality design solution (for the lowest power and area consumption) as the use of 
(global) optimization when sizing the selected topology afterwards. Our aim is to use quantitative 
performance space data to select the most promising topology candidate, which will then be sized by 
a separate sizing tool. The use of performance-space data also reduces the need for CPU-time
expensive redesign iterations - decreases the likelihood that a selected topology later on in the design 
process turns out not to be able to meet the input specifications. 

Existing analog synthesis tools have shown their capabilities to cope with design problems 
producing an output of acceptable quality. Furthermore, a number of important design concepts have 
proven usefulness, such as hierarchical oriented design process or technology independent design. 
However, there are still several limitations that prevents acceptance of those tools by designers, one 
of which is the relative complexity of including new design knowledge making them non extendible. 

4.3 Most used methods for topology selection 

Due to the nature of topology selection, the knowledge-based system [BIR-86] [ACK-88] is a 
possible approach and it will be discussed in detail later on. Interval Analysis with its variants is an 
other already proposed method. Interval analysis with two variants is discussed in sections 4.4.3 and 
4.4.4. Finally, there is an alternative approach reported recently, namely Mixed-Integer Non-linear 
Programming approach. This approach is particularly suited for selection and optimization 
performed simultaneously. However, from the presented examples of this method [MAU-92], it 
appears as if the same decision upon the best topology for the given requirements could be reached 
with a simple rule base. 

Here again, it has to be stressed that very often topology selection and circuit sizing are using the 
same method. The Analog Module Generator as the environment for the topology selector program 
has a requirement for modularity and independence of the tools which make selection and sizing two 
separated phases. 

35 



Artificial Intelligence (AI) is a part of Computer Science that tries to apply imitation of the 
human reasoning to problem-solving. The basic concepts of AI are symbolic reasoning, problem
solving and search through a problem solution space. In an attempt to imitate human searching 
techniques with a quality comparable to the human reasoning, Knowledge-based Expert Systems 
(KBES) are developed. As showed in a previous chapter, there is a number of existing DA tools 
having implemented knowledge-based technique. The KBESs differ in ways to represent a problem 
and in the applied problem-solving architecture. As the possible representations of a problem frame
based systems, semantic networks, rule-based systems and frrst-order logic were used so far in DA 
tools. 

In following paragraphs, the relevant topics for the knowledge-based technique will be 
discussed. In order to make a conclusion about the most appropriate method, comments related to 
their application to topology selection will be given. 

4.3.1 The knowledge-based system 

The knowledge-based systems are based on rules and therefore sometimes called rule-based 
systems. They are also known ([TOW-86], pp. 30-42) by the names "production systems", 
"pattern matching systems" or "inference systems". A rule-based system consists of three major 
components (fig. 4.1): 

A. rule base 
B. working memory (or database) 
C. inference engine 

,-------------
1 Rule-Based system 

: Explanatory~ _ _ _ _ _ 
• interface • 

' ' 
- - 17 - .»_ -
' ' , Knowledge ; - - - - - - - - -
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r-----
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(database) 

• module"----------------
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Figure 4.1: Rule-based system 
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Some of additional (and optional) components may also be a part of a rule-based system, 
depending on the domain of usage and environmental surrounding of a given system. Those 
additional components are (figure 4.1): 

D. knowledge acquisition module 
E. explanatory interface 
F. user's interface 
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Each of the listed components will be explained in more detail. 

A. The rule memory (or rule base) 

The contents of a rule memory is a number of rules (or "heuristics"), all of them arranged in the 
IF-THEN format. By defmition, heuristics are the rules of judgment that are used to make decisions 
based on known facts. Those rules have the form of "situation-action", and they are called 
"production rules". Each of them has two parts, corresponding the previously mentioned format. 
Those are the "antecedent" or the "premise" as the first part, and the "consequent" or "conclusion" as 
the second part. The premise consists of one or more clauses linked together by logical connectives 
such as AND and OR. The conclusion consists of one or more clauses as well, now representing a 
new conclusion or an action to be taken. 

The rule is triggered when the facts in the working memory match the pattern in the premise. 
The conclusions are added to the working memory, the rule is "frred" and the next action may take 
place. 

This form is well suited for topology selection, as it follows the way of thinking of a human 
designer. It was reported in several existing tools. An example in a OPS5-like format [ELT-89] of 
such a rule is: 

premise: 
premise: 
premise: 
conclusion: 

IF required output resistance has to be low 
OR required output voltage swing has to be large 
OR (other requirements) 
THEN an output stage is needed 

Here each rule premise has an "attribute" and a "value". From the rule example, "output 
voltage" is an attribute and "low" is a value. 

B. The working memory (or database) 

Together with a rule base, the working memory composes the base of knowledge of a rule-based 
system. At the beginning, the working memory (also called database) contains a set of known facts. 
As an example of a rule-based approach to topology selection, those facts can be the actual values 
for the parameters specified within requirements and analytical expressions connecting different 
design parameters. During a search process, all the attribute-value relations that are discovered 
(rule-firing) are added to the working memory. As rule-firing advances the updating of the database 
intensifies. The working memory contains the part of the knowledge base that is changing during the 
current task. The new facts are derived from the existing facts by applying the rules. 

For the example of the topology selection, it means that in the beginning, the only known facts 
are specifications (values) for some parameters (attributes). After firing the rule, depending on 
specifications, a new fact (output stage) is added to the database. Eventually, at the end of the 
searching, the fmal conclusion is added to the database. 

C. The inference engine (or rule interpreter) 

The inference engine is independent from the application domain (in our case: topology 
selection) and will be roughly described hereafter. In most knowledge systems the inference engine is 
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a relatively small program, compared to the other parts of the knowledge system. The vast majority 
of computer memory consumed is allocated to the rule base. The task of an inference engine is to 
examine in some order, the rules and to produce new facts from the existing facts. This task could be 
seen as split between the two components of the inference engine, one examining the rules and other 
determining the order of examining: inference component and control component. The task of an 
inference component is to examine a given rule by means of logical implication: 

premise: A; knowing fact: A; rule to fire: IF A THEN B; conclusion/( new fact): B. 

The newly concluded facts are added to the database. This new knowledge can influence the 
decisions taken by control strategy during further decision making. 

D. The knowledge acquisition module 

The purpose of the knowledge acquisition module is to allow the addition of new knowledge to 
the already existing and working knowledge system. The new knowledge includes new facts and new 
rules. This new knowledge may be acquired by the knowledge system itself, in which case it is a self
learning system, or it may be added by the user (actually not really by the user, rather by the 
knowledge engineer), when the system is extendible. 

When the ability to add new knowledge is expected, the simplest case is to build the knowledge 
acquisition module as an editor to allow the knowledge engineer to enter new rules and facts in the 
same format as the one used for the already existing rules and facts. 

However, the consistency of the new rule base can not always be guaranteed. 

E. The explanatory interface 

The user sometimes wants to know what were the reasons that led to the decision taken by the 
knowledge system. This process of reasoning performed by the inference engine to reach the (fmal) 
conclusion could be presented to the user by the so called 'explanatory interface'. This feature of the 
Rule-based systems is known by the name of "how and why explanations". There are several ([CAR-
89b], pp.l47-148) possible meanings of those "why" and "how": 

1 Why did I get here? This is a request for the trace of all the rules fired until 
How did I get here? some conclusion (including the final one) is reached. 

2 Why is this question being 
asked? 
Why do you need to know 
this answer? 

3 How do I do that? 
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How do "I" know? I need 
more detail. 

This is a very valuable feature of a knowledge-base 
system. Firstly, because it makes the user to trust the 
decisions taken by the tool. Secondly, it facilitates the 
development and evaluation of a rule-base. Finally, it 
allows the education of inexperienced users. 

This exists in some tools allowing the user to interact 
and expecting an additional input from the user. For 
some potential topology selector this may occur when 
the user wants to know why the program needs some 
data (for which rules a certain asked attribute is 
important). 

This occurs also in the interactive session. This feature 
is some sort of "help" command. 



4.3.2 Rules in a knowledge-based system: certainty and uncertainty 

In a knowledge-based systems the knowledge within rules may be seen in different forms. Those 
forms include: 

A. facts 
B. heuristics 
C. heuristics with certainty factors 
D. fuzzy heuristics 

A. Facts. 

The facts describe properties of the problem domain. They may be in an analytical form, 
representing the relationships between several physical quantities, or just some declarations of exact 
values. For topology selection, examples of both types of facts are design equations and 
specifications or requirements. An other example [ALL-87] of the facts that are neither design 
equations nor specifications, can be: for two CMOS transistors with the same width and length of 
the channel, the equivalent input voltage noise of a pmos device is about 5 times less than for the 
nmos device. For the same current, a pmos device has about twice much larger area than an nmos 
device. 

B. Heuristics 

The heuristics, sometimes called "rules of thumb", are simple rules of judgment that are used to 
derive conclusions from known facts. Applying heuristics, the time required to solve the problem is 
reduced with reducing the search path in a large problem space. The rules are used to solve problems 
that are either unstructured and poorly defined or structured but when exact analysis can require too 
much time. Heuristics are based on qualitative knowledge with limited analytical foundation. 
Heuristic knowledge is also based on one's experience and may vary among designers. Although 
heuristics do not guarantee a solution, good heuristics, carefully chosen, may greatly reduce the time 
required to solve extremely complex problems. An example of the heuristic for choosing a topology: 
if low power consumption is required then a class-AB output stage should be designed. 

C. Heuristics with certainty factors 

In some knowledge-based systems the heuristic rules have some uncertainty incorporated. That 
is achieved by means of a certainty factors (CF) for deriving some conclusions [HAY-83]. An 
example of such heuristic for deciding the number of stages for an opamp may be the following: If 
the required gain is x [dB] then one stage will do for 30 [%]cases. Here 0.3 is a measure of belief 
(MB). The other possible measure is a measure of disbelief (MD). Although they both may take 
values from 0 to 1 range, their sum has not to be l. A certainty factor is defmed as CF=MB-MD and 
may have values from -1 to 1 range. Certainty factors can be associated with the rule as well. Then 
CF are from the range 0 to 1, as the use of rules based on disbelief is not very likely. This kind of 
heuristics is derived from experience or after statistical analysis. This kind of heuristics, for 
successful propagation of certainty factors, requires much more structure than is available in a pure 
rule base system [SHE-86]. 

D. Fuzzy heuristics 

The fuzzy logic may be used for expressing some heuristics as well. Here is an example of a 
proposition having symbolical values: gain is high. This statement corresponds to the set of intervals 
of gain values and assigned membership factors for it, where G stands for Gain and p denotes the 
membership factor (figure 4.2): (G E (1, 40) with p = O.l), (G E (40, 60) with p = 0.3), (G E (60, 
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80) with p == 0.5), ( { G > 80} with p = 0.9). Membership factors are from 0 to 1 range. The sum of 
membership factors needs not to be equal 1. 

p 
0.9 

0.5 

0.3 

0.1 +-----...1 
40 60 80 G 

Figure 4.2: Fuzzy heuristics and membership factors 

Although certainty factors look like a probability measure, they could be considered as 
probability only if the probabilities of the different facts are independent. The problem is that a 
knowledge-base with independence of certainties among rules is very difficult to establish. 

Table 4.2 (by William B.Gevarter) shows a subjective view of the importance of various expert 
system tool attributes for particular functional applications. Detailed analysis of the control 
strategies (e.g. backward and forward chaining, techniques for improving search efficiency such as 
depth-first vs. breadth-first searching, problem reduction and alpha-beta algorithm), rules with 
certainty and uncertainty, knowledge representation (e.g. rules, frames and object oriented approach, 
semantic network, first-order logic, blackboard system and by example) and computer languages and 
tools for knowledge systems can be found in listed references. 

Table 4.2: Review of expert systems techniques and applications 
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4.3.3 Examples for rules, facts and concluding remarks 

As example, some rules and heuristics for the selection of opamp topob>gy are: 

IF gain< Xl THEN one stage. 
IF low output impedance THEN output stage. 
IF high output swing THEN output stage. 
IF cascode THEN higher gain. 
IF high output swing AND two stage AND (cascoded differential pair OR not simple mirror 

as load) THEN level translator. 
IF low power TIIEN class AB. 
IF one stage TIIEN smaller area. 

The problem with knowledge-based approach is that the expansion,'of the rule base is very 
difficult. The rules are technology dependent. The values used as attributes are dependent on the 
current content of the cell library. The consistency of the rule base is not guaranteed when new rules 
are added. 

As example, some facts and heuristics: 

• Required area for simple, improved and Wilson current mirror (for the same WIL ratio 
and current) are in proportion 1:5:20 (approx.), while Ro is 1:200:200. 

• PMOS devices are recommended for the devices of the differenti/;\1. pair if the noise 
performance is the issue. 

• NMOS devices have about (K' n I K' p) higher gain than PMOS' devices under the same 
conditions. 

• For the same current, a PMOS device has about twice much larger area then a NMOS 
device. 

• Equivalent input voltage noise of a PMOS device is about 5 times less than for a NMOS 
device. 

The heuristics are sometimes quite vague. They can mther be used fot looking for an optimal 
solution from a number of feasible candidates then to check if a potential t0pology candidate offers 
feasible solution. 

The evaluation of the tools and methods for topology selection discussed what are the problems: 
extensibility (new topologies+ new function blocks+ new technologies) and modularity of the tools 
within the design environment (selection combined with sizing/optimizing ornot). 

4.4 New concept in topology selection 

4.4.1 Topology selection within analog synthesis 

The topology selection progmm presented here is an essential part of the analog module 
synthesis system introduced [DED-93] in chapter 2. The main tools in the· system are the following 
progmms: topology selection, sizing and optimization, verification, and .canalog layout genemtion. 
The key requirements for the system are modularity, ope!llless and flexibility, which means that the 
tools are independent and exchangeable and interact through a common database under control of a 
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design controller (which manages the design flow), that new design knowledge and new topologies as 
well as new technology processes can be added easily, and that different design styles are supported. 

To accomplish this, two libraries are used in the system, namely a technology library and a cell 
library. Technology process independence (e.g. 2.4 CMOS and 0.7 CMOS) is established by storing 
files with the actual values for technological process parameters in the technology library. The cell 
library contains descriptions of all module and circuit topologies that are known to the system and 
contains all information that is needed to carry out the different synthesis steps. In order to be able to 
easily add new cells, the topology selection method must be independent of the current and the future 
contents of this cell library. At the same time, the topology selection program can only select among 
topologies that are already stored in this cell library and the information needed to obtain the 
performance range at run time must be stored with each topology in the cell library. 

The topology selection program will reject all cells from the library that do not have the required 
behavior or are not able to meet the input specifications. Depending on the tightness of these 
specifications the outcome will be that none, one or more topologies are considered as valid 
candidates. In the latter case, the selection program must also rank all remaining candidate 
topologies and choose the best one among them. 

Redesign has to take place whenever the verification tool detects that the circuit under design 
fails to meet the input specifications. Depending on the fault recovery strategy, it might then be 
necessary to redo topology selection, since the previously selected topology might not have been a 
good one after all. This might happen when the required circuit specifications fall on the edge of 
what a particular topology can offer. Topology selection during this redesign phase differs from the 
regular design selection because of the additional information about the reasons of the failure that the 
selection program can use in order to come up with a better solution. The sizing of a selected 
topology is carried out by a separate sizing program. 

The overall process of selection might be considered as a topology generation when the set of 
candidate topologies is built up hierarchically. Generation here implies building a topology from the 
lower-level building blocks in such a way as to achieve the required behavior. At each level of the 
hierarchy an appropriate selection takes place. After the topology has been selected, the design may 
continue with the sizing phase. Very often these two phases, selection and sizing, are closely coupled 
in an analog synthesis system. 

4.4.2 Method of topology selection 

The goal of the topology selection tool [PR0-94] is to select out of the all candidate topologies 
in the cell library the topology that can best meet the specifications. This means that all topologies 
must be removed which are not capable to meet the specifications, and that the remaining topologies 
have to be ranked in order of preference. 

In order to avoid design iterations in the synthesis system that include several design phases 
(sizing and optimization or even layout generation), the method for topology selection should be 
reliable and accurate. Furthermore, the selection method should be fast enough to allow interactive 
use, to compensate other design phases that are time consuming. These two constraints are usually in 
conflict and the aim is to explore possible trade-offs and to fmd a method that offers the designer full 
flexibility in finding a good compromise. 

A topology selection method has been developed which consists of the application of three 
consecutive filters to filter out the topologies in the cell library in order to obtain a fmal ranked list of 
topologies. The concept of the topology selector is depicted by figure 4.3. The filtering sequence is a 
combination of procedural and knowledge based approaches. These filters are a boundary checking 
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(BC) filter, an interval analysis (lA) filter and a rule-based (RB) filter, respectively, and will be 
discussed in detail in the following subsections. The modular concept of the selection filters provides 
two major advantages: First, it allows easy extension of the cell library. Second, it allows tuning of 
its performance by means of accuracy-speed trade-offs: The two procedural filters (BC and lA) 
differ in their complexity, accuracy of their outcomes and their speed. On the other hand, the 
procedural filters and the knowledge-based filter differ in their approaches and may be 
complementary. The knowledge is represented with rules and the expressions "knowledge-based" or 
"rule-based" are here used interchangeably, with accent on knowledge or rules, depending on the 
occasion. 

modyle type 
techn. class 
techn. prfJC. 
design styk 
noise 

Boundary Checking 

ANALOG 

Interval Analysis Rule inferencing 

Figure 4.3: The topology selector as a part of AMG 

The sequence of first applying boundary checking, followed by interval analysis and the rule
based filtering ensures efficiency of the selection process in terms of the overall required CPU time 
and the obtained accuracy [VES-95b]. The fast rejection of non feasible topology candidates at the 
beginning will reduce the set of topology candidates to a number acceptable from the perspective of 
CPU time required to perform interval analysis. Finally, the rule-based ranking and in case of 
redesign reranking, provide us with a reasonably good final selection. 
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4.4.3 Selection filter based on boundary checking 

In analogIC design for each circuit (e.g. an opamp) there is a finite, although relatively large set 
of possible topologies (e.g. different opamp schematics). Each circuit topology can be characterized 
by an analytic model represented by a set of design constraints. The design constraints are, in 
general, nonlinear equations and inequalities, giving the relationship between design variables, i.e. 
circuit resources such as transistor sizes Wand L, and the performance behavior of the topology, i.e. 
circuit properties (e.g. gain, bandwidth, power consumption, etc.). For a circuit topology and a 
specified behavior, the circuit resources can only take their values from within certain intervals. In 
the case of transistor sizes, the lower boundary will be dictated by the chosen technology process 
while the upper boundary will be restricted by requirements of chip area minimization and layout 
aspects, resulting in for instance an allowed transistor width between 0.8 and 1000 !J.m. As a result, 
the different circuit performance characteristics for the same topology will also show values within 
some intervals. These feasible performance intervals of course depend on the selected technology 
process. 

For a given design application, the user imposes requirements on the performances that the 
circuit must achieve. These are the input specifications that must be met by the topology that is to be 
selected. For the example of an opamp, there are more than 20 characteristics for which the designer 
can provide a specification, but depending on the application only a subset of these will really be 
specified. (This holds, especially, when specifications are translated automatically from an upper 
hierarchical level by an automated design system.) The specifications are intervals, corresponding to 
the range of values for each particular performance characteristic that the designer can accept for his 
application. This specification interval can be finite or open, and a special case of a finite interval is 
a single value. Some examples for specification intervals are: 

'Phase margin has to be at least 60 degrees'; 
'Power consumption has to be less than 1 mW'; 
'Output voltage range has to be from -3V up to +3V'; 

If some of the required circuit properties (specifications) do not belong to the interval that a 
certain topology covers, it means that it is not possible with this topology to meet those 
specifications. The topology selection tool must reject such a topology. 

Thus both the feasible performance intervals and the required performance specifications can be 
represented by intervals; different circuit topologies can be evaluated by comparing their feasible 
performance intervals; topology selection can be performed by comparing the specifications with the 
topologies' feasible performance intervals. The calculation of these intervals, which indicate the 
minimal and maximal possible values achievable by that topology, can be done at run-time or on 
forehand. In the latter case the precalculated intervals can be stored in the cell library together with 
the circuit topology, which reduces the required CPU time at run time but has the drawback of being 
technology dependent. The actual selection process is then carried out as follows. Each topology for 
which there is at least one performance characteristic that shows no overlap between the 
specification interval and the corresponding feasible interval covered by that topology must be 
rejected, as this topology is defmitely not able to meet that particular specification in the given 
process. In this way, already a large number of inappropriate topologies can be eliminated. This 
technique is called filtering based on boundary checking. 

Figure 4.4 shows a 1-D comparison of four topologies (T1 till T.J based on the feasible interval 
for one performance parameter i with a specification range Pi . The selection process rejects T 2 

whose feasible interval does not overlap with Pi, and ranks the remaining topologies as T3, TP T4 

depending on the size of the overlap region. Figure 4.5 depicts another comparison of four 
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topologies, in 2-D- this time based on feasible intervals for two performance parameters P 1 and P2 . 

T 1 and T 4 are rejected and the ranking of the remaining topologies is T 3, T 2• 

Allowed interval for parameter i 

Figure 4.4: 1-D interval example for BC 

T P - r- 1 
zffi-+-+T--------------~ 

max 

- ~ ·T4 
-, 

Figure 4.5: 2-D interval example for BC 

In a real design example, as said before, the topology will have ~y more performance 
parameters, say n, and the feasible intervals for these performances Wilf ;form an n-dimensional 
bounding box. The BC filter then checks whether there is a cross section with the box of the 
specifications or not. Since the filter essentially considers each performanc~;parameter independently 
of all the others, BC is simple and fast. Topologies that pass BC do .·n:ot necessarily meet the 
specifications after sizing since the filter does not take the correlations between the different 
performances into account (for example, an opamp can not obtain the rrulxi.mum gain at the same 
time as the maximum bandwidth). In other words, the real feasibility space is a subspace of the 
bounding box used in the BC filter. Since the relation between performanct parameters is contained 
within the circuit's design equations, in order to achieve a more accurate definition of the feasibility 
space we have to take these design equations into account, which brings us to the concept of 
solution space as it is used in interval analysis (lA). 

Sizing tools, optimization tools and verification tools (e.g. simulators) use design equations and 
solve them for a given set of input specifications. This results in a single p:oint (figure 4.6a gives an 
example in 3-D). If a topology selection would use the same methodology for fmding solutions there 
will be no place for ranking the potential topology candidates. The selection would be faiVpass test 
with the set of design equations and their solution as criterion. However, if we establish a feasible 
intervals for all the parameters, as depicted by bounding box in figure 4.6b, we can rank the 
candidates on the merit of the size of intervals. The drawback is that the,,bounding box contains a 
much larger space than the actual solution space (also depicted in figure 4.6b) for it does not account 
for correlation between parameters. The actual solution space [VES-9:S] is the most accurate 
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prediction of the topology's perfonnance (figure 4.6c). Figure 4.6d gives the comparison between the 
single point solution, the bounding box and the actual solution space . 

a 

c 

••• • 
•• 

b 

d 

Figure 4.6: Comparison of different selections: a) single point; b) bounding box for BC; c) whole 
solution space and d) solution space vs. bounding box vs. single point 

The single point solution is a single solution of a well-constrained system of equations. The 
solution space, as used here, is a solution for the underconstrained problem. Design problems in 
circuit synthesis are usually underconstrained problems with several degrees of freedom. The 
problem is constrained by the analytical model of the circuit (system of equations) and input 
specifications and requirements, usually given as inequalities. It is important to note that the actual 
solution space is a function of the topology (e.g. analytical model) and input specifications and 
requirements. 

4.4.4 Topology selection filter based on interval analysis 

To allow a more accurate selection between the remaining candidate topologies, the feasible 
intervals for all perfonnances, taking into account all their mutual influences or correlations, have to 
be calculated for each of these topologies. All design (in)equalities for the perfonnance variables 
bounded by their specification values have to be solved simultaneously. Then the obtained intervals 
will depict the complete solution space and again unfeasible topologies can be eliminated. This 
technique is called ftltering based on interval analysis. 
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The improvement that interval analysis (lA) brings over BC is depicted in the examples of 
figures 4.7 and 4.8. Figure 4.7 differs from figure 4.6 in that the correlation (functions f 1 and f 2) 

between the performance parameters P1 and P2 has been added. This correlation between parameters 
is expressed by the model equations, and in a general case it is nonlinear. 

p2 
max2 

p2 
min 2 

p2 
minI 

-,---

Figure 4.7: 2-D combined results for BC+IA 

For the topology T3, figure 4.8 shows user-specified intervals (1) and the initial intervals (2) for 
two performance parameters as stored in the cell library, together with intervals (3) for those 
parameters after an evaluation took place taking into account the relationship between P1 and P2• 

Point d belongs to the solution space of the T3 topology, while point c is outside of it, in contrast 
with simple BC that would accept both c and d. 

p2 
max 3 ---~-8----1"'-.. 

p2 
min3 

-: 

Figure 4.8: 2-D example for /A 
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The key of the technique is to calculate the solution space. The solution space is the solution of 
the system of equations (with constraints) which describe the circuit under design. There is a method 
[LEE-90], based on the Tschemikow algorithm, to fmd the whole solution space for an 
underconstrained system of linear inhomogeneous (in)equalities, together with its application to 
analog circuit design. Although the design equations are usually nonlinear, nonlinear functions can 
be approximated by a piecewise linear (PL) format, which is shown in chapter 6. In either case the 
solution space is described by a linear combination of a set of vectors (corner points of the solution 
space). This teclmique is also very useful in hierarchical design [LEE-91 ]. If the solution space is 
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empty at the higher design level, it means that there is no need to explore the lower levels (e.g. 
subcircuits) since no feasible design is possible. An example of a linear system that the Tschernikow 
method solves and the computed solution space are given in figure 4.9. 

y 

-x+2·y+l>O 4 

-2·x-y-4<0 

- 5 · X + 2 · y + 20 > 0 
2 

-2·x+2·y-3<0 

-X - 2 · y - 10 > 0 

0 2 4 
r 

a b 

Figure 4.9:a) Linear system b)feasibility space 

In figure 4.9 a "topology" is defined by two parameters, x and y, and a model in form of linear 
equations (figure 4.9a). The model describes the solution space (figure 4.9b) with the shaded area 
depicting the values that parameters x and y could take in the sizing process. This is feasibility 
region for this "topology" 

Input specifications or requirements would be given in a form of restriction for x and y, for 
instance: x < 3 and y > 2, although it can be a single (in)equality. When this restrictions are added to 
the model from figure 4.9a and the new system is solved, the result is the actual solution space 
(figure 4.10). Depending on the nature of the input specifications the actual solution space can be 
empty, a single point or a polygon. An empty solution space means that the requirements are too 
tight for the given "topology" with model in figure 4.9.a. 

0 2 4 
r 

Figure 4.10: solution space 

As to method's computational complexity, the number of operations in the worst case scenario is 
a exponential function of the number of parameters, assuming all the coeffitiens are non-zero. In a 
practical case of a model with 10 variables the computation can take up to several minutes on Sun 
Spark workstation. 

The accuracy of the obtained solution space depends on the accuracy of the models (equations) 
used to compute the solution space. Since the calculation method itself (but not its performance) is 
independent from the model used to describe a topology, it is possible to achieve acceptable selection 
accuracy with moderate CPU-time and memory usage by using higher-level description models for 
analog modules and circuits. Higher-level IA avoids possible redundancy (with sizing) introduced by 
considering the solution space at the lowest level. Eventually, however, we have to deal with a 
topology at the device level, and then we have to manage models with a relatively large number of 
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parameters, which drastically increases the CPU-time and memory consumption. By reducing the 
number of parameters taken into account for lA, we can reduce the required CPU time at the 
expense of selection accuracy. Here a compromise takes place: a number of parameters is modeled 
for lA and a number of parameters is evaluated by the rule base. 

It is well known that certain topologies, regarding a specific performance, have advantages over 
others. A typical example is the use of cascoded versus noncascoded subblocks depending on the 
gain requirements. Using if-then-else rules to decide when to apply one or the other is usually much 
more efficient than to explore the complete solution space in order to find the most appropriate 
topology. It is therefore appropriate to include such general design knowledge as rules into the rule 
base of the knowledge-based filter. 

The best accuracy of the solution space is obtained when the interval analysis is performed on 
the device level. This, however, requires additional memory and CPU time. It is, furthermore, 
questionable if such an effort is justified. It is inappropriate to make assumption on the method that 
the sizing tool has to use, due to tool's independence principle. Since we can not know if the sizing 
tool will take benefit from the obtained solution space, by using a linear optimization method, it 
would be a waste to compute an extremely accurate solution space just for selection's sake. 

However, eventually we have to deal with the topology at the device level, and then we have to 
manage models with relatively large number of parameters. Reducing the number of parameters to 
take into account for interval analysis we reduce the time required to obtain the result, at the expense 
of the accuracy, though. Here a compromise takes place: A number of parameters is modeled for 
interval analysis and a number of parameters is evaluated by the rule base. 

The sizing and optimization of a topology, for which a solution space exists on the device level, 
is relatively simple. A given set of optimization objectives defmes the direction for the search 
through the solution space. 

4.4.5 Topology selection filter based on rules 

The topology selection starts with a set of specifications for the circuit's properties 
(performances) and a set of topologies (stored in the cell library) implementing the required circuit 
behavior. Up till now, starting from all topologies in the cell library that implement the required 
circuit behavior, the first filter based on BC has rejected all obviously unfeasible topologies. The 
second filter based on lA has found the solution space for the remaining topologies and then decided 
whether or not to reject them. Eventually there might be several candidate topologies left. From this 
point on, there are two ways to perform the ranking. One is to search for the optimum in the solution 
space and the other is to attempt to rank candidates using the information about the topology's 
property attributes. The first option is redundant to the sizing phase, but is feasible. The fmal step is 
to rank these candidates using the information about the topology's property attributes. This ranking 
has been implemented as a knowledge-based filter based on heuristic selection rules. 

The line between procedural approach (interval analysis) and knowledge-based approach is 
made vague on purpose, and some parameters can play in both filters. The reasons are twofold: first, 
the knowledge-based filter contains general knowledge about topologies and the more parameters it 
deals with, the more reliable the selection is, even after the cell library expansion; second, the 
knowledge-based filter is aimed for redesign as well. The first two filters (boundary checking and 
interval analysis) are not suitable for usage during a redesign, since there is no additional 
information for them, besides what they already had as the input. The rule-based filter on the other 
hand can use the additional failure information about the specifications that were not met by the 
original topology that caused the redesign, to rerank the remaining topologies and select a new best 
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topology. A redesign rule can then for instance state that if the gain requirement was not met for a 
noncascoded topology, then the cascoded version has to be tried next 

Knowledge-based system are suitable for conflict resolution problems. Ranking the topology 
candidates can be considered as a conflict resolution. When several topologies satisfy the 
requirements with their solution space, they can be evaluated and ranked by means of rules very 
efficiently. Furthermore, redesign can take advantage of the same virtue of the knowledge based 
filter. A verification tool might provide the information about the failure to meet the requirements. 
This additional knowledge will lead to a new topology, to be selected during the redesign. 

The rule base contains knowledge that is considered general for a certain type of module. 
However, when a new module has to be implemented, new rules have to be provided. There is a rule 
base compiler, which is a tool apart of the topology selector. A rule base compiler helps updating the 
rule base with new knowledge for existing modules, as well. 

4.4.6 Design example 

The topology selector has been tested for several types of modules and circuits, which include: 
charge sensitive amplifier (CSA), pulse shaping amplifier (PSA) and operational amplifier (opamp). 
The program and the method for selection are completely independent of the type of module that has 
to be selected and of its model. As the AMG is targeted towards space applications, a particle 
detector front-end circuit consisting of a charge sensitive amplifier (CSA) and a pulse shaping 
amplifier (PSA) is chosen as an example here. These are from the classes of modules that an analog 
module generator must be able to generate. The description of the particle detector circuits 
constitutes section 3.2. Actual topologies and simulation results are presented in chapter 5. 

From the topology selection point of view the important issues are: several choices for CSA 
topology from the literature with a compromise as noise vs. power consumption, type of integrator 
and the number of integrators for the PSA. 

The performance of the read-out module described in section 3.2 is controlled by 5 major design 
parameters [CHA-91]: the width CW), length (L) and bias current (Id) of the input transistor, the 
shaping time ('t,) and the number of integrators (n) in the shaping amplifier. The key input 
specifications are noise performance, power consumption, speed and detector's capacitance. All of 
them are directly affected by the choice of the values for the design parameters. The transistor width 
and length have practical limits imposed either by technology or by the performance of other 
parameters, the bias current is limited by the power consumption requirement, the shaping time is an 
input specification and limited as well, and fmally the number of integrators is a property of the 
particular topology. To keep the model sufficiently accurate, yet simple, seven input parameters 
(detectors capacitance (Cd), peaking time ('tp), total equivalent electron noise (ENC1), leakage 
cnrrent L, power dissipation and power supplies) were chosen to be included in the IA model. 
Counting rate is assessed from the peaking time requirement, gain has been assumed on forehand 
and total radiation dose and junction temperature are kept out of the IA model. This model has been 
chosen taking into account design knowledge and the relative importance of some parameters over 
the others. The model is stored in the cell library in a parameterized form, discussed among 
implementational issues. 
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Conceptually, the model looks like: 

Speed= f 1 (specs, topology's design parameters, technology); 

Noise= f2 (specs, topology's design parameters, technology); 



Power= f3 (specs, topology's design parameters, technology); 

fi(topology's design parameters)= 0, i =4, ... ,m 

Speed, noise and power belong to the specifications (user requirements) and are considered as 
constants, together with the technology parameters. The topologies' design parameters vary in 
different ways. First, they are different for different topologies (e.g. different expressions for the 
speed). Second, the boundary values for the intervals for the parameters differ from one topology to 
the other. 

Since we use the Tschemikow algorithm, which relies on linear equations, our model should be 
linear or piecewise linear. Here we will show the linearization process. The linearization by means of 
logarithm transform is possible only for expressions that contain multiplications and divisions. 
Addition and subtraction can not be transformed in this manner, therefore this example presents only 
a small subset of possible situations. The generation of piecewise linear models, as a more general 
case, is subject of chapter 6. On the example of an opamp, we will have a number of design 
equations and inequalities. Design equations are well known expressions (as 4.1 and 4.3) which 
bound design parameters values. Used inequalities give the relationship between user requirements 
(e.g. expected UGB) and the design parameters. Since the user requirements usually have a degree of 
freedom (UGB can be greater then the required one) this relationship is given as an inequality. 

Nonlinear equations and inequalities can be transformed into a suitable linear form using the 
logarithm function. The solution space is then calculated using the Tschemikow algorithm. Actual 
values for the parameters at the boundaries are found with the inverse logarithm function on the 
linear model variables. The example for one equation and one inequality is as follows. A MOS 
transistor equation (4.1) can be transformed in (4.2), while opamp relation (4.3) becomes (4.4). The 
UGB in (4.3) and b2 log(21t ·UGB) are considered as constants given in users input 

requirements. 

g,a =~2·KP ·1D2. ~ 
1 

X 1 -X -b =0 
2 2 I 

gm2 ~ 21t ·Cm ·UGB 

-x1 +x3 +b2 $0 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

In case of an opamp there are quite a few transistors which are matched in pairs (e.g. differential 
amplifier, current mirrors, etc.) The number of model parameters is kept low by using the equations 
of type (4.2) for independent transistors only. The degrees of freedom inherent to the 
underconstrained problem (4.4) are actually depicting the solution space. 

Another test case is the selection of the CSA and PSA. A model containing equations (4.2) and 
inequalities (4.4), as described above, is used here as well. Here the main concern is the relationship 
between noise behavior of the circuit and its power consumption. 

There are three contributing types of noise: 

ENCT2 = ENCd2 + ENC1 
2 + ENC0

2 $user specified noise (4.5) 

namely channel thermal noise (ENC<t), 1/f noise (ENC1 ) and the noise associated with detector 
leakage current and biasing circuit (ENC0). In order to keep the total noise contribution minimal the 
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design has sometimes contradicting requirement for the design parameters for CSA and PSA, as 
shown in table 4.3 

Table 4.3: Design requirements for minimizing noise contributions 

CSA 

ENCd • g.,. should be as large as possible 
• total input capacitance as small as 

possible => f(W) 
ENCr total area of the input transistor as large 

as possible=> f{W L) 
ENC0 independent 
The power consumption can be found as: 

P = !tot • (Vdd V..) 

PSA 

• 't, should be as large as 
possible 

• independent of DC gain 

independent of 'to 

proportional to 't, 

For the defmed noise contributions from [CHA-91], it follows: 

ENC 2 = a + -
1 

· -
1 

· (c + C + W · Cox · (2 · L + 3 · L })
2 

• +' (n) d I 't d p 3 d Jt 
s 8m 

2 Kt 1 ( Cox ( ))
2 

( ) ENC =a·--·--· C +C +W·-· 2·L+3·L ·f n 
t z C z W·L d P 3 d z 

ox 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

where n is the order of PSA, ai constants that depend on technology,Ji(n) defined functions, Kf, Cox 
and ~ technology parameters and Cp additional capacitance. 

It can be shown (from 4.5-9) that the relationship between the total noise and the power 
consumption has the form: 

a 
power= 

2 

((noise)
2 -b) 

(4.10) 

These two parameters are well suitable for graphical representation; a family of curves (4.10) is 
shown on figure 4.12. Due to the values of physical constants in (4.5-9) that make up a and b in 
4.10, the only physically possible region is for x > xo. 
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Figure 4.11: Family of curves (4.10); xis noise, y is power 



For the orders of magnitude the parameters can have (for instance, power -10-3 W; noise -103 

equivalent electrons), the segment of curve (4.11) is for all practical purposes linear. It is up to an 
optimization function to choose a topology from the given solution space. Figure 4.12 shows such 
relationship for eight different CSA-PSA topologies for a fixed set oLinput specifications. The 
position and slope of each topology's characteristics differ withr· input specifications. The 
optimization function is kept fixed for all selections and specifications. The characteristics in figure 
4.12 are linear interpolations within the solution space. Further examples will show that models 
derived using (4.5) match with the approximation made in figure 4.12. 

consequence of cell's limit cell's limit 

power 

noise 

Figure 4.12: Linearized evaluation of 8 CSA-PSA topologies 

The equations (4.1-10) are used to build technology-independent models which can predict the 
topologies that can fulftll the requirements and which can rank the feasible topologies according to 
the optimization criterions. 

This method has been tested for a cell library containing 8 cells with different design styles for 
CSA-PSA topologies. There were 4 topologies with PMOS and 4 with NMOS input transistors and 
hence naming Pi and Ni, i = 1, ... ,4. The number of topologies that had passed the BC or lA filter 
depends on how relaxed or tight the input specifications were. The required time for the lA filter is 
proportional to the number of topologies remained after BC filtering. The rallking after BC and lA 
has been changed, since the intervals had been shrank during each filtering. Relaxed specifications 
were used to visualize the results of the lA. The relevant rules for ranking:eontain general knowledge 
about noise performance and required chip area. 

Figure 4.13 shows the lower noise boundary for a given power and vice versa for eight different 
CSA-PSA topologies. Those are the corner points of the solution space for the given requirements, 
obtained by interval analysis. When a weighted optimization function is given the selection would 
have different outcome, depending on the weight coefficients (figure 4. 14). 
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Figure. 4.13: The lowest boundaries of the solution space for a)power and b) noise 
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Figure. 4.14: Trade off between noise and power, during lA 

In case where there are no additional constraints, this ranking has to be obtained by the rule
based component in the final implementation of the topology selector as welL 

Two sets of input specifications together and the obtained results are summarized in tables 4.4 
and 4.5, respectively. These two sets represent optimized noise and power consumption cases, 
respectively. In both cases the CPU time was below one second for SUN spare 1 workstation, most 
of it being spent during the lA ftltering. The example shows the BC has rejected 2 and 3 cells due to 
their non-feasibility, for the two cases respectively. Furthermore, lA finds that 4 and 2 of the 
remaining cells, respectively, can not fulftll all the requirements simultaneously. The difference in 
ranking after lA and rule-based filter (RB) is due to the nature of the evaluation: lA evaluates the 
size of allowable intervals, and RB evaluates cell attributes. 

The procedural ftlters calculate the ranking value for a topology j according to: 

N (2 *I! parameter. max ;1-lparameter. min ;11 J 
rvj = tt llparameter.max;l + lparameter.min;ll 

(4.11) 

where N is number of parameters. Such function evaluates relative size of the feasible intervals. 
The parameters are considered equally important. However, according to optimization preferences 
(e.g. minimal noise, minimal power consumption, combination of both or combination of some other 
parameters), weights can be assigned to any parameter's interval. 
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input specs 

Cd 
I_leak 
mxm_peak_t 
count_rate 
noise 
pos_sppl 
neg_sppl 
gain 
out_range 
power_dis 

Table 4.4: Two sets of input specs. 

case 1 

< 
> 
< 
= 

> 
< 

80E-12 
lOE-9 
1.5E-6 
200E3 
780 
3 
-3 
40 
1.4 
2E-3 

case2 

= 60E-12 
= 5E-9 
< 1.5E-6 
> 200E3 
< 800 

= 3 
= -3 
= 40 
> 1.4 
< lE-3 

units 

F 
A 
s 
Hz 
electron 
V 
V 
m V /Me 
V 
V 
w 



Table 4.5: Results of each filter's performance for 2 sets of input specs. 

Nr and rank easel case 2 

BC P4, P3, P2, PI, N4, N3 N2, P3, P4, PI, P2 
lA P3,P2 N2,P2,Pl 
RB P2,P3 P2, N2, PI 

The final rank is obtained by rules addressing the topology's properties such as complexity, and 
making a tradeoff between noise and power performance. One example rule used for final ranking 
within the RB has the following form: 

IF { nr_integrator. cell_A < nr_integrator. cell_B } THEN cell_A before 
cell_B 

Another set of experiments were conducted with input specifications from a very wide range. 
The outcome shows that: the selected topology, the number of not rejected topologies and their rank 
vary significantly with the variation of the input specifications. Furthermore, it has been shown that 
each of the 8 used topologies has a region within the solution space where it is dominant or superior 
to the others. The relatively large number of input parameters, as well as the number of dimensions 
of the solution space makes it difficult to visualize such a result. Easy explainable results, however, 
are yet available in numerical form. Samples of the solution space in the direction of the noise axis 
(figure 4.I5) and the power-consumption axis (figure 4.I6) are available for the analysis. 

During the selection process we kept one parameter fixed, varied the requirements for the other 
parameters and plotted the rank of each of 8 topologies. The z-axis shows the rank, the x-axes shows 
the topology candidates and the y-axes shows samples of the fixed parameter, in our experiment just 
two, namely equivalent noise and power consumption. The whole solution space is a volume in a n
dirnensional space, n being the number of parameters. The slices on the figures 4.15a and 4.I5b are 
extreme samples from that space in just one of n dimensions. The ranking for a given set of 
requirements is a combination of the samples, that reflects the analytical model of the given circuit 
and the weight assigned for a particular optimization parameter. 

•topology I 
Ill topology 2 
•topology 3 
[]topology 4 

•topology 5 
I!! topology 6 

•topology 7 
•topology 8 

a b 

Figure 4.15: Slices from the solution space a) noise and b) power 

Interpretation of figures 4.15a and 4.I5b is as follows. For low noise requirements some 
topologies (mostly N-type) are totally unsuitable, and vice versa regarding low power and P-type 
topologies. The form (ranking) of all the samples totally depends on the input parameters and 
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changes accordingly. The lA filter estimates the actual solution space and assures the best selection 
according to the specifications. 

4.4.7 Topology selection program within the AMG 

The topology selection program has been implemented in the C language for the procedural 
filters and in Prolog for the rule-based filter, on a SUN workstation and it has been integrated into 
the analog synthesis system of figure 3.5. The program is built up completely in a modular way (see 
also figure 4.3) and all three filters take different data files from the cell library as inputs, besides the 
overall inputs like user specifications, technology data, etc. The inputs are ASCII text files. The BC 
data file contains the boundary values for the feasible performance intervals, which are calculated in 
advance and stored in the cell library for well established designs (fixed cells) or which can be 
calculated at run time (parameterized and custom cells). The lA data file contains all kinds of data 
needed for interval analysis, related to a specific topology. Openness towards new design is fully 
respected: new topologies for a known function block can be added to the cell library just by adding 
their necessary data files. No recompilation or code update of the selection program is needed. The 
same holds for adding new technology processes (e.g. O.xx !lm) within one of the covered technology 
classes (e.g. CMOS). It can, however be expected that new analytical models will be required for 
deep submicron processes. 

References to those files are a part of the common data structure for all the tools of the AMG. 
To add a new topology, the user has to provide appropriate data files and to store them in the cell 
library, and to update the file that keeps track of available topologies. The tool itself (program) 
needs not any change and it will treat equally original cell library and the new added cells. 

The BC data file contains parameters' intervals values, which are known in advance for well 
established designs, or can be calculated in the runtime. The lA data file contains all kind of known 
data, necessary for interval analysis, related to a specific cell. The model that is used for interval 
analysis has the general form depicted in Fig. 4.16. The lA model file contains information that is 
eventually transformed in the aforementioned form. 

an ·XI+QI2·X2+ •.. +Qin·Xn+bl pI 0; pie{ = ,; }, i=L .. m 

Q21 ·XI +Q22 ·X2+ ... +Q2n·Xn+b2 p 2 0; 

Q31 ·XI+Q32 ·X2+ ... +Q3n·Xn+b3 p 3 o· , 

Figure 4.16: Model format for lA 

The coefficients aij are constants whose values depend on the input specifications, the particular 
topology and the specified technology process. The unknowns Xj are the design parameters that can 
take values from intervals, the boundaries of which are defmed by input specifications, properties of 
the particular topology and the technology parameters used. The solution obtained by lA is in the 
form of a linear combination of vectors, depicting the solution space for the unknowns Xj- Due to the 
nature of the algorithm, it is advisable to keep the number of unknowns relatively small in order to 
limit the time required to solve the system. 

The model developing process can substantially be facilitated by using tools such as ISAAC and 
DONALD. 
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One of the severe constraints for the model, due to the Tschernikow algorithm, is its required 
linearity. As said above, however, nonlinear equations can also be handled by approximating them 
with linearized models as showed in ( 4.1-4.4) or piecewise linear models as in chapter 6. 

An example of topology selection GUI screen dump is shown in figure4.17. 

A list of rules, used 

during RE filtering, 

with explanations 

AMB 
~ 

A list of rules, .ns-ed 

during RB filtering, 

with explanations 

Figure 4.17: A screen dump ofTS GUI 
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4.5 Concluding remarks 

This chapter presented the problem of topology selection in a design environment where the 
selection phase and sizing and optirnizing phase are kept separated. This makes the selection a 
prediction about a candidate's feasibility for sizing and optimization. A number of analog synthesis 
tool that perform some sort of selection is presented briefly. A knowledge-based technique is 
discussed from the viewpoint of the usage for topology selection. That is so far the most commonly 
used technique. 

A new method has been presented for topology selection within an automated analog synthesis 
system. The method consists of the subsequent application of two procedural filters, based on 
boundary checking and interval analysis respectively, followed by a rule-based ftltering. This 
combination allows a trade-off between selection accuracy and required selection time. Practical 
evaluation results of this method have been presented and show an acceptable performance. The 
method has been implemented in the topology selection program of the analog module generator. 

The interval analysis relies on solution space. A solution space, that is determined during 
topology selection, is useful for circuit sizing and optimization as well as for explorations of design 
space. The solution space is constructed from a system of linear equations and inequalities. This 
system is derived from the topology's analytical model and input specifications and requirements. 
Large models require longer evaluation time but can provide better accuracy than the smaller 
models. Analytical models are usually nonlinear and this a problem for the chosen selection method. 
The solution is to linearize the model or to use piecewise linear models. The former is shown on the 
example while the latter remains as the topic for chapter 6. 
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5. Sizing and Layout 

This chapter presents some aspects of Analog Module Generation related to circuit sizing, 
and layout. Related to circuit sizing, it discusses a possible way to automate generation of the 
models for the circuit knowledge database. An overview of the specific constraints for analog and 
mixed analog/digital layout is given as a starting point to layout generator program. 

5.1 Sizing/optimization tool - model building example 

The cell library, as presented in chapter 3, should contain cells with all the necessary knowledge 
about a module that the AMG can synthesize. This knowledge includes the analytical models that are 
used by the synthesis tools (e.g. topology selection and circuit sizing and optimization). The required 
models can be produced using tools such as the symbolic simulator ISAAC or the synthesis tool 
DONALD. 

3 
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':-i 
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Constants: 

K = 39.0 ·10-6 [Yvz] 
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Topology equations: 
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V3-V2 =l·R 

Circuit properties: 
. 1 
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Bandwitdth = R 

2·1t ·C 

Figure 5.1: Sizing example circuit 

For the example circuit from figure 5.1, the values of the constants are obtained from a 
technology file or they are environmental constraints given as input, such as power supply voltages. 
Topology equations are obtained from Kirchoff laws for the given circuit. Transistor models together 
with topology information provide the equations for circuit resources. Circuit properties receive their 
values from the design requirements. However, circuit resources, topology equations and circuit 
properties are closely coupled, the terminology used here is chosen to correspond to DONALD 
papers. Other appropriate terms, such as netlist, design constraints, design requirements, device 
equations might be used and the division among the equations might be different. The figure 5.1 
shows an under-constrained problem with 11 equations and 17 variables. 
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Circuit design consists of two phases: synthesis and analysis. During synthesis, the circuit 
properties get their values assigned as design requirements and the optimization process should find 
the values for circuit resources. During simulation, as a sort of analysis, the circuit properties are 
known and it is the task of simulation to provide for values for circuit properties. 

Out of the free variables, C and L were chosen to get their values from the design requirements. 
The task of synthesis is then to fmd the values for Yt. Rand W. In the manual design it would be a 
designer's task to work out the design equations for these variables from the given circuit (figure 
5.1). In an automated design environment, it is a task of the sizing-model builder. This can be 
accomplished by an design system based on manipulation of design equations. DONALD [SWI-91b] 
is an example of a dedicated design environment. Another environment can be a general-purpose 
symbolic-arithmetic package upgraded for a computational path constructing mechanism. 

The prototype version has been implemented as a semi-automated model-builder on the top of 
the highly-customizable editor emacs and a LISP package calc that has ability for symbolic 
mathematics. An example comparable with results obtained by DONALD is shown in figure 5.2. 

K W ( )' I -·-·V. -V 2 L I I 

eliminate V 1 

W=2·C2
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t · am·1t · = { ) v"". v;- ~--; 

V.= Power +V 
I C·1t ·Gain· Bandwidth· vdd I 

2 · Bandwidth ·1t · C- Power 
V,.·L·V,.rl, 

Figure 5.2: sizing model generation for the example circuit (figure 5.1) 

The model-builder manipulates design equations in a symbolic form, eliminating intermediate 
variables. Some variables are by the user declared as input variables at the beginning of the process, 
along with the output variables. The system of equations is either well constrained or under
constrained. An under-constrained system offers some degrees of freedom to the designer. In order to 
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solve an under-constrained system, the design system will ask the designerto assign values for some 
of the free variables. 

The goal is to produce with equations with input and output variables only. In the process of 
eliminating the intermediate variables some problems can occur, namely wlren two or more equations 
need to be solved simultaneously. Sometimes the solution does not existrin a closed form. Then 
instead of design equations for the output variables the only obtainable solution is set of values for 
the circuit resources. A numerical solving method, like Newton-Raphson, can be used to compute the 
values for the solutions. 

A problem with iterative methods for simultaneous solving of systemsiof equations is the choice 
of the initial point. A nonoptimal initial point can result in a very slow convergence or in the worst 
case the system will not converge at all. For some beforehand known equations the best initial point 
can be found analytically. For an beforehand unknown system of equations it is not reasonable to 
expect to find easily the best initial point by symbolic analysis. 

To overcome the problem of convergence in iterative methods altogether, one can make use of 
piecewise linear (PL) techniques. Suppose a system of nonlinear equations; is, given. Each equation in 
that system can be approximated by a PL model with sufficient accuracY., Such PL model can then 
be easily solved without running into convergence problems. 

A prototype of a symbolic manipulation system has been used with--twofold purpose. First to · 
derive design equations in closed form. if possible. Second, to derive the1input equations for a PL 
model generator, when there is a system of equations which can not be iolved symbolically. Both 
outcomes, a single equation and a system of equations, are equally usefulfor PL model generation. 
They have exactly the format required by the model generator presented,in chapter 6. However, a 
third possible outcome is an (implicit) system of equations which can not be explicitly solved for 
required variables in an closed analytical form. Piecewise linear techniquercan deal with implicit PL 
models, provided the models are available. 

What happens with the derived design equations next is up to the sizing and optimization tool. In 
an ideal case, which does not happen often, the equations give the values. for the circuit resources 
upon the substitution of design specifications or circuit properties. This is a straight forward 
operation. The task of sizing is then completed. Due to a number of dl!grees of freedom, the 
optimization phase can perhaps find better values for the circuit resources. in respect to some given 
optimization criterion. Here the optimization criterion is a function for which an extreme value 
should be found under the constraints expressed by design equations. The,usual case is when sizing 
itself is a complex problem due to system of equations and inequalities expressed by the design 
model. Then the sizing and optimization can be considered together. Depending on the form the 
system has, linear or nonlinear, there are different approaches. There is a number of methods to 
solve a linear system with constraints. The nonlinear case has several options, for instance: relatively 
fast iterative methods with local convergence such as Newton-Raphson-like methods, relatively slow 
stochastic methods with global convergence such as simulated annealing or PL techniques for which 
we need a PL approximation of the original system. The sizing and optimization tool of the AMG 
provides a choice between local optimization algorithm based on Hooke-Jeeves algorithm and global 
simulated annealing algorithm. 
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5.2 Study of the requirements for analog layout in a mixed
signal context 

This section discusses requirements for analog layout in a mixed signal context and lists some 
possible solutions to known problems. These requirements served as a starting point in 
development of the layout tool for AMG. The presented requirements and the solutions are well 
known, as indicated in references. They are presented here to illustrate an important phase of 
Analog Module Generation. 

Requirements for analog layout are quite different from the digital layout requirements. This is 
due to analog circuit functionality and performance's dependency on circuit physical layout, which is 
not the case for digital circuits in such a strong relation. The used area is of the primary concern for 
digital circuits. For analog circuits it remains important, while first priority is given to device 
matching and reduction of parasitics. Presence of both digital and analog circuitry on the same chip 
gives additional constraints to the layout requirements. Difficulties posed in mixed analog digital 
circuit are twofold: 

• first because of analog circuit inherent layout dependence: Circuit's performance is sensitive to 
process variations, thermal gradients and noise. This sensitivity can be minimized with a 
careful layout. Parasitic effects as parasitic capacitance and parasitic resistance have to be 
minimized as well. Noise coupling between critical signal path is among things that should be 
avoided (or minimized). And, very wide range of device sizes must be treated with respect to 
previously mentioned objectives. 

• second because of an unwanted interference between the digital and the analog parts. This 
interference is manifested as coupling of digital noise (e.g. clock signal) into the sensitive 
analog paths and should be avoided. 

Resistive parasitics are caused by the resistance of polysilicon and doped semiconductor when 
used as conductor. Capacitive parasitics are caused by capacitance of any crossover, capacitance 
from any conductor to substrate and capacitance of any depletion region in a reversed biased pn
junction. Values of those resistive and capacitive parasitics can be significant in comparison to the 
specified component values. Careful circuit design and layout design techniques help to overcome 
some of the existing limitations. 

The process of layout design is usually partitioned in several phases: floorplanning, (fmal) 
placement, routing (global and local) and compaction. Each of these phases is constrained by 
requirements aimed to minimize parasitics and to optimize circuit's performance. 

In the floorplan phase the total chip area is divided on two parts that are assigned to the analog 
and digital part of the chip. Besides functional partitioning, strong reason for physical separation of 
analog and digital parts is to prevent unwanted, but possible, crosstalk from digital to analog part. 
Also other measures will be discussed in the attempt to avoid this crosstalk. 

Floorplan/placement takes care of assigning place for power supplies and power pads. Digital 
and Analog parts should have their own dedicated power supplies as well as power buses. That will 
help in preventing digital clock noise to be coupled into analog circuits through common power lines. 
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5.3 Placement and routing 

Layout generation is the design phase that takes place when a circuit's sized schematic is 
available. The layout determines where on chip the devices from the schematic are going to be 
placed, what shapes and ratios will they have and what their connections will look like. Depending 
on technology process that will be used to produce the chips, layout determines all the masks and the 
layers that will be produced on the wafer. 

The following two sections introduce the constrains that layout generation has to deal with, 
presenting examples from CMOS technology. The example of a layout produced by AMG's layout 
tool, given at the end of the section, illustrates some of the presented constrains. 

PLACEMENT 

Primitive elements of an IC have very poor absolute tolerance of their physical and electrical 
characteristics (deviation can be up to ± 100%). Therefore one of the guiding principles in analog IC 
design is to make circuit performance dependent on component ratios, instead on their absolute 
values. Hence matching of circuit components is extremely important. Numerous considerations help 
obtaining good matching. Most of them are listed below. 

When device ratios are based on device structures composed from a number of cells with unity 
value size (unity-cells), inaccuracies of the three dimension device structure can be neglected. 

Certain devices are in the layout phase grouped together. They are placed together and close to 
each other, to assure their equal dependency to process variation, thermal gradient and noise. Such 
clustering is done for devices which are strongly connected and which form a functional entity. 
Additional requirements for placing those clusters depends on circumstances when devices within a 
cluster should be completely symmetrical, just matched or only placed together. 

Another reason of clustering devices is area saving. This can be obtained by grouping a number 
of same type transistors in the same well. On the other hand, well sharing may introduce unwanted 
device coupling through the substrate. 

Figure 5.3: Orientation of a differential pair 

Orientation of cells is an, for matching, important feature. Two identical cells with different 
orientations can have different characteristics due to their orientation relative to the substrate crystal 
orientation. Even mask and photolithography can be sensitive to the cell orientation. Therefore, for 
obtaining good matching, using the same cell orientation is mandatory. Some graded examples, of 
orientation of the differential transistor pair, are depicted in the figure 5.3. 

The electrical characteristics of a silicon die vary and, usually, there is an average gradient, 
which can contribute uncalculated mismatch. To cancel this effect cell placement (or geometry) 
called common centroid has to be applied (figure 5.4).This is widely used to minimize the input 
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offset voltage for a differential pair of an opamp. Common centroid geometry is used to improve 
resistor or capacitor matching as well. 

Figure 5.4: Common centroid geometry 

The interleaved strips of two matching devices is another structure that is used for canceling 
effect of characteristics' gradient, while improving matching. This kind of placement (figure 5.5) also 
assures minimal distance between devices which additionally improves matching. 

D, 

G, 

S D, 

Figure 5.5: Interleaved structure, common source pair 

The same surrounding for devices in a cell is the measure to avoid the "neighbor effect" and to 
improve matching. When identical devices are placed together in a cell, those at the cell's border can 
have different characteristics due to their different surroundings. To obtain the same surrounding for 
all devices in a cell, a number of dummy devices is placed next to actual peripheral devices. A set if 
capacitor cells and a multiple current source cell (with dummy devices drawn dashed) are in figure 
5.6. The same surrounding will also prevent possible nonequal etching. Dummy devices at the border 
can be sacrificed by being etched differently than the devices from the interior of the cell. A 
drawback of the same surrounding achieved by adding dummy devices is the increased chip area. 

,,· -,. 

multiple ~ current ~~"'-' 181 a Dl 181 ·f< 
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set of capacitors 

Figure 5.6: Dummy devices 

Sometimes there is a need for capacitor ratios that do not commensurate. In this case the 
nonunity cell is the only solution (figure 5.7). This nonunity cell has to be scaled to the value 
between 1 and 2 (in order to keep parasitics minimized, area to perimeter ratio of nonunity cell has 
to be the same as for an unity cell), and such nonunity capacitor has to be placed on the area that is 
required for two unity capacitor. This requirement can not always be accomplished with simple 
rectangle shape. The "P" shape, which has artificially increased perimeter, is a solution. Capacitor 
periphery has less influence on its capacitance than does the area, hence higher priority is given to 
the area accuracy. There are techniques for fine area trimming [TR0-89]. 
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Figure 5. 7: Nonunity cells 

One chip will have circuits or parts of circuits which dissipate much more power, comparing to 
other parts of the chip. As a consequence, there will be a radial thermal gradient around such 
subcircuits. That will make constrains on placement of high dissipate ·Subcircuits as well as on 
placement of circuits and devices highly temperature dependent. There is not much that a layout 
process can do about power dissipating subcircuits, but putting them at theicircuit boundary. One of 
the assumptions made concerning the matching of two devices is the equal temperature of both 
devices. Source of the heat within a circuit (output device(s), usually) is looated during design phase 
and it is assumed that the heat is conducted homogeneously throughout the::cbip. Devices that should 
have thermal match, have to be placed equidistantly relative to the source of heat (figure 5.8). 
Requirement of thermal matching and derived constraint on placement maices one of the symmetry 
constraints. 
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Figure 5.8: Placement for temperature match;ng 

Geometry's symmetry is of importance for matching of components. in both placement and 
routing phase of layout design. Differential circuits' devices (like the inputof an op-amp), in addition 
to geometry's constraints like the same size and the same shape variant, must have symmetrical 
placement in order to reduce offsets (e.g. voltage offset of an input stage). If a circuit has devices 
which must be symmetrical, circuit layout will have axis of symmetry, around which such devices 
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have to be placed. When an axis of symmetry is present, matched devices are placed around it as 
well. Non symmetrical devices and clusters may be placed arbitrary. 

In contrast to digital circuits, transistors in analog circuits have very wide range of their 
dimensions. This is especially true for the CSA's input transistor which can be in 1:100000 [CHA-
91]. For high performance analog circuits, transistor size ratios can be as large as several orders of 
magnitude. To do an efficient placement for transistors of minimum size as well as for very large 
transistors, all in the same circuit, various shapes are developed: rectangular, snake, interdigit, 
circular, concentric, S-shape and waffle [RU-89]. Some of them are in the figure 5.10. Two devices 
that have to be matched, must have the same shape variant. 
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Figure 5.10: Different single-transistor shapes 

For matching improvement by minimizing uncorrelated spatial fluctuations [VIT -88] and 
uncorrelated periphery fluctuations, it is recommended to use devices with nonminimum size. 
Examples of component matching are shown in figure 5.11 
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Figure 5.11: Component matching 

Devices should be placed with minimum distance between them in order to take advantage of 
spatial correlations of fluctuating parameters [VIT-88]. This minimal distance is limited by layout 
rules, by minirnal distance which prevents resistive coupling through substrate and by minimal 
distance which prevents capacitive coupling. A comparative example of current mirror layout 
respecting minimum device distance is in figure 5.12. 
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Figure 5.12: Minimum distance 

Till recently, device merging was characteristic of a hand crafted layout only. Together with 
tenninal sharing and wiring by abutment it is used to minimize used area, to minimize routing net 
length and to reduce parasitic capacitance. By these techniques, devices share diffusions and 
diffusion contacts whenever possible. An efficient layout example is one of interdigitated cascode 
transistors in figure 5.13. Recommendation for reducing risk of latch-up is to build guard rings 
which completely encircle every well. However, sometimes this is too conservative requirement 
which leads to increasing used chip area and length of nets. 
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Figure 5.13: Interdigitated structure, cascade amplifier 

Placement comes before routing and to achieve efficient routing, good placement is a must. 
Therefore placement takes care of the routing method, in order to assure that enough place will be 
reserved for future connections. Orientation of cells and their relative placement have to be chosen 
taking into account routing requirements, such as minimum wire length. Clustering devices to be 
connected is heuristic that will help routing to obtain minimal net length. 

ROUTING 

Like placing and the other phases of layout design, routing has more restrictions for analog and 
mixed analog/digital circuits than for digital circuits only. Digital routing tries to minimize length of 
nets, number of vias and size of routing area. For analog routing those are not the only goals. Two 
major concerns for analog routing are: 

• net parasitics on critical circuit nodes, which affects the small-signal and transient 
characteristics of the circuit performance 

• undesirable signal crosstalk between a noisy net and a sensitive analog net, which affects the 
circuit's dynamic range. 

For the comparison in tenns of required space, routing space for analog cells is less critical 
than for digital cells since connection low density [GAR-88]. 

When circuit contains analog components, in addition to requirements for digital routing, routing 
must minimize coupling of large swing signal nets to sensitive signal nets, power supply nets and 
ground nets, while taking into account parasitic resistance and capacitance introduced on routed 
nets. 

If there are two wires running in parallel or crossing each other, crosstalk caused by capacitive 
coupling may occur. That is unwanted effect and has to be avoided. When signals on those wires are 
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different in intensity, highly sensitive signal can be deteriorated with strong signal on the other wire. 
Apparently, some nets due to their signal's nature, are more sensitive to crosstalk than the others. 
Therefore a classification of nets regarding their sensitivity has to be made. This classification will 
help avoiding critical crosstalk by imposing constrains like forbidding noisy nets to be close to highly 
sensitive nets, etc. One possible classification [PIG-89] might be: 

• sensitive nets: ones connected with input nodes, internal high impedance and cascade 
nodes. nets with low-level amplitude 

• noncritical nets: with low sensitivity and low or medium impedance 
• noisy nets: ones with high signal amplitude, like clock nets or output nets 
• power nets: with low impedance 
• bias nets: with medium or high impedance 

For each layout process there is a given number of routing layers (usually 2 to enable via). Here 
the example with wiring on two levels is in figure 5.14. 

Figure 5.14: Two level wiring 

A is the area of overlap between nets on layer 1 and 2, W is the width of the net, D is separation 
distance between parallel nets on the same layer and L is the length shared by parallel nets. Now 
parasitic coupling due to adjacent and overlaying nets (neglecting all the other influences like wire 
geometries, process parameters and signal properties) can be estimated as in (5.1) where CLi is 
coupling of unit length/width between two adjacent nets on level i and CA is coupling per unit area 
from overlap of layers 1 and 2. 

C - C · L, C0 = CA · A1,2 L - L, D. 
I 

(5.1) 

Some nets are sensitive to finite resistance. Such nets must be routed in metal to minimize 
routing resistance. 

Power supply nets, due to high currents they carry, have to be routed on the low resistivity layer, 
with the net width usually wider that for the normal nets. 

Requirements for routing, regarding matching, are the same as for placing. If there are 
symmetry requirements for placing components, symmetry is required for corresponding nets as 
well, with the same axis of symmetry. Fully differential signal nets assure proper work of fully 
differential circuits, by equalizing parasitic capacitances and resistances on symmetric lines. 
Sometimes fully differential architecture is the only solution to overcome crosstalk problems, as 
coupled noise is regarded as a common mode signal and rejected. 

Routing constraints may be expressed as crossing over restriction and adjacency restriction 
for nets from some classes. These restrictions are for sensitive and noisy nets. They should be routed 
away from each other. Nets classified as insensitive or neutral (with low impedance, low signal 
swing like power supply or bias lines) can be used as a shield. Additional protecting shields like 
diffusion guard strips may be used as well. 

In the full custom design, merging devices and connections that are made by abutment saves chip 
area and avoids problems introduced by non ideal nets. Possibility of routing over devices gives a 

68 



freedom for electrical tenninals not to be restricted to the devices' perimeter and it further densities 
layout [COH-91]. 

The example of the layout for the CSA-PSA demonstrator circuit is given in figure 5.15. 

Figure 5.16: lAyout of the demonstrator circuit (CSA-PSA) shown in Mentor IC 
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6. Piecewise Linear Model Generator 

Some analog DA tools use piecewise linear (PL) techniques. The analog module generator 
presented in chapter 3 has one such tool, the piecewise network simulator PLANET. Topology 
selection presented in chapter 4 could use PL technique as well. The piecewise linear technique 
relies on availability of accurate PL models. This chapter presents a method to automate the 
generation of piecewise linear models. Simulation examples for the demonstrator circuit for AMG 
are given to illustrate the verification phase. 

6.1 Introduction 

Analog devices and in turn the design equations and circuit behavior are intrinsically nonlinear. 
The nonlinearities are source of problems in circuit design. Circuit design can be regarded as a 
combination of synthesis (e.g. circuit optimization) and analysis (e.g. circuit simulation). Problems 
in circuit synthesis, due to nonlinearities, are associated with, for example, finding the optimum 
solution for nonlinear system under certain constrains. In circuit analysis, nonlinear systems show 
convergence problems. 

The optimal solution for a linear system is, in contrast to a nonlinear system, much easier to 
fmd, it takes much less time to find it and it can always be found. A possible approach is linear 
programming (LP). Another option, to deal with nonlinear problems, lies in using piecewise linear 
technique. In order to use these techniques one could try to approximate the nonlinear behavior of 
analog devices by a set of linear segments, within a certain accuracy. The collection of those 
segments is called a piecewise linear (PL) model. However, obtaining an useful approximation has 
proven to be difficult. Development and prototyping of accurate device and behavioral piecewise 
linear models up to now has been a manual process, demanding lot of knowledge, experience and 
skill. As a such, it has been very slow, error prone and it lacked an efficient control or estimation of 
accuracy. On the other hand, generation of a PL model for a single variable scalar function can, in 
principle, be automated. Such method can be based on the Chebyshev criterion and it is described in 
appendix A. Multi-variable nonlinear scalar functions are a source of difficulties when PL model 
generation is of concern. The method that works with one variable can not be easily translated to the 
multi-variable case, due to the problems posed by multiply operators and alike. An algorithm to 
produce PL models from a set of data points is proposed in [CHU-86]. The method tries to minimize 
the error that stems from the difference in PL approximation and data points, assigning a weighting 
factor to each data point. Data points are generated from measurements or by numerical 
computations. Numerical computations are performed on the equations that describe physical 
phenomena. However, when the equations are known, instead of producing data points and then 
minimizing the error, it is possible to produce the PL models directly from equations with any 
specified accuracy, as it will be shown in the next sections. 

The piecewise linear model description is introduced first. The method to generate piecewise 
linear models is then discussed in detail. This method has been implemented as a model generator 
and some aspects of the generator are presented as well. Examples of generated models and 
comparison with manually obtained models is given along with conclusions. 
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6.1.1 The piecewise linear technique 

Piecewise linear technique is a method to model nonlinear functions with a set of linear 
segments. The set of linear segments with their domain and eo-domain and the conditions when a 
segment applies constitutes a PL model. The PL technique itself is then a method to fmd the mapping 
between an input vector given in the domain space to an output vector in the eo-domain space. The 
PL model can have several different mathematical descriptions. A good comparison of different 
piecewise linear model descriptions is given in [KEV-92]. Explicit PL model descriptions fmd the 
output vector by substituting the input vector in the model. Implicit PL models require the model 
update first, as it will be shown. Some implicit models, however, allow to model nonhomeomorphic 
functions. The concept of piecewise linear technique is here presented on the implicit description 
called revised state model [BOK-86]. 

Suppose a continuous function/maps the vector x E ~· onto yE ~m according to: 

x ~f(x) (6.1) 

This is the function whose PL model we are looking for. Suppose also that the domain and eo
domain space are divided by a number of hyperplanes. These hyperplanes are the boundaries of 
subspaces, called polytopes, in the domain and eo-domain space. In each of those polytopes there is 
a valid linear mapping. All the linear mappings and hyperplane descriptions are embedded within the 
piecewise linear implicit model description: 

O=A·x+l·y+B·u+f (6.2) 

j=C·x+D·y+l·u+g (6.3) 

(6.4) 

where A E ~mxn .BE ~mxk ,f E ~m .c E ~kxn ,DE 9tkxm and g E ~k. 

The linear mappings are expressed by (6.2), vectors u and j are state vectors; (6.3) are state 
equations and (6.4) expresses the complementary condition. State equations define hyperplanes in 
domain and eo-domain space. These hyperplanes are boundaries of polytopes where a particular 
linear mapping applies. The revised state model, in contrast with other PL descriptions, allows the 
hyperplanes to be placed in both domain and eo-domain. 

The description of the linear mapping and the state equations (values for elements of matrices A, 
B, C, D and vectors f and g) are derived starting from one chosen polytope, for a given vector Xo
We assume that for that polytope, defined by the halfspaces C · x + D · y + g ~ 0, u = 0 holds. 

From this and (6.2) follows: 

-l·y=A·x+f (for u = 0) 

which is a linear mapping for a given polytope. This is an explicit mapping, the output vector is a 
linear transformation of the input vector (under the stated assumptions, for the polytope in question). 

In all the other polytopes u = 0 is not valid any more, although (6.2-4) hold always. However, 
for a given domain vector Xo+d it is possible to fmd the (new) values for the elements of matrices A, 
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B, C, D and vectors f and g so as to achieve again u = 0 and respect (6.2-4). The model's matrices 
and vectors are updated in a series of steps, each step accounting for crossing one hyperplane, in the 
trajectory from Xo to Xo+d. When x changes its value going from one polytope to another, u changes 
its value as well. Some of the vector u components are not equal zero any more. The updates, one at 
the time, are done for those components. 

The problem of finding the vectors u and j for a given x, such as to respect (6.3-4) is known as 
linear complementary problem [LEM-70]. A number of solutions exists. The required series of 
updates can be performed by means of a pivoting algorithm [KAT-65]: The pivoting algorithm 
answers the question which components of u need to be updated. The fully updated model then looks 
as: 

(6.5) 

(6.6) 

(6.7) 

and here is u = 0 for X=Xo+d and the linear mapping is now: -I · y = A· x + f . 

This is, again, an explicit mapping where the output can be obtained from a simple linear 
operation on the input vector. The outlined technique has been implemented-within the hierarchical 
network simulator PLANET [KEV-93]. 

X 
I 

X 
I 

X 

. .. . .... .. . 

o = A:·x+ I·Y+B ·u+ r 
.. . ... 

j=C<ItD' y+l·u+g 

Vi Uj~ O,ji?. 0 

Figure 6.1: A conceptual piecewise linear model 

The model (6.2-4) is the piecewise linear description of function (6.1). The method to obtain 
(6.2-3) for a given function and for a given accuracy is the subject of the next section. 

Regarding piecewise linear technique within a hierarchical environment, there is no obstacle to 
use PL models (figure 6.1) for different functions and to connect them together. One might consider 
some of those PL model clusters as black-boxes in a hierarchical environment, as on figure 6.2. 

X 
I 

X 
I 

X 

Figure 6.2: A hierarchical piecewise linear model 
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Besides the models themselves, one has to provide the information how the models are connected 
i.e. the topology information. Topology information is given by a set of equations that represents 
Kirchoff laws. 

The PL model presented so far models time-independent behavior. In order to model dynamic 
components, the model (6.2-4) should be extended for the time-dependent state variable vector z 
with: 

dz . 
-=z 
dt 

The dynamic PL model is then given by: 

O=A·x+l·y+B·u+H·z+J ·i:+f (6.8) 

0= K ·x+L ·y+M ·z+M·i:+ r (6.9) 

j=C·x+D·y+l·u+g (6.10) 

where (6.4) still holds 

This model allows us to model differential equations as well. 

The proposed method to automatically generate PL models uses the above outlined PL model 
description. The main reasons lie in availability of the PL simulator: PLANET requires good PL 
models and PLANET is used to evaluate the generated models. As it can be seen from the presented 
method, there are no obstacles to use the method to obtain other PL descriptions compared in [KEV-
92]. 

6.2 Method 

This section presents the method [VES-96] to obtain the model (6.2-3) for a given function (6.1) 
with any required accuracy. The method works as follows. The function (6.1) is a multi-variable 
vector function. This function can be regarded as a set of multi-variable scalar functions. Each of 
those multi-variable scalar functions is modeled the same way. A single variable scalar function is 
modeled easily, as shown in appendix A. If a multi-variable scalar function can be decomposed in a 
sum of single variable functions, the modeling is then simple. Collected PL models of single variable 
functions and additions make a single model for a multi-variable function. Finally, collected PL 
models of set of multi-variable functions make a single model for a multi-variable vector function. 

Consider a single-variable nonlinear function first: 

Y = f(x) (6.11) 

The aim is to approximate the function (6.11) with a minimal number of linear segments. That 
will be the piecewise linear approximation we are looking for. According to (6.2-6.4), for a single 
variable and in the relevant polytope: 

y=a·x+b 
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The measure of the approximation's accuracy is the relative error: 

e-l±dyl_·a·x+b- f(x) 
- Y -~ f(x) I 

y ±Ay= (1 ±e)· y =(1 ±e)· f(x) 

The relative error e for a function f determinates how much an approximation (e.g. tu+ b) 
deviates from the function/, within the domain of the given linear segment. The relative error differs 
within the segments domain. The maximum allowed relative error determines the domain of the 
segment, its boundaries and slope a and offset b for that segment. 

y.(l-e) 
'2 

Y =f(x) 

~--------------~~~ 

-+----lH ~-1----'------'-------'~ {H-1 --
x;1 X;

2 
X;

3 
Xmax X 

Figure 6.3: Chebyshev (optimum) linear approximation ofy=f(x) 

For a given function/. domain range Xmin < x < Xmax and the maximum allowed relative errore, 
there is an optimal PL approximation which consists of a number of n linear segments, one of which 
(segment i) is depicted in figure 6.3. One can use the Chebyshev criterion [HAM-62] to obtain the 
minimum number of segments, each represented with three points (e.g. Xt. x2 and x3), necessary to 
approximate/within e. Appendix B presents the general method for a single variable function. 

Consider now a multi-variable vector function as in (6.1), described as a set of n nonlinear 
functions (figure 6.4) which map the input variables onto the output variables, according to: 

(6.12) 

Figure 6.4: Black box nonlinear device 
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The functions fi are required to be in an explicit form and currently they may be composed of 
following operators { +, -,*,/,A, log, exp }. Each of the functionsfi can be approximated according 
to the proposed method, used for a single-variable function, and therefore in the remaining of the 
chapter the overall (input) function will be used to denote one of the functions fi . The restrictions 
imposed on the form that an input function can have are still relaxed enough to allow most of the 
functions that are common in circuit synthesis and simulation. There is no principal obstacle to use 
other functions, e.g. trigonometry functions. 

The aim is to find a PL approximation which in the worst case deviates from the overall function 
less than what a given relative error (e,.J allows. All the approximations are valid within a certain 
region, therefore the domains for all the input variables should be known. 

The starting point for the proposed method is a given nonlinear multi-variable function, a given 
maximal allowed relative error and a given set of intervals for input variables. The goal is to 
decompose the input functions into factors which are simple to deal with. Such factors, defined 
recursively, are either a sum of two factors or a single-variable function, with the similar restriction 
for the choice of operators as above. The procedure to find the linear approximation for the factors is 
given in appendix A. The method that is to be presented consist of several phases that are discussed 
in detail. The listed phases are performed in the following sequence: 

decomposition & transform 

The input function is decomposed and transformed into factors. The factors are the 
sum of two factors or a single-variable function 

interval propagation 

The domain for each factor is found, starting with overall function domain 

assessment of relative error 

Each factor is assigned a relative error, derived from the overall relative error 

simplification of the graph and the overall function 

The factors which do not contribute to overall function, according to the required 
accuracy, are neglected 

generation of PL 

Each remaining factor gets a piecewise linear approximation and those PL models 
are connected into a single model 

6.2.1 Decomposition and transformation 

The decomposition is being done by a parser that follows the rules of the operator priority in a 
recursive descent syntax analysis and parses the function into factors. A description of the parser' s 
grammar and syntax is given in appendix C. An example of the decomposition is shown in fignre 6.5 
in a form of a binomial graph. In this fignre E stands for the exponential operator. 
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y 

a 

c 
Figure 6.5: Example for the parser' s functioning 

However, the obtained factors from figure 6.5 are not fully appropriate for piecewise linear 
approximation. Especially the multiplication or division factors. It is possible to transform them into 
sequence of operations that involve summation and single variable functions. Two of the possibilities 
for multiplication (the division and exponent are treated similarly) are: 

(6.13) 

(6.14) 

a b 

Figure 6.6: a) Graphfor(6.13) and b) graphfor(6.14); Lis logarithm and E exponent 

At first (6.13) looks as a better solution, with less operations. However, expression (6.13) is 
valid for positive values of x1 and x2 only, otherwise the logarithm function is not defmed. To make it 
valid in four quadrants there are some other operations required, as shown in figure 6.7. A similar 
decomposition and transformation are required for x1/x2 as well as for x

1 
"2 • 

C0 y= lnx 

0 
X 

y= e 

0 { o· X <0 x, y= ' 
X; X >0 

Figure 6.7: Example for multiplication in four quadrants; D is an "ideal diode" 

If one variable takes only positive (or negative) values and other both positive and negative, the 
complexity of the transform for the multiplication will be somewhere in between the graphs form . 
figures 6.6a and 6.7. The optimal decomposition and transform, with the minimum number of 
factors and operations is the goal. All this will ensure the PL approximation to have ·minimum 
number of linear segments. The choice between logarithm/exponent (6.13) and square (6.14) 
transform is determined by the domains. The number of linear segments depends on how fast the 
function increases or decreases, which is defined by the first derivative: 
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a 1 
-(Inx)=ax X 

The function with a smaller first derivative will need less linear segments. The exponential 
function will always need the most linear segments. The logarithm and square function derivatives 
are plotted on figure 6.8. The decisive point is given by: 

1 
xd = J2 

y 

y=2 ·x 

X 

Figure 6.8: First derivative for logarithm and square function 

Depending on the relative error, for the interval [0, y,/2 ] below the critical point, it is more likely 

that the square function will have less linear segments than the logarithm function. Conversely, the 
logarithm function will likely have less segments than the square function for the interval [ Y ,f2 , +oo ] 

above the critical point. The number of segments for the square function is possible to ftnd as a 
formula in a closed form. However, for logarithm and exponent functions, at a certain point in the 
development of the expression, there is a transcendent function to solve which prevents us from 
having the expression in a closed form. The minimal decomposition and transformation should be 
decided on a case-to-case basis, evaluating the obtained solutions for the given domain intervals. 

An example for the whole decomposition and transform of function 

(6.15) 

is shown in the figure 6.9. The form of the function is chosen to provide an illustration for all 
method's features. In order to simplify the parser and its implementation, the square function in the 
presented example was transformed by means of logarithm and exponent function. 

The constant values and variable's domain is of no concern for the parser alone. It is, however, 
crucial for the assessment of the allowed error attributed to a factor and for the generation of the PL. 
The procedure to obtain the intervals for each factor is explained in the next sub-section. 

There is a possible simplification during the decomposition whenever nodes L and E come one 
after another- both nodes can then be omitted. In the example from the figure 6.7 that is the case for 
the factors Yt4. Y11 and Yt3• Yts. where Yto and Y12 have the same results as Yt4 and Yts. respectively. 

78 



Yt logxt 

Yz = Yt • 2 

Y3 = e" 

Y• =a· Y3 

Ys =b· Xz 

y.=c·~ 

Y1 =y.+ys 

Ys =logy4 

Y9 =logy7 

Yto= Ys + Y9 

Yu =eM 
Yt2 =d ·X· 
Ytl e'" 
Yt4 =logyu 

Yts "'log Yn 

Yt• "' Yt• + Yts 

Yn = e'" 
y 

Figure 6.9: Example of decomposition and transform 

Simplifications are possible during the decomposition as well as during the error assessment. 
The latter strongly depends on the results of decomposition. The graph in figure 6.9 shows only one 
of a number of possible decompositions. It is the binary graph obtained from the results of parsing, 
since the parsing of the input function goes from left to right. However, the order of the factors with 
the same operator priority can be different (commutative operators). That would result in a different 
binary graph. The number of different binary graphs N00 for an arithmetic expression with n factors 
and binary operators at the same level of priority is: 

n 
N80 =-·(n-1) 

2 
(6.16) 

Full search for all the possible configurations, which is always a finite number, will result in the 
best simplifications. The full number No of possible decompositions (binary graphs) for a given 
input function is: 

(6.17) 

where k is the number of expressions with the same level of priority and n; the number of factors 
in expression i. 

6.2.2 Interval propagation 

Digital computers perform mathematical operations on numbers represented with a finite 
precision (e.g. 31 bit mantissa). Interval analysis [M00-66] is a way to determine the accuracy of 
the obtained results. This analysis will be applied on factors obtained by decomposition. 
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The domain space for each factor is necessary in order to obtain the PL approximation, which is 
as any approximation valid only on a certain interval. The domain for a factor is regarded as an 
interval. The factor's intervals are calculated from the initial intervals (domain) for the overall 
function's variables. Intervals are calculated top-down (regarding figure 6.9), beginning with leaf 
nodes and using the intervals of incoming nodes. 

When a node has one incoming branch, its function is performed upon the interval which comes 
by the incoming branch. A plus node has interval which is the sum of the incoming intervals, a minus 
node e.g. x1-x2 has the interval as [x1min-X2max. x1max-X2min]. The interval generation is depicted in figure 
6.10. Plus and minus nodes produced by decomposition of *,/,"are simple minimum and maximum 
function of incoming intervals. 

Y = lnx x_ < x < xw.x ~ ln x_ < y < ln xMAX 

X < X < X _____..,_ e XMIN < y < e X MAX 
MIN MAX ----,.. 

x_ < x, < 
X~}-+ y = x, +X:. 

I 

XMINz <X,< xw.x, 
x..,. + x < y < xw.x,+ xMAX, 

I MlNz ~ 

XMIN < X1 < x_}--+ y = x,- X:. 
1 

x..,., <X,< Xw.xz 

Figure 6.10: Intervals for some factors 

This procedure can introduce some problems and here is how that happens: the intervals for each 
node's domain are calcnlated "locally" as if the node's variables were independent. For example, had 
the function (6.15) the same form but only 3 variables, where X4 is substituted by x3, as in: 

the proposed method for interval calculation (figure 6.10) would yield in an unnecessarily larger 
interval for y16 (figure 6.9) than it actually ought to be. This might lead to the problem with an 
interval that contains zero, as discussed later on, as well as to a nonrninirnal number of linear 
segments in the fmal PL approximation. 

Distributive law does not always hold for interval arithmetic's [M00-66], which, depending on 
the decomposition, leads to an interval larger than necessary. See for instance figure 6.11 which is a 
simple illustration of the "local" behavior of intervals. The distribution on the right-hand side results 
in the larger interval. 

x,-( x, -x,) x.·Xz- XI·X) 

[1,2] x, [1,21 X, 

[1,21 X, [1.21 x, 
[-3.31 

[1,21 X, [1,21 x, 

Figure 6.11: Example for nondistribution in interval arithmetic's 

80 



A possible solution is to numerically explore the domains at the moment of function 
decomposition, for all the (sub)branches of the graph (figure 6.9). That would guarantee the minimal 
interval and the optimal PL approximation. 

The input function is now decomposed into factors and transformed in a way that allows a 
simple generation of PL approximation. There is a domain for each interval. The only remaining 
unknowns are the relative errors assigned to the each factor. 

6.2.3 Relative errors 

Figure 6.12 depicts how the relative error ey assigned to a single-variable function (outcoming 
node) propagates and defmes the uncertainty about the domain - relative error ex assigned to the 
incoming node, in a single point x. This relative error is then propagated through the node whose 
outcoming branch is the incoming branch to node x. 

y 

y 

(1-ey)y 

X X 

Figure 6.12: Interpretation of ex as a maximum uncertainty about x allowed by ey 

Relative errors are calculated bottom-up (figure 6.9), starting with the relative error for the 
overall function and calculating errors allowed for each factor. All the factors will get the largest 
possible relative errors, that still ensure that in the worst case the given relative error of the overall 
function will not be violated. Let us first examine the meaning of the relative error in an 
approximation and how the relative error for a factor can be obtained for the overall relative error. 
The graph used to demonstrate the decomposition (figure 6.9) is an oriented graph. There are two 
kind of nodes, with one and with two incoming branches, corresponding the factors with one and 
with two variables. Naming the branches "incoming" and "outcoming" is, of course, relative to the 
node in question. The outcoming branch of one node is the incoming branch to the next node. All the 
nodes have a single outcoming branch. 

The example of figure 6.12 shows the uncertainty the relative error induce in every point of the 
domain. In a general case this error is a function of x and it is given by: 

(6.18) 
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The worst case of domain uncertainty for a monotone function will be at the boundaries of its 
domain. The logarithm and exponent, the functions to be used here, are monotone functions. For a 
logarithm function the worst case is shown in figure 6.13, with the domain [x~, x2] . It is interesting to 
note that the absolute errors (A) are different at each side of a given value x, hence two-number 
indexing for delta. Such difference is much better observed in figure 6.12 for +e and -e. Obvious, of 
the two deltas for a given boundary, only the one within the domain is of interest. Regarding figure 
6.13, the significant deltas are A12 and A21· 

Y2= 0.5 ±5% 

. : X I 3 . 

X E (XI-.1.11, X1+.1.n) X E (Xr~ll> x2+~22) 
Figure 6.13: Relative error; best and worst case of the error propagation. 

Relative errors propagated to the incoming node of an E node (y = ex ) and an L node (y = In x ) 
are special cases of (6.18), and are: 

for the E node, and: 

e = ix ±•, -tl 
x m ' 

xmin > 1 

xmax < 1 

(6.19) 

(6.20) 

for the L node, respectively. Relative errors propagated through a plus or minus node with outcome 
y to its respective incoming nodes x 1 and x1 are given by: 

(6.21) 

(6.22) 

The sign of y is considered over its whole domain, thus a problem occurs when y' s domain 
includes zero. The analysis of the relative errors and their propagation is elaborated in appendix B, 
for a general case as well as for some common functions. 

The problem with error calculation occurs whenever a node's interval includes zero, which 
would require the relative error of the incoming node for (6.20-22) to be infmitesirnally small. Thus 
the number of PL segments would go to infinity for such a node. Here the solution might be to give 
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at the beginning some small number as a maximum absolute error of calculation (which makes 
sense, having in mind the underllow problem with computer calculations). In the process of error 
calculation when the product of calculated relative error and either of interval boundaries becomes 
smaller than the given maximum absolute error, the latter is used for the further error calculation. 
Underllow and overflow restrictions are illustrated for logarithm and exponent function, in figure 
6.14. Besides the regular underflow and overflow regions assigned to domain and eo-domain, there 
are underflow and overllow regions that are propagated by the function (figure 6.14). Similar areas 
could be established upon the given maximum absolute error as well. 

underflow 300 
10'-'-+~---t-+-t-----+ 

overflow 

propagated · 
overflow 

. underflow 

--700 --1015 - 10-15 -700 

Figure 6.14: Underflow and overflow for In x and ex 

The important thing to remember is that the worst case in error propagation occurs at the 
boundaries of the domain interval. 

6.2.4 Simplifications of the graph and the overall function 

In order to have an efficient PL model and the minimal number of linear segments, the number 
of factors must be kept minimal for a given relative error. The simplification of the function is done 
by evaluating the contribution of each factor and its assigned relative error. Depending on the size of 
the allowed error, some factors are negligible with respect to the overall function. In general: 

• If a logarithm (L) and an exponent (E) factor come one after another both factors are omitted in 
the fmal implementation. 

• When the calculated interval of input values for an L node (the same holds for an E node) 
appears to be smaller than the product of the node's allowed relative error and either of interval's 
boundaries, all the branches that lead to that node can be neglected and considered as a constant. 

• The contribution of both incoming branches of "plus" and "minus" nodes are evaluated against 
the allowed relative error of the node. As a result of such evaluation, none, one or both incoming 
nodes might be neglected or considered as a constant. 

Table 6.1 depicts the level of simplification for different given relative errors, for the example 
function (6.15), decomposition from the figure 6.9 and the domain intervals and constant's values 
given by (6.23). 
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28 ~ x, ~ 43 a= 1.3 

39 ~ x 2 ~52 b=2 

8 ~X~~ J3 c = 0.53 
(6.23) 

2 ~ x4 ~ 2.1 d = 3.14 

The simplified functions in table 6.1 are composed from the graph in figure 6.15, taking in 
consideration the part of the graph that is not neglected for a given relative error. Constants a 1, a2 

and c1 receive their value during the error evaluation procedure. All the constant's values and 
variable's intervals in the given example are chosen as to show all the available simplifications. The 
possible simplifications are always dependent of the overall function form and all parameter's 
numerical values. 

Table 6.1 : Overview of the simplifications for function ( 6.5) 

Maximum allowable overall relative error Overall function with simplification 

1 % y- a · X 2 • (b · X + c · X ) • ed·x, - I 2 3 ------------------------- ---------------------
4% y =a· x 1

2 • (b · x2 + c1 )· ed·x, 

------------------------- ---------------------32 nt 2 d·x -;o y=a1 ·x1 · e • 
------------------------- ---------------------37% y=a2 ·x1

2 

Another look on the pruning the graph has been subjected to in this example is presented by 
figure 6.15. The different shades of gray depict the parts of the graph that are pruned for a given 
relative error. 

y 

Figure 6.15: Pruning of the graph for the different relative errors. 
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Multiplication of a variable with a constant, as in y2, y"' y5, y6 and y 12, and addition and 
subtraction, as in y7, y10 and y16, do not require separated PL mappings (see figure 6.9). 

All the necessary data for generating the PL models has been obtained by now: factors or 
necessary operators, their intervals and allowed relative errors. Each factor gets its PL model which 
has the minimum number of linear segments for the factor's interval of values and its allowed error, 
applying the approximation explained in appendix B. The bold nodes (figures 6.9 and 6.15) are 
implemented (for err= 1 %) as separated PL models; other nodes do not require a separate model. 
The number of nodes that require PL model decreases when the overall relative error increases, 
which is depicted with the areas of the different shade of gray on figures 6.9 and 6.15. This presents 
a way to trade off the accuracy of the model for the model of smaller size. 

The overall PL model is then composed as a hierarchy of factor's PL models, with connectivity 
information derived from the decomposition process. Such a model is the simplest, and has the 
minimum number of segments, for the given relative error. The presented method can be embedded 
within the PL simulator and all the models produced at the run time. This largely reduces the size of 
the simulator's model library as well. 

6.3 Model generator 

The presented method has been implemented into a PL model generator (figure 6.16). All the 
generator functionality is as described in the previous section. The generator is suited for fast model 
prototyping. 

non-linear multi-varible scalar 

function, eg: 

domain intervals for input variables 

eg: 28 $; x 1 $; 43 ... a= 1.3 ... 

maximum allowable relative emor 

eg: e=5% 

PL model 

.. . . - -.- -- ---- -- ----
1--1~+1.-, Decomposition & transform : 

------. ·.-_-_-_-.-_-_-_-_- _-_-_- __ 

: Interval propagation 

(from inpust towards ouput) : 
-- - --- - -1·----p~~r-

_y 
Error propagation 
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Figure 6.16: Ove111iew of the piecewise model generator 
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The model generator is used for automated generation of device, behavioral and macro PL 
models straight from underlying analytical nonlinear multi-variable scalar functions. The designer 
has the full control over the model's accuracy. The designer has to supply an analytical expression 
of the nonlinear multi-variable scalar function and to specify what is the largest acceptable overall 
relative error of the model to be generated. The generator then produces the PL model, with more or 
less detail, according to the given relative error. A fully automated model generator can be used as a 
stand alone tool or it can be integrated within design automation tools that take advantage of PL 
model descriptions (6.2-4) such as topology selectors [VES-95b], circuit sizers/optimizers and 
circuit simulators [KEV-91], [STI-90]. Integrated into a CAD system, the generator takes its input 
(function and error) from the tool that requires PL models and passes back the model. 

The generator's inputs, which are defmed by the designer, are: the input function, the input 
variables' domain intervals, the constants' values and the required accuracy expressed by the 
maximum allowable relative error. The restrictions imposed on the form that an input function can 
have are explained along the method description. The generator's output is a PL model for the input 
function. 

The PL models generated by the model generator are essentially sets of data points describing 
the linear segments in several dimensions. These data points are as sparse as the required accuracy 
and underlining complexity allow. Regarding the generation time, the model generator is by far 
superior to other methods that use sirnulations to acquire the data points. The generation time, for 
the model generator, is independent of the required accuracy. 

Device modeling will, later on, be illustrated on a MOS transistor detailed example. The MOS 
device is chosen as a known example which still can reveal all the claimed properties of the model 
generator, because: of the underlining functions that are nonlinear, there are several variables, the 
nonlinearities are not trivial to linearize, and there are several regions modeled with different 
functions. The magnitude of contribution of some factors in the formulas is suitable for showing the 
model generator's ability to simplify the original formula, based on the required model accuracy. 

The proposed PL model generator can be used for: 

A. fast model prototyping 

B. behavioral modeling 

C. macro modeling 

D. mixed-level mixed-mode modeling 

The last three features will first be demonstrated with simple examples. 

A. Fast model prototyping 

The presented model generator substantially facilitates model prototyping. The designer is 
enabled to type in the underlying nonlinear multi-variable scalar function and the model generator 
delivers a PL model which can be used immedhitely in any CAD tool that relies on linear techniques. 
Even another CAD tool, instead of designer, can supply the input function for the generator. The 
automated model generation takes almost no time and it is almost independent of the required 
accuracy. Therefore the model generator can be used to explore different models interactively. 
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Considering the required time and skill to make model prototypes for other simulators, two 
distinctive advantages are provided by the proposed generator: 

• A similar attempt to do prototyping in SPICE would require the designer to write a C or 
FORTRAN program describing the nonlinear model, the process that requires time and 
programming expertise. Of course, such prototyping for SPICE is way far from interactive 
prototyping. 

• There are model generators for other simulators, all of which rely on a great number of 
iterations around an embedded simulator. This iterative model generation is slow and 
unsuitable for interactive prototyping. Furthermore, the accuracy of such models is coupled 
with the generation run time. The run time is a function of simulation convergence. 
Assuming quadratic convergence, the twice accuracy would mean quadruple generation 
time. 

The functioning of the model generator, as shown, is the same regardless the nature of the 
modeled object as in (6.12). Therefore the modeling of a device or behavioral modeling follow the 
same procedure as well as for macro modeling. Due to the fact that the model generator produces the 
model based on a given function, there is no obstacle to generate models in any domain, be it time, 
frequency or Z domain, providing the transfer function is known. 

B. Behavioral modeling 

Usage of the presented model generator to produce behavioral models does not differ much from 
device modeling. The only necessary input are the functions mapping input variables onto output 
variables, domains and required accuracy; the model generator will make the valid PL models. The 
model generator addresses scalar functions. The set of scalar functions used to describe the nonlinear 
process, as in (6.12) can be embedded into one model by means of macro modeling. 

Behavioral modeling, in the s domain, is illustrated with the example of a band-pass filter 
depicted in figure 6.17. 
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Figure 6.17: Band-pass filter 

The transfer function to be modeled in the s domain is: 

'~ I o 

BP fihtt 

(6.24) 
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The function (6.24) is the input function for the model generator, s is the input variable and Rh 
R2, C1 and C2 are the constants, as described in previous section. It should be noted that (6.24) is a 
single variable function, therefore it should not be difficult to obtain PL straight forward. However, 
if some of the circuit elements (resistors and capacitors) are tunable, they become input variables 
and the function is no more a single variable function. In that case a manual PL generation is not 
possible and the PL generator is the only solution. 

R, 

Figure 6.18: Decomposition of(6.24) 

Figure 6.18 shows the full decomposition of ( 6.24 ), taking resistors and capacitors as constants. 
For resistors and capacitors that have variable values, some parts of the graph should be updated. 
Those parts are the multiplication and division operators, as described in section 6.2.2. Other model 
generation phases (generation of intervals, propagation of the relative error, simplification and final 
PL generation) follow as described in the previous section. The model is then completed. 

C. Macro modeJing 

Macro modeling can be used in a hierarchical environment to embed certain circuit functions 
within a black box model, when the internal functioning is of no interest. 
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Figure 6.19: PL macro-modeling example 
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Any PL model produced by the generator can be considered as a primitive, which has its inputs 
and outputs. Those primitives are then simply collected together in a (hierarchical) macro model, as 
on figure 6.19. Such composition is encouraged by simulators as presented in [KEV-91]. The 
conditions as to when a particular primitive applies are embedded into another primitive, which 
models a multiplexer. This will become apparent later on, from the example of MOS transistor, 
where the conditions for the operation regions are ~plemented by means of multiplexer. 

An example of macro-modeling for a differential amplifier with an opamp is shown in figure 
6.20. 

V 1 V 1 

V:r=r.·· ... V 
: ·PL .. ·· ·~. Medd. • 

1 ' : . 

Figure 6.20: Differential amplifier, small-signal model and a macro model 

The transfer function to be modeled is: 

(6.25) 

The function (6.25) is the input function for the model generator, v1 and Vz are input variables 
and Av, Rh R2, R3 and R4 are the constants, as described in previous section. Instead of (6.25), the 
macro model can use: 

With an appropriate mapping between A., R., R2, R3, R4 and A; Rt. R2 and a and R3, R4 and b the 
macro model is complete. Figure 6.21 shows the decomposition of (6.25), along with indication of 
the required mapping for A, a and b. 

Ii,- - - it;. 

Figure 6.21: Decomposition of(6.25) and mapping for macro model 
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Again, the remaining steps of model generation follow the outline from section 6.2 

D. Mixed-level mixed-mode modeling 

Due to the nature of the modeling technique, it is possible to combine together all kind of 
models, that is: device models, behavioral models, macro models. The connected models can be of 
different complexity. Device models and J:IlaCfO-models used together provide mixed-level model. 
Device models with different level of detail for different domains (e.g. analog and digital models) 
used together provide mixed mode models. A model that uses together mixed-level and mixed-mode 
models is a full mixed-level-mixed-mode model. Such concept is depicted in figure 6.22. 

EJ 
Figure 6.22: Concept of a fully mixed-level mixed-mode model 

An example of mixed-level mixed-mode modeling for a phase-locked loop (PLL) is given in 
figure 6.23. The loop filter can be modeled as an mixed level analog block (e.g. resistors, the 
capacitor and an macro modeled opamp), with a behavioral filter model, or at the device level. The 
phase detector is a digital block which can be modeled as a macro or as a plain device exclusive or 
digital circuit. Likewise for the voltage controlled oscillator. 

in 

;--~------------. 

out 

• ! Voltage Controled Oscilator 

Figure 6.23: Mixed-mode mixed level: a digital PU with an analog loop filter 

6.3.1 MOS Transistor example 

The technique can be applied to any MOS description, such as BSIM [BSI-94] and level 9 
[MOS-9] models or any other analytical description. The complexity or the number of parameters of 
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the function have no effect to the model generator. They do effect the size of the PL model and the 
simulation time, as in any other simulation environment The purpose of this example is to show the 
key features of the model generator (e.g .. ability to deal with several nonlinear multi-variable scalar 
functions, simplification of the functions, accuracy of the outcome and trade-off possibilities). 
Without any sacrifice of generality, a simple MOS description will suffice here, although complex 
enough to be unsuitable for previous PL mode ling (e.g .. accurate channel length modulation). Such a 
simple model of MOS transistor, for cutoff, linear and saturation region, is described by: 

(6.26) 

(6.27) 

{6.28) 

~=(K')·: =(J.Lo·Cox)·: (6.29) 

These expressions for io are indeed scalar multi-variable nonlinear functions, as required by the 
outlined algorithm. The conditions (e.g .. relation between VT, Vas and Vos) under which these 
expressions are valid introduce dependency between the input parameters, which can be controlled 
by means of a "multiplexer switch" (figure 6.24) that can be implemented as PL model. 

0 

lds linear 
e-+--<> 

lds saturation 

lds 

Figure 6.24: Transistor region switch box 

Figure 6.25 shows straightforward decomposition for the linear region, function (6.27), with 
corresponding factors. This is the result of the parser' s decomposition, transformation of 
multiplications and graph simplification. The PL model requires three logarithm and one exponential 
PL functions. The factors y8 and y11 are omitted from the final implementation, in accordance with 
the rnles for function simplification (see section 6.2.4). The factor's intervals are calculated from the 
values of technology parameters {VT, A., 13 for CMOS 2.4J.L) and expected ranges for input variables 
{V0, V0, Vs). The relative error associated with each factor is calculated from the overall required 
error, bottom up (see figure 6.25), applying (6.18) to propagate the error from the node's output to 
its input. 
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Y2 = 112· VDS 

Y, = Y1 • Y2 

Y, = P · Y, 

y5 = wg VDS 

Y
6 

= log Y4 

y7 = Y5 +Y6 

Y
8 

exp Y1 

Y9 A· V0 s 

YIO = l + y. 

Y,, log Y, 

Yu = wg Y,o 

Y" = Y11 + Y12 

y" exp y" 

Figure 6.25: Decomposition of linear-region function (6.27) 

The further simplification of the graph is based on the assessment of the relationship between a 
factor's interval and its assigned relative error. Relative error assigned to each factor depends on the 
required overall accuracy (the overall relative error) and therefore, depending on the required 
accuracy some factors might be neglected and omitted from the final model. This provides the 
efficient way to simplify the formulas (6.27-28), for the factor that models channel length 
modulation can be neglected when the overall required accuracy is smaller than, say, 15%. The 
model generator will, however, have this phenomenon included into models when the required 
accuracy is smaller than, say, 15%, and this illustrates model generator's flexibility. 
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Y, = Vos· VT 

Y, = log Y2 

Y4 = 2 · Y, 

Y5 = exp Y4 

Y6 = Y1• Y5 

Y, = A·Vos 

Y8 = I+ Y9 

Y9 = wg Y6 
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Yn"' exp y" 

Figure 6.26: Decomposition of saturation-region function (6.28) 



Figure 6.26 shows straightforward decomposition for the saturation region described by (6.28), 
while figure 6.27 shows minimal (from the viewpoint of number of used logarithm and exponential 
functions) decomposition for the same function. This is the decomposition one can find when 
examining all possible graphs composed for expression (6.28), as described in section 6.2.2. 

Figure 6.27: Minimal decomposition of function (6.28) 

The intervals and errors for the nodes from the figure 6.27 are calculated according to the given 
algorithm. The PL models for the given factors are generated using a Chebyshev approximation. 

Above presented model of strong inversion is comparable with SPICE level 1 model. Consider 
now subthreshold MOS model. There is a transition point between the strong and weak inversion 
models given by: 

where 

n = 1 + q( NFS) + C v 
Cox Cox 

To model transistor's behavior in weak inversion [ALL-87], one can choose among the 
following, not exhaustive, list of formulas as the input functions for model generator: 

(q·vas) 
i _wl e"[(f 
n= L vo 

For (6.32) the following criterion should be added to the switch from the figure 6.21: 

(6.30) 

(6.31) 

(6.32) 

(6.33) 
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Transition between the weak and strong inversion regions in a good model should be smooth. 
PL, as modeling technique, provides a simple method to model the "moderate inversion" region: 
intetpolation between the regions (figure 6.28). 

i 
D 

V 
GS 

Figure 6.28: Smooth transition between the regions 

Another feature of this model generator is that the choice as to which of the formulas (6.30-32) 
to use can be externally controlled with an additional input variable (e.g. model_level = 1, 2 or 3). 
This model_level variable should then be fed to the multiplexer from figure 6.24, as controlling 
variable. 

The complexity or the number of parameters, of the function ( 6.31) for instance, has no effect to 
the model generator. The overall model will have much more variables, it will model the transistor 
behavior accurately. The price is the (internal) complexity of the model with the noticeable longer 
simulation time. 

Functions (6.26-6.33) and their PL models can be regarded as (macro) model primitives, with 
conditions when they apply as another primitives. The whole MOS model is then a (macro) model, a 
simple connected network of PL implementations of underlying functions as in figure 6.19. 

In order to model dynamic behavior of the MOS transistor one can add capacitors, such as Cl'fl 
and Cgd as in figure 6.29. The capacitors here are modeled according to the dynamic PL model (6.8-
10). Any other parasitic component can be modeled as well. 

G 

D 

static 
MOST 

s 

G 
B 

D 

Cool! 
11 

i 
static 

I 
MOST 

cjr-. dynamic 
MOST 

s 

Figure 6.29: Dynamic transistor model 

B 

There is now a PL model for a MOS transistor based on (6.13-20), as accurate as one wants it 
to be. The presented model generator can produce PL models for any other required device or a 
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function block. Such models can than be used within a CAD tool that uses linear techniques. The 
models are useful for a PL simulator, they can be generated at a run time and there is no more the 
need for a big model library. For a circuit sizing tool that uses linear programming technique the 
model generator can produce device models, sizing models and optimization models, all from the 
functions modeling devices' behavior. The topology selector program from chapter 4 relies on PL 
models which describe solution space for a particular topology. Good· models generated by the 
presented model generator are essential for such a selector tool. The model generator itself can be a 
part of the CAD framework, a tool for fast model prototyping, or model generation for other DA 
tools. 

6.3.2 Simulation examples 

The presented model generator is implemented in the C language on a Sun Spare workstation. 
The portability has been tested by porting it to HP-Apollo 700. It should be running on a PC as well. 
The generation of the models presented here as examples took less than 1s CPU time, on a Spare 10. 
The required generation time for ann-variable function, according to the algorithm, should be O(n). 
However, if the full exploration of all possible binary trees is implemented as explained in section 
6.2.1, the generation time will not be linear. The required model's accuracy, as an input parameter 
for the model generation, does not have large influence on the generation time. The accuracy is 
measured by the given relative error and that parameter plays role only to determine the number of 
linear segments for a given factor, as shown in appendix B. 

The models obtained by the outlined method are assessed by means of simulation. The 
comparison of the results for the plot of the underlining nonlinear function called ideal model, the 
generated model (as described in the previous section), and the previously best manually calculated 
model show superior accuracy of the generated models. 

The base of comparison was the underlying nonlinear function (6.26-29) for a ideal model, 
shown in figure 6.30. The "ideal model" has the following parameters: W=20f.Ull; L=lO!J.m; 
A.=0.03V-\ K'=5.7 10'5 mAIV2
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Figure 6.30: "Ideal" model from underlying functions (6.26-29) 

The best manually calculated model is here called the old model. The analysis that follows will 
show the old model deficiencies. The old model used in the PL simulator PLANET [KEV-91] has 11 
linear segments and it was generated by hand, which demanded lots of experience, time and skill. 
The underlying function mode led by the old model is based on: 
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f(x)== 2' 
{

0 . 

X ; 

x:::;;o 

x>O 
(6.31) 

The only control the designer has over the accuracy of the model is through the choice of the 
accuracy of PL implementation of the function J, not knowing how it would affect the overall 
accuracy. 

The goal was to fmd a function that is simple enough so as to allow manual PL generation and 
still accurate enough to model the transistor (6.26-29). The consequence from the first requirement 
was that the function must not contain any multiplications. The second requirement resulted in lot of 
smart tricks that depended on designer's creativity. One trick is, for instance, to extend the input 
variables of function f for a linear factor that depends on V08 and '). and to interpolate its values 
between the model's regions, in order to mimic the effect of the multiplication. However, that is a 
two-step solution: The model approximates the function (6.31) with a certain accuracy whilst the 
function (6.31) itself approximates device equations (6.26-29) with an empirically good, accuracy. 
This makes it impossible to establish a clear relationship between model's desired accuracy and the 
required number of linear segments. 

It should be noted here that the old model has reached its limits, determined by the modeling of 
'multiplication', as for channel length modulation. That is obvious from the comparison of the 
functions used for modeling (6.26-29 vs. 6.31). One can not simply add more segments to get a 
higher accuracy with the old model 

The behavior of the manually created model used in PLANET is plotted in fignre 6.31, for the 
same technology parameters and transistor dimensions as the ideal model from fignre 6.29, in order 
to allow comparisons. 

lds 

Figure6.31: "Old" PIANETmodel 

For a relative error smaller than 5% and the nonlinear functions (6.26-29) the model generator 
has created a model, shown on figure 6.32. This PL model has altogether 43 linear segments for 5% 
error; factors Ys and Y6 (figure 6.23) have 18 segments each, Y12 has 1 segment and y14 has 6 linear 
segments. The used parameters were the same as for the ideal and manual models. 
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Figure 6.32: "New" model, generated by PL model generator 

Figure 6.33 shows the most obvious flaws of the old model, which are in the region Vds<1.5V 
and Vds>3.5V. Figure 6.34 shows the expected accuracy of the new model Vas was 4V. There are 
two apparent improvements over the old model: 

• the new model has better accuracy for linear region which, in contrast the old manual model, 
has the form of the parabolic function (due to more segments) 

• the new model has better approximation of the effects of channel modulation (due to overall 
better modeling). 
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Figure 6.33: Comparison between "old", and "ideal" model 
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Figure 6.34: Comparison between "new" and "ideal" model 
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The designer makes the trade-off between model's accuracy and complexity by choosing 
different overall relative errors, which in turn define the necessary number of linear segments for PL. 
More accuracy would mean more linear segments which translates into a larger model and 
potentially longer simulation times. If one decreases the number of linear segments in order to save 
computational time, the models' accuracy decreases as well. Figure 6.35 shows the deviation from 
the underlying functions for the models having 30 and 17 linear segments, respectively and a relative 
error of 10 and 15% (the original model from figures 6.32 and 6.34 had 43 segments). 
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Figure 6.35: "New" model's accuracy-complexity trade-off 
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Even though the PL simulators offered a real mixed-mode mixed-level simulation overcoming 
notorious de convergence problems of conventional simulators, the lack of accurate and reliable 
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models and the difficulty to obtain ones has prevented PL simulators from playing a more important 
role in the design automation. The presented model generator provides a tool for PL modeling, 
prototyping, behavioral and macro modeling. 

6.4 Verification tool in an analog module generator 

In order to establish user's confidence in the performed design there is always a verification 
phase in the analog synthesis system. The main part of verification consists of a circuit simulation. 
The goal of verification is to compare the simulation's results with the specs, therefore the results of 
topology selection and circuit sizing are being verified. 

Furthermore, this section shows comparison of simulation results for circuit simulators 
PLANET and SPICE and validates usage of PLANET in AMG. The models generated using the 
method presented earlier in this chapter are suitable for PLANET simulator. Comparison between 
old and new PL models is presented in previous section. 

The analog module generator presented in chapter 3 has been implemented and a number of 
designs has been carried out, in order to assess the overall design of the AMG as well as the 
particular tools. Section 3.3 presents the demonstrator circuit that has been used for the test 
experiments. Section 4.4.6 presents the design examples for this circuit when topology selection is of 
concern. In one of those experiments the CSA-PSA demonstrator circuits were designed as full
custom cells. For the given requirements {table 6.2) the topology selection tool has selected the 
topology, the sizing and optimization tool has sized and optimized that topology, verification tool 
(VT) has obtained simulation results (table 6.2) and the layout tool has generated the layout which is 
presented in section 5.3. The required technology was CMOS MIETEC 1.5. The power supply was 
+3V,-3V. 

Table 6.2: Obtained performances of the full-custom realization of the CSA-PSA demonstrator 
circuit. 

perfonnance spec run unit 
custom 

detector capacitance 80 80 pF 
maximum allowed peaking time 1.5 2.5 !J.S 

counting rate 200 294 kHz 
maximum allowed noise 1000 905 RMS electrons 

gain 20 21 V/fC 
output range -2 .. 2 -1.5 .. 1.5 V 

power consumption 30 7 mW 
area 1 0.6 mm2 

The topology selector has selected the actual topologies for CSA and PSA from the ones 
available in the cell library which were the most likely to satisfy the input requirements. This was 
described in chapter 4. The schematics for those cells are presented in figures 6.36-39. The whole 
CSA-PSA module built of the macro building boxes is presented in figure 6.40 which can be 
compared to figures 3.6 and 3.7. 
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Figure 6.36: Charge-sensitive amplifier: 
schematic and macro-box 

Pout 

Figure 6.38: Feedback resistor: 
schematic and macro-box 

V ss 

Figure 6.37: PSA integrator: schematic 
and macro-box 

Pbmil 

Figure 6.39: Current source 
schematic and macro-box 

Figure 6.40: Particle detector read-out front-end, macro-boxes 

The macro-boxes are the representations of the building blocks. The schematics are the actual 
topologies. They are kept that way in the cell library. These circuits are sized and optimized by the 
S&O tool. The result was a sized schematic and netlist.. Such a netlist is the input for the simulator. 
The simulator used within AMG is the piecewise simulator PLANET [KEV -91]. The simulation is 
used to verify the design carried out by TS and S&O tool. The required performance of the module 
is given in the table 6.2 and the task of the simulator was to verify that. The simulations were carried 
out with the simulation models at the device level and with macro models. In order to evaluate the 
simulation itself, a comparison with the results of simulation done with well known simulator SPICE 
has been done. The comparative results are given for the simulations performed at the device level 
for both simulators. A negative voltage impulse is used as the input signal. A small difference in DC 
levels can be observed in figures 6.41a and 6.41b. This stems from the difference in transistor 
models and technology files used for PLANET and SPICE. The different threshold voltage will 
result in different operating point. 

100 



The figures 6.4143 illustrate the from of the signals in some of module's important points, such 
as the module's input, the CSA's output, the differentiator's output (which is the input for the first 
PSA's integrator), and the output of the last of 4 PSA's integrator equal to the module's overall 
output. Those points are N_in, n_l, and net4, as indicated in figure 6.40. 
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Figure 6.41: Input signal for PLANET (a) and SPICE (b) simulations 

The input signals for SPICE and PLANET from figure 6.41 have essentially the same impulse 
form. The accuracy in presentation of the impulse for PLANET is due to the chosen number of time 
points for simulation. 
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Figure 6.42: Output of CSA (a) and the differentiator (b) 
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The output signal of CSA has the same form in both simulations. The difference is in DC levels, 
which are described before. However, this difference will tend to diminish as the result of the proper 
functioning of the pulse shaping amplifier . 

.0,-4 oc__-::-':::----,.'::--:--'::--:-.,..'::--:-':::--:::,....,.:L:::--:-1.....,.:'-:::--:-:',_'""' 
TtdE(t.!N) 

Figure 6.43: Output of the whole module 
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Figure 6.43 shows the final form of the output signal of the CSA-PSA module. There is a slight 
difference in peaking time which can be attributed to the difference in used device models and 
technology parameters for both simulators. 

6.5 Concluding remarks 

This chapter presented a method to generate piecewise linear (PL) models for some nonlinear 
multi-variable scalar functions for the revised state model PL description . The method is suitable for 
the explicit functions we encounter in circuit design and analysis. The proposed algorithm has been 
implemented in a PL Model Generator. This is the first automated model generator for device, 
behavioral or macro models for piecewise linear models. The models are generated straight from the 
underlining analytical nonlinear multi-variable scalar functions. A source of problems in model 
generation are clearly identified and some solutions as to how to overcome the problems are 
proposed. 

The models can have any by user specified accuracy. The degree of accuracy can be fully 
controlled as a trade-off between model's accuracy and complexity. Techniques that will result in a 
optimal PL model with a minimum number of linear segments are proposed along the presentation of 
the method. The model generation is fast enough to allow interactive model prototyping. All the 
claims are illustrated with a MOS transistor model. The results of simulation for generated models 
show the advantage the new models bring. 

The main contribution of the proposed method is automation of PL model generation. The other 
advantages the method brings for Design Automation are: simplification of PL model libraries where 
the model equations now can be written in a natural form and substantially improved extensibility of 
PL model libraries. 

Finally the method could be a base for assessment of contribution of individual factors in an 
arithmetic expression, as described in the subsection on simplification of the overall formula. Even 
though some symbolic analysis tools consider formulas regardless their domain, some reasonable 
assumptions about the domain can make the method useful for them as well. 

The PL model generator described in this chapter presents a very useful CAD tool. The tool 
provides automated generation of PL models, something that was not possible before. The tool fmds 
its place in the integrated design environment of DA frameworks and relieves the designer of 
substantial effort in PL model generation. The generated models can have any prescribed level of 
accuracy. The trade-off accuracy vs. complexity is at designer's disposal. The model generation is 
fast enough to enable real time prototyping in a user-friendly manner. The behavioral modeling is 
based on the same principles as device modeling and retains the same qualities. The modeling is 
possible all domains. Macro modeling is possible, simple and in case of PL models facilitates smooth 
transition between model primitives. 
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7. Conclusions 

This chapter summarizes the results of the research that has been described in this thesis. It 
draws some final conclusions and it summarizes the original contributions. 

The analog module generator (AMG) presented in chapter 3 covers the complete design path of 
analog modules starting from specifications down to layout. Several design phases are covered: 
topology selection, sizing and optimization, verification and layout generation. The set of tools that 
comprises the AMG supports three different design styles. The AMG is easily extendible with new 
topologies and new design knowledge. The knowledge as to how to design the modules that are 
known to the AMG is stored in the cell library. The AMG implements top-down design strategy. The 
AMG and its tools are technology-process independent, which is achieved through the technology 
library. The AMG is implemented and integrated in a commercial EDA framework. The work on the 
AMG was done in cooperation with colleagues form the ASTP4 consortium. The principles are 
published as [DED-93], [GIE-95] and a number of project reports. 

A novel method for topology selection is presented in chapter 4. The content of the cell library is 
filtered with the input specifications as criterion. The method consists of the subsequent application 
of two procedural ftlters, based on boundary checking and interval analysis respectively, followed by 
a rule-based ftltering. This combination allows a trade-off between selection accuracy and required 
selection time. The topology that is most likely to fulfill the requirements after sizing is selected in 
this process. Practical evaluation results of this method have been presented and show an acceptable 
performance. The method has been implemented in the topology selection program of the analog 
module generator. 

The interval analysis technique relies on a solution space that is constructed from a system of 
linear equations and inequalities. This system is derived from the topology's analytical model and 
input specifications and requirements. Large models require longer evaluation time but can provide 
better accuracy than the smaller models. The accuracy of the obtained solution space depends on the 
accuracy of the models (equations) used to compute the solution space. Since the calculation method 
itself (but not its performance) is independent from the model used to describe a topology, it is 
possible to achieve acceptable selection accuracy with moderate CPU-time and memory usage by 
using higher-level description models for analog modules and circuits. Furthermore the method is 
independent of the content of the cell library. That is, the topology selection tool does not need to be 
updated when the cell library is updated for the new design. 

The main limitations of the proposed selection methods are discussed. These are diffiCulties to 
keep the boundary checking technology independent, the problem of reciprocal relationship of the 
interval analysis models: accuracy vs. complexity, and the problem of keeping the rule base 
consistent with adding of new rules and new topologies. The published work consists of [PR0-94 }, 
[VES-95a], [VES-95b] and a number of project reports. 

A method for automated piecewise linear model generation is presented in chapter 6. The method 
is aimed at a large set of explicit nonlinear multivariable scalar functions that are encountered in 
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circuit simulation and design. The resulting PL model is in the form of the revised state model PL 
description. The proposed algorithm has been implemented in a PL Model Generator. This is the 
first automated model generator for device, behavioral or macro models for piecewise linear models. 
The models are generated straighi from the underlining analytical nonlinear multivariable scalar 
functions. Sources of problems in model generation are clearly identified and some solutions as to 
how to overcome the problems are proposed. The original method is published in [VES-96]. 

The models can have any by user specified accuracy. The degree of accuracy can be fully 
controlled as a trade-off between model's accuracy and complexity. Techniques that will result in a 
optimal PL model with a minimum number of linear segments are proposed along the presentation of 
the method. The model generation is fast enough to allow interactive model prototyping. All the 
claims are illustrated with a MOS transistor model. The results of simulation for generated models 
show the advantage the new models bring. 

The main contribution of the proposed method is automation of PL model generation. The other 
advantages the method brings for Design Automation are: simplification of PL model libraries where 
the model equations now can be written in a natural form and substantially improved extensibility of 
PL model libraries. The model generation is fast enough to enable real time prototyping in a user
friendly manner. The behavioral modeling is based on the same principles as device modeling and 
retains the same qualities. The modeling is possible in all domains. Macro modeling is possible as 
well, it is simple and in case of PL models facilitates smooth transition between model primitives. 

Finally the method could be a base for assessment of contribution of individual factors in an 
arithmetic expression, as described in the subsection on simplification of the overall formula. Even 
though some symbolic analysis tools consider formulas regardless their domain, some reasonable 
assumptions about the domain can make the method useful for them as well [GIE-97]. 

The results of the research and contributions that this thesis offers are just one step towards the 
main goal of design automation. Some suggestions for improvement and extension for future 
research follows: 
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• The question whether to perform selection and sizing simultaneously or sequentially is still 
open. 

• There is a place for symbolic analysis in automated PL model generation. 

• The hierarchical PL descriptions obtained as the result of the automated model generation 
might be combined in a compact PL description, perhaps saving some intermediate variables. 
That would make the models less complex, which would result in faster simulations. 

• The part of the PL generation method which uses interval analysis could be used for 
simplification of the formulas in symbolic simulations. 



A. Linear approximation 

This appendix presents the method to find the PL segments for a single-variable function, 
using the Chebyshev criterion. Several important issues are discussed along the given examples. 

A.l Single variable function, general case 

Suppose there is a continuos function .f. with domain interval IXmn and Xmax]. We expect that the 
approximation should always be better than a given relative error e. For this function .f. y = f(x) we 
want to find a set of segments a1 x+bi for which: 

{a, ·x+h,l\l(x,i~ f(x)-(a; ·x+b;)} 
x E {xJxmin s; x::; xlllllX }and e::; f(x) 

y y :::f(x) 

,~--------------~~~ 

y.(l-e) 
'2 

y.(l+e) 
'I 

-1--'-H t-+--'----'------1-l t~t-1 --
x;1 X;

2 
X;

3 
Xmax X 

Figure A.l: One segment approximation of convex function 

The procedure to find a and b of each segment is iterative. The alternation criterion (Chebyshev) 
states that for an optimal linear approximation each linear segment crosses the original function two 
times, reaching the maximum allowed relative error in three points. Of these three points, for each 
segment, the points x1 and x3 are the points at the segment's boundary and the point x2 - the point 
within the interval. The procedure is explained on one segment, all the other segments are treated the 
same way. The assumptions are: 

• allowed relative error is e 
• initial point is x1 = Xmin 

• final point is Xn ;::: Xmax 

The function in question can be partially convex and partially concave. The analysis that follows 
treats convex and concave parts apart. 
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A.l.l Convex function 

The analysis that follows is given for the function/that is convex in the interval [xmin• x.nax]: 

y= f(x) (A.l) 

We start with the known point Xt. for instance the beginning of the defined interval [xmin• Xmax] 
and the given maximum allowed relative error of the approximation e. We seek the value for x3• The 
points (x~. j(x1)) and (x3, j(x3)) will define a linear segment. The linear segment (figure A.l) is 
described, within the defmed interval, with the slope a, the offset b, for which holds: 

y = a · x + b (A.2) 

a·x1 +b=(1+e)·f(x1 ) 

a·x2 +b=(l-e)·f(x2 ) 

a · x 3 + b = (1 + e) · f(x3 ) 

We want to find and expression for x2. From (A.3) and (A.4): 

a·(x2 - X1 )= (1-e)· f(x2)-(1 +e)· f(x1 ) 

(A.3) 

(A.4) 

(A.5) 

(A.6) 

The point x2 is defined as a point where the relative error has its maximum value. That criterion 
is given by 

(
f(x)-(a·x+b)) 

f(x) = e 

max 

from which: 

-a· f(x)+(a·x+b)· f'(x)== 0 

From (A.4) and (A.7): 

a== (1- e)· f'(x2 ) 

And, finally, from (A.6) and (A.S): 

(1- e)· f'(x 2 )-(x2 -x1 )== (1-e)· f(x 2 )-(1 +e)· f(x1 ) 

(A.7) 

(A.S) 

(A.9) 

Depending on the nature of function/, it might or might not be possible to solve (A.9) so as to 
find the expression for x2 in a closed form. From the . view point of generating the PL model, the 
exact value of x2 needs to be known. From the view point· of estimating the number of necessary 
linear segments for the PL approximation within the given interval and the given relative error, an 
expression for x2 in a closed form would help to make assessment on forehand - without performing 
all the iterations to find all the segments. Let us assume there is no closed form expression for x2, for 
the sake of generality. An example where closed form can be obtained is given in A.4. 

Knowing the function/, the relative errore and the point xh the value of x2 can be found from 
(A.9) using some numerical solving technique, Newton-Raphson (NR) for example. As always with 
NR, the choice of the initial point makes the difference as to whether or not the procedure converges. 
The choice of starting pointx20 for known f, f, f" and x1 it is usually possible to derive the 

analytical expression for the best initial point. 
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So far we know the function f, the relative error e and the points x1 and x2• The value for a 
follows from (A.8). The b can then be found from (A.3}. Now we know and a and b. The only 
remaining unknown is the point X3, which can be found from (A.5). Again, depending on the nature 
of function f, it might not be possible to solve (A.5) for x3 in a closed form. Without such closed 
form expression it is not possible to estimate the number of necessary linear segments for the PL 
approximation on forehand. In that case, in order to know the number of necessary linear segments 
one should generate all the segments and then count them. If (A.5) does not yield a solution for x3, a 
numerical method should be applied. 

Here, again, the choice of the starting point x3• makes the difference between a converging and 

a non-converging process. For some functions f there is an analytical expression for the best initial 
point. One such example is given in section A.4 

The procedure starts with Xmin as the initial value for x1• If Xmax > x3 then we need another linear 
segment. The value of x3 is assigned to x1 of the new segment and the values for x2, a, b and x3 of 
that segment has to be found the same way as explained above. 

The method was presented for a function convex on the interval where the PL approximation is 
sought. For a concave function like in figure A.2, the expressions (A.3), (A,4) and (A.5) become: 

a·x1 +b=(I-e)·f(x1 ) 

a· x2 + b = (1 +e)· f(x 2 ) 

XI X2 X3 X 

Figure A.2: One segment approximation of concave function 

The remaining analysis is similar to the procedure presented for a convex function. 

A.1.2 PL model description 

After a number of above described iterations all the parameters for all n segments are known. 
The PL model is built from these parameters. They are written according to the used model 
description. Chapter 6 introduces the revised state model as PL model description: 

O=A·x+l·y+B·u+f 

j = C·x+D·y+l·u+g 

The PL model obtained by the presented method written in the same format looks as: 
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··· a -a ]·u b n-1 n I (A.lO) 

(A.ll) 

The figure A.3 shows the PL approximation (A.l0-11) for n=S within interval (x1, x,;). 

y 

X 

Figure A.3: PLfunction represented by model (A.l0-11) 

Such model with its description is ready-for-use within the PL simulator PLANET. 

A.2 Exponential function 

The previous section presents the method for the general case. Here the exponent function is of 
concern: 
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y=e"' 

The function (A.l2) is concave. Having that in mind an equivalent of (A.9) here becomes: 

(1 +e)· e-<z · (x2 -xJ= (1 +e)·e-"2 -(1-e)·e4
' 

This can not be solved in a closed form, hence NR: 

(l+e)·e"''•·(x1 +l-x2.)-(1-e)·e"'' 
x2 =x2 - ( } ,., • (I +e)· x1 - x2, 

After x2 has been found: 

a= (1-e)·ex'-(1+e)·exz 
xt-x2 

b = (1- e)· ex'- a· X1 

For the exponent function x3 becomes: 

(A.12) 



And NR has to be applied again: 

a· x3 + b -(1-e)·e"3
' X = X - _ _::.£t __ _;__.;___ 

3,+1 3, a- (1- e). e .. 3, 

A.3 Logarithm function 

The analysis for the general case convex function, as shown on figure A.l, assumes the linear 
segment on its boundaries (Xt. x3) has the values greater than the values of the original function in the 
same points (x~. x3). The logarithm function is convex and here apply expressions developed in 
A.l.l. However, due to the problems in approximation approaching zero (see appendix B), special 
care has to be taken for the points below and above x = 1, as shown in B.3.1. In the case of the two 
linear segments around zero, it can happen that the assumption doesn't hold anymore. Especially, 
during the NR procedure some intermediate points can alternate around 1. The general analysis for 
the logarithm function follows: 

y= lnx 

Let us define the function g to account for the changes due to the two segments immediately 
aroundx= 1. 

g(x)= {~ 
-1 

Then (A.9) becomes: 

x>1 

x=O 
X <1 

(1 +e)·lnx2 • (x2 - x1)= (1 + e)·lnx2 -(1-e)·lnx1 

This, again, can not be solved in a closed form, hence NR: 

h(x) = (1- g(x) · e }·5_ + (1- g(x) · e }·(Inx -1)- (1 + g(x1 }·e) ·lnx1 
X 

After x2 has been found: 

1-g(xJ·e a = _ ____.:~;.___ 

Then X3 becomes: 
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1 
x3 =-·((1-e)·lnx3 -b) 

a 

And NR has to be applied again: 

(t+g{x3J·e)·lnx3, -b 
X = X - -'---,..----...:...._----,,----

3,+1 3, (t+g{x3.)·e) 

A.4 Square function 

The square function: 

y=x2 

is a concave function, therefore an equivalent of (A.8) becomes: 

a= (I +e)·2·x2 

For the square function (and the concave case), it then follows: 

b = -(1 + e)· x/ 
(A.14) and (A.15) substituted in equivalent of (A.lO) gives: 

2 1-e z x 2·x ·x +--·x =0 
2 1 2 l+e t 

assuming xz should be greater than Xt. 

a and b follow from (A.l4) and (A.l5), expressed through x2 and x1: 

2 ( {2:-e) a=2·xl ·(l+e)· l+v"I"+; a= 2·x/ ·(1+~2·e·(l +e)) 

2 2·e 
( ~)

2 

b=-(1+e)·x1 • 1+ I+e 

Andforx3: 

2 a b x3 - ·x3 ---=0 
1-e 1-e 

2 l+e I+e 2 X -2·--·X ·X +--·X =0 
3 1-e 2 3 1-e 2 

(A.13) 

(A.l4) 

(A.15) 

x3 = l+e ·x2 ·(t±~(l+e}2 -(l+e)·(l-e})= I+e ·x2 ·(t±.J2·e·(l+e}) (A.l6) 
1
'
2 1-e l-e 
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Here X3 should be greater than x2• This time the choice depends on the value the relative error 
has. Figure A.4 depicts for which values of e (x in the figure) x3 is greater than x2• There are two 
functions, one fore< 1 and another fore> 1. Although a relative error of more than 100% (as e > 1 
suggests) is not something to expect very often, it is not totally impossible to expect this in the due 
course of error propagation (see B.3). 

Finally: 

where: 

I 

I 
I 
I 
I 

1.5 2.5 ).5 

Figure A.4: Two solutions of A.J6 compared. 

c = f(e) 

{

.JI+e ·(1+3·e+2·.J2·e·(l+e)) 
c= 1-e 

.J1+e 

0<e<1 

e>l 

4.5 

Now all the parameters are known, namely a, b and x3 in a closed form. This allows to estimate 
the required number of linear segments. 

The values for the interval boundaries for PL approximation, using Chebyshev criterion, of a 
square function form a geometric progression: 

X - ck-1 ·x . 
k - I ' c=f(e); k=I, ... ,n 

For the square function on the interval (Xmin• Xmax) the required number of linear segments n for 
PL approximation is then: 

In Xmax 

n;:::: xmin 

lnc 
c=f(e) 

Ill 





B. Relative e"or and its propagation 

This appendix presents a method to assess the relative error for factors in decomposition, as 
part of the method presented in chapter 6. 

B.l Introduction 

The relative error ey for a function/determines how much an approximation {e.g. PL) is allowed 
to deviate from the function f. It also determines the relative error for x, with meaning of ex as the 
maximum allowed relative error of x for which the function/ get relative error ey (figure B.l). When 
the function/represents a factor in our decomposition, then ex is the starting point for estimation of 
ez for factor x = g(z). This process repeats for all the factors obtained by the decomposition (as 
described in x). For a given function, domain range and maximum relative error, there is an optimal 
PL approximation which consists of number of linear segments, one of which is depicted on figure 
B.2. 

y y 

yJ(l+ey) 

(l+e,)y 

y y2(l·ey) 

(1-ey)y 

YJ(l+ey) 

Figure B. I: Interpretation of ex as a max 
uncertainty about x allowed by ey 

y =j{x) 

Figure B.2: Chebyshev (optimum) linear 
approximation ofy=f(x) 

There are two types of factors, namely one variable function and sum of two variables. For 

given factors y1 = J; (x1); y2 = x2 + x3 and given relative errors ey, and e'h we should estimate 

ex, 'e"l and exl. 

B.2 General case 

For a single variable function y = fi..x), the domain's relative error, ex, is given as follows: 

Y = f(x);ey = ~±~y~;ex = ~±~~; 
y±~y=(l±ey)·y 
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y ± Ay= f(x ± L\x) 

f(x±L\x)=(l±ey)·y 

X± £\x = r'((t±ey )· y)= r'((l ±ey)- f(x)) 

e, =~= r'((I±;) f(x)) I (B.l) 

This is a general formula which would lead to the minimum number of linear segments for the 
PL approximation. Instead of the error function we can use the worst case value, the minimum value 
of the error within the given range of values for the domain. That value is the constant throughout 
the domain, figure B.2. Then the above outlined procedure is the same for the calculation of the 
worst case relative error for every factor. The fmal number of linear segments for PL will be slightly 
larger than in the optimum case, but the implementation will be much simpler. 

Following subsections will address some practical problems for the nonlinear functions we are 
likely to meet (e.g., log(x), e:xp(x), sin(x), cos(x)). 

B.3 Logarithm function 

The logarithm function (L node in function graphs in chapter 6) occurs during the decomposition 
as a possible single variable function, even if the overall input function has no logarithms. There will 
be at least two factors with the logarithm function for each mnltiplication or division in the overall 
nonlinear function. The relative error propagated through the L node is as follows. 
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y=lnx 

y±Ay=(I±ey)·y 

y ±Ay= ln(x ± L\x) 

The worst case is: 

e =lx ±e, -tl 
x m ' 

(l±e1 ) 

X I ±e I ---l=x '-1 
X 

{

Xmin; 
X = 

m xmax; 
XmJn > 1 

xmax < 1 

(B.2) 

(B.3) 



The function (B.2) is shown in figure B.3, for the relative errors ey from -50% to 50%. The 
asymptotes are given for cases when ey increases toward ±cc::. As expected, the relative error should 
be infinitesimally small in the proximity of function's zero value. The worst case is for x = I, for 
which the relative error has to be zero. That would require the PL approximation (base on 
Chebyshev) of the logarithm function to have infinite number of segments around x = 1, regardless 
what is the overall required accuracy for that logarithm function. 

Figure B.3: Accuracy ex required for x,for a given accuracy ey oflog(x), 
ey <50% 

X 

-50%< 

However, if we around y equals zero use a linear function with the slope equal to the value of 
the first derivative in zero point (figure B.4), instead of Chebyshev approximation, we can have it 
both: zero relative error and a single linear segment. 

y 
relaJive error= 10% - . 

0.1876 ........... f ................ ;····························--········· 
Xt =0.8069 

0 . : 

..........•. ~ ................................................... ! 
-0.2146 

y x- 1 

Y=ln x 

Figure BA: Example for relative error=lO% 

The linear segment used around x = 1 is y = x -1 and when x approaches I the relative error 
approaches zero. 

( ) 1-.l 
I
. 1!\y 

1
. x -1 -ln x 

1
. x 

tm- = tm = tm-1-x~--+t y xHI In X xHl 
lim(x -1) = 0 
XHI 

(B.4) 

X 

The PL approximation of this function from figure B.4. consists of three parts [x_, x1], [x1, x2] 

and [x2, xm.J First and third part are approximated by a Chebyshev polynom of the ftrSt degree, 
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while the second interval is approximate with y = x-1, as shown on figure B.4. Points x, and x
2 

are 
solutions of equation: 

f(x)=x l-(l+error)·lnx 0 (B.5) 

for positive and negative values of the relative error. One solution of (B.5) is always x = 1. The 
other solution is greater than 1 for error > 0 and less than 1 for error < 0. The choice of the initial 
guess for Newton-Raphson method is here critical. The starting point as shown in figure B.6, can 
be found analytically : 

f(xP )= xP -1-(1 +error) ·ln(xP )=a· xP 

f'(xP)=l-l+;rror =a 
p 

error 

X = el+error 
p (B.6) 

To use a constant value for the relative error, one should calculate (B.2) for xmm, x_, (and x1, x2, 

if xmin :s; 1 :s; xn.,) and take the minimum value. 

y=x-1-( 1 +error)ln(x)x 
y 

X 

Figure 8.6: The best initial point for NR 

B.4 Exponential function 

The exponential function is another single variable function that occurs during the 
decomposition as an E factor. It can be part of the overall function or a result of a transformation 
of a multiplication or division. The propagated error to the incoming node of an E node is given by 
(B.7). 

y =e" 

y±Ay=(l±ey)·y 

x ± Ax = ln((t ± eY )· y)= ln((t ± eY )· e" )= ln(l ± eY )+x 

ex =1±~1= ln(l:er) =f(x,ey) (B.7) 
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Figure B.7 shows the plot of the function (B.7) fore, from -50% to 50%. Here e, decrease as 
either x increases or e, decreases, but e, never becomes zero - exponential function never crosses 
zero. 

Figure B. 7: Accuracy ex required for x, for a given accuracy ey of exp(x), 
50% <ey<50% 

X 

The worst case constant value fore, is given in (B.8) for the absolute maximum of either of the 
domain interval boundaries. 

(B.8) 

B.S Sine function 

The sine function is a periodic function and it can be approximated on (0,11'14) range. Any given 
domain interval is mapped onto (0,11'14). The relative error follows from (B.l): 

y=sin(x) 

arcsin((l ± eY )· sin(x)) 
e = 1 

X X 
(B.9) 

Problems arise for x = kit, where the function crosses zero and the Chebyshev approximation 
would again require infinite number of linear segments. The solution is again to use linear function 
for all points x = kit, with the slope equal to the value of first derivative in that point. However, the 
value alternates 1 and -1 for odd and even values of k. For the function y = sin x , approximation 

around zero(s) yields y = ( -l)k · (x- k ·1t) and the relative error becomes: 

. ~y . (-l)t ·(x-k·1t)-sinx . (-l)k -cosx · 
bm-= hm = hm =0 

.r>->k1t y X1-+k1t sin x X1-+k1t cos x 

As for the logarithm function, here again we have to determine the width of that linear 
segment. Now we have to solve equation (B.lO) for x from (-1!'12,11'12). 
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f(x) = x-(1 +ey) ·sin(x) = 0 (B.lO) 

The solutions x1, x2, (x2=-x) depend on the value of ey. For e;>rrl2-1 the whole sine function can 
be approximated with only one linear segment. When 0<: eY <1t12- l, the approximation needs also a 
number of linear segments for Chebyshev approximation. 

B.6 Cosine function 

The cosine function, similar to the sine function, can be mapped onto (O,w4) interval from an 
arbitrary domain. The relative error is: 

y cos(x) 

arccos((t ± eY )·cos(x)) 
~ -1 (B.ll) 

X 

This function has zeroes for x = ( 2 
· ~ + 

1
) ·1t , the approximation around the zeroes is 

y ( -1 t { ( 2 
· ~ + 1} 1t - x) and the relative error: 

Ay 
lim -= 

x12·~+l)., Y 
lim 

(-ll {(
2
·:+ 

1}1t -x )-cosx 

= 
Xl-->-·1< (H+I) 

2 

(-l}k+J +sinx 

-sinx 

cosx 

(-l)k+l + (-l)k 
-(-l)k 

(-It (-1 + 1) 0 
-1 

Zeroes are now at the boundaries of (-TC/2,TC/2) interval, where the function should be 
approximated with y=x+w2 and y=-x+1tl2. The interval for this approximation is calculated from : 

f(x)=x+ ~ -(l+eY)-cos(x)=O (B.12) 

The Chebyshev approximation is the best solution for the rest of ( -1t/2,1t/2) interval. 

For e;>1t/2-1 one linear segment covers the whole (-TC/2,1t/2) interval. Whether some more linear 
segments are necessary, depends on the domains interval. That will be discussed in the section 
dedicated to PL approximation. 

B. 7 Sum of two factors 

As explained in section 6.2.1, the overall function is decomposed into factors which can be a 
single variable function or a sum of two factors. The relative error assigned to such a sum should be 
propagated to each factor in the sum. The relative error of the sum expressed with the relative error 
of the factors is as follows: 
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Ay= Axi +Ax2 

Ay Ax1 + Ax2 Axi Ax2 Axi ( XI ) Ax2 ( x2 ) 

-y-= y =XI +x2 +XI +x
2 
=~· X1 +x2 +~· X

1 
+x

2 

It follows that relative errors depend on the values of factors. The expression for the relative 
error of a single variable function (B.13) is easier to evaluate for the worst case, than the 
expression for the sum of two factors (B.14). 

ex= f(x,ey) (B.13) 

(B.l4) 

If we know that y ::J: 0, and with the assumption that relative error should be equally split 
among the factors: 

The minimum values are obtained for the appropriate boundary values of the xb x2 domains: 

Instead of splitting equally the sum's relative error, we can first evaluate if any of the factors 
can be neglected for a different error distribution among the sum's factors. The analysis as to when 
a factor can be neglected is covered in section 6.2.4. 

The worst case is if there are values for which x, = - x2 (which is a zero: x, + x2 = 0). Then the 
relative errors of both factors should be infinitesimally small for variable intervals when x, + x2 = 
0. 

For example, for y = x
1 

+ x2 and (2 < x
1 
< 3), (-3 < x

2 
< -2) the function is (-1 < y <l). The 

relative error then should be zero for both factors in their whole range. Instead, it is then assumed 
to be a given small number£. 

A note: 

Factory = x1 - x2 can be transformed into: 

Y1 =- X2; y = x, + y1; 

and then the rest follows as explained above. 
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C. Parser 

This appendix presents the parser used within the piecewise linear model generator presented 
in chapter 6. 

C.l Introduction 

The parser' s input function is written as an ascii string, for example: 

y=a·x1
2 ·(b·x2+c·x3)·ed·x.: y = a*x1"2*(b*x2+c*x3)*exp(d*x4) 

The parser initializes the lexical analyzer (see C.2) to the beginning of the input function. The 
grammar (see C.3) consists of three syntax analyzer functions, to deal with three levels of priority 
among the operators. These three levels, ordered by increasing priority, are: 

• addition I subtraction 

• multiplication I division I exponent 

• unary minus I expression within parenthesis I a function (logarithm or exponent) 

The analysis is recursive because the syntax analysis functions call, in depth, the analyzer 
functions of the higher priority. The analysis starts at the lowest priority. A syntax analyzer function 
first calls the analyzer function with one-order-higher priority. The highest priority function calls the 
lexical analyzer function. Then on the basis of the recognized terminal symbol, the syntax function 
delivers a decomposition factor. As described in chapter 6, the factor is either a sum or a single 
variable function. 

C.2 Lexical analyzer 

The lexical analyzer is a function written in C. Each time when called. it reads the input function 
string, character by character, until it recognizes a terminal symbol or apparent error, remembers the 
current place in the string and returns the terminal symbol or error code. 

Terminal symbols are: VARIABLE, CONSTANT,+,-,*, I,",(,), LOG, EXPand SQRT. 

If the terminal symbol is recognized as CONSTANT, the analyzer gets it value from the input 
string as well. 
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C.3 Grammar 

Here is a grammar for the parser: 

expression: 

term: 

expression + term 
expression - term 

term I primary 
term * primary 
term " primary 
primary 

primary: 
VARIABLE 
CONSTANT 
- primary 
( expression 
log ( expression 
exp ( expression 
sqrt ( expression ) 

C.4 Parser's operation 

expression () function calls term () function. If the tenninal symbol is either+ or-, it 
calls the lexical analyzer to get another operand and then dumps~a summation factor. For other 
tenninal symbols it simply returns the operand to the function that called it. 

term () function calls primary () function. If the tenninal symbol is either*, I or A, it calls 
. the lexical analyzer to get another operand and then it creates several intermediate factors according 
to the required transform (see figures 6.6-7). For other terminal symbols it simply returns the 
operand to the expression (} function. 
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primary ( ) function calls lexical analyzer and then on the basis of the terminal symbol: 

• looks for the value when it receives VARIABLE as the tenninal symbol. This can be 
a constant and then it has a value defmed somewhere (as technology parameter, for 
example), or a genuine variable and then primary () returns its name string. 

• in case of single-variable functions (e.g. log, exp) or when it receives "(" as tenninal 
symbol, it creates a new factor and then it calls the expression () function. 
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1. Design Automation will not make the designer redundant; It should 
enable the designer to concentrate on creative problems. 

2. Evaluation of the topology selection performance, comparison of 
different methods and comparison of published tools is very difficult 
due to the absence of established benchmarks. (this thesis, chapter 4) 

3. Of equal importance to the principle of simulated annealing is the hint 
about the direction in which the optimization goes: " ... as the size of 
optimization problems increases, the worst-case analysis of a problem 
will become increasingly irrelevant, and the average performance of 
algorithms will dominate the analysis of practical applications." (S. 
Kirkpatrick et al., "Optimization by Simulated Annealing", Science, 
vol. 220, pp.617-680, 13 May 1983.) 

4. Topology selection and circuit sizing could be performed together 
(simultaneously) and apart (sequentially). The latter process seems to 
be more logical. However, when it comes to automation, in order to 
make the selection more robust, it begins to converge to the former 
process of simultaneous selection and sizing. 

5. Published papers often contain "cursed" examples: they have to be 
simple to be readable but too often they end up being a better example 
for another technique that seems to be simpler to implement. (P.C. 
Maulik et al., "A Mixed-Integer Nonlinear Programming Approach to 
Analog Circuit Synthesis", Proc. ACMIIEEE DAC, pp.698-703, 1992; 
this thesis, chapter 4) 

6. Many GA (genetic algorithm) approaches to Design Automation claim 
absence of the necessity for expert/domain knowledge as one of their 
advantages. However, a good choice of an efficient cost-function 
requires lots of expertise and more than good insight into the domain. 
(this thesis, chapter 4) 



7. If we don't count marketing brochures, it's safe to say there are no 
WYSIWYG editors. 

8. Bertrand Russell in A History of Western Philosophy, while talking 
about sophists, points out "one of the defects of all philosophers since 
Plato is that their inquiries into ethics proceed on the assumption that 
they already know the conclusions to be reached". It is sad to 
recognize the very same attitude in many arguments inside or outside 
science, which chokes sceptical mind. 

9. C language is loved and hated at the same time, mostly because it 
combines all the elegance of assembly language with all the 
maintainability of assembly language. 

10. A personal view on art by E.H. Gombrich in his landmark book The 
Story of Art begins with "There really is no such thing as Art". If we 
want to see things when we open our eyes we have to keep our mind 
open as well. 

11. ASCII expressed emotions like : - ) are becoming part of our culture. 


