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SUMMARY 

The research, described in this thesis, deals with several problems which 

arise when trying to automate the analog design process. 

In the synthesis process, one of the main problems is to control the large 

degree of freedom. 

This problem can be treated as to find all solutions of sets of (in) 
equalities. . 

A methodology is developed to solve the generalized situation, i.e. to fmd 

all solutions of underconstrained sets of (non)linear (in)equalities where 

the parameters are eventually bounded. The algorithm guarantees to find the 

solutions within a finite number of steps. 

This method is extended to · be used in a hierarchical environment. For this 

situation, all solutions for a certain level are obtained, which are 

consistent with solutions, obtained at higher (lower) levels. 

Research results demonstrated that the method can be used as well to solve a 

major problem in the analysis of circuits, i.e. to obtain all DC operating 

points of circuits. The method obtains the solutions implicitly and does not 

need any initial point, start interval nor grid. 

To be able to perform circuit analysis, a hierarchically oriented piecewise 

linear simulator, called PLANET, is developed. 

This simulator can be used by advantage in a hierarchical design environment 

because for that case the analysis process is able to follow the same path as 

the synthesis process. 

Other features of this simulator are the easy replacement of subblocks by 

others and the implicit determination of the behaviour of subcircuits. 

These methods form the basis of an expert system called TOPICS, performing 

topology selection, sizing of transistors and simulation of analog integrated 

circuits. At this moment the database of TOPICS is set up to d~sign 

automatically operational amplifiers in CMOS technology. 

A key property of TOPICS is that the synthesis strategy deals with solution 
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spaces rather than with solution points. This allows for a maximum degree of 

freedom in the design and for an overall optimization of the performance. 

A main feature of TOPICS is that the synthesis as well as the analysis are 
concentrated within a single (hierarchically oriented) piecewise linear 

environment. 

To be able tO handle a broad class of circuits, TOPiCS uses a nonfixed 

topology structure. The search strategy and the partitioning of design 

constraints and circuit topology are rule base controlled, where also the 

solution spaces at previous design levels will be considered to take a 

decision. 

Experiments demonstrate that the design philosophy TOPICS relies on appear to 

be adeqaute. Three op amps are designed for which a close corresponding 

exists between the simulated and measured performance specifications. 

Fmally, an evaluation of the proposed theories and techniques yields a 

positive . impression. The methods are generally applicable and can be used to 

advantage in the automation of analog circuit design. 
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SAMENV ATIING 

Het, in dit proefschrift beschreven onderzoek, behandelt enkele problemen, 

welke ontstaan wanneer men het analoge ontwerpproces tracht te automatiseren. 

Het omgaan met de vele vrijheidsgraden is een van de belangrijkste problemen 

in het syntheseproces. 

Dit probleem kan beschouwd worden als het vinden van aile oplossingen van 

stelsels (on)gelijkheden. 

Een methodiek is ontwikkeld om het algemene geval te kunnen oplossen, 

namelijk het vinden van aile oplossingen van onderbepaalde stelsels van 

(niet) lineaire (on)gelijkheden, waarbij de variabelen eventueel begrensd 

kunnen zijn in hun waarde. Het algoritme garandeert het vinden van de 

oplossingen in een eindig aftelbaar aantal stappen. 

Deze methode is uitgebreid om toegepast te kunnen worden in een hierarchische 

omgeving. Daartoe worden aile oplossingen gevonden, die consistent zijn met 

oplossingen verkregen op hogere (lagere) niveaus. 

Onderzoeksresultaten toonde aan dat de methode goed gebruikt kan worden om 

een ander bekend probleem in de analyse van circuits, namelijk het vinden van 

aile DC instelpunten van schakelingen, op te lossen. De methode hoeft daarbij 

geen gebruik te maken van initiele waarden, start intervallen of 

roosterpunten. 

Voor het verrichten van circuit analyse is een hierarchisch georienteerde 

stuksgewijs lineaire simulator, PLANET genaamd, ontwikkeld. 

Deze simulator kan met voordeel toegepast worden in een hierarchische 

ontwerpomgeving vanwege het feit dat het analyseproces nu hetzelfde trace 

kan doorlopen als het syntheseproces. 

Andere kemmerken van deze simulator zijn het gemakkelijk kunnen vervangen 

van deelblokken door andere en de impliciete bepaling van het gedrag van 

deelschakelingen. 

De beschreven methoden vormen de basis van een expert systeem, TOPICS 

genaamd, in staat zijnde tot het selecteren van topologien, het dimensioneren 
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van transistoren en bet analyseren ervan. TOPICS beeft tot doel bet 

automatisch ontwerpen van analoog geintegreerde · schakelingen. De database is 

momenteel opgezet om operationele versterkers in CMOS technologic te 

ontwerpen. 

Een belangrijk kenmerk van TOPICS is dat de synthese is gebaseerd op bet 

handelen met intervallen in plaats van met punten als oplossingen. Dit laat 

een grotere ontwerpvrijheid toe alsmede een maximale optimalisatie van bet 

totale gedrag van de schakeling. 

Een algemeen kernpunt van TOPICS is dat zowel de synthese als de analyse 

geconcentreerd zijn binnen een (hierarcbisch georienteerde) stuksgewijs 

lineaire omgeving. 

TOPICS maakt geen gebruik van vaste topologiestructuren om zodoende een breed 

scala van scbakelingen te kunnen ontwerpen. 

De zoekstrategie, het opdelen van de ontwerpeisen alsmede de topologie van de 

scbakeling worden door middel van regels gecontruleerd, terwijl ook de 

verkregen oplossingsruimten op vorige ontwerpniveaus worden meegenomen in de 

beslissingen. 

ExperimenteR tonen aan dat de door TOPICS gebruikte ontwerpfilosofie correct 

blijkt te zijn. Een drietal operationele versterkers zijn door TOPICS 

ontworpen. Metingen gaven resultaten welke in goede overeenstemming waren met 

de berekeningen. 

Tenslotte, een evaluatie van de voorgestelde theorietSn en technieken laat een 

bijzonder goede indruk achter. De methoden zijn algemeen toepasbaar en kunnen 

met voordeel gebruikt worden bij bet automatiseren van het analoog circuit 

ontwerp. 
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CHAPTER 1 

INTRODUCTION 

Since the late seventies and the eighties computer-aided design (CAD) tools 

and design automation (DA) tools for digital VLSI were developed. 

This resulted in methodologies, algorithms and programs, necessary to 

automate this design process. Design automation subjects have been explored 

ranging from gate arrays over standard cells to silicon compilers. 

Nowadays a lot of commercial tools are available. 

On the other hand, design automation for analog circuit design [ 1] starts in 

the late eighties. Several factors contributed to the lack of development in 

this area. 

The research in the CAD area was fully concentrated on the development of 

powerful digital circuit design tools. Many classical analog applications 

have been replaced by digital techniques. For instance, analog filtering is 

greatly transferred to the digital domain. However this replacement has its 

limits. 

An other reason is the less structured nature of analog circuits, making the 

extraction of underlying design rules very complicated. 

The reason for a resurgence of interest in analog circuit design can be 

explained by several factors. It becomes clear that although the analog parts 

on mixed analog-digital chips consume at most a few percent of the chip area, 

they are often the critical time-limiting bottleneck in the overall system. 

Furthermore, some elementary functions are preferably designed based on 

analog rather than on digital techniques. An example is the amplification of 

analog signals. 

At first, fixed and parameterizable cell libraries were developed [2]. They 

have the advantage that the cells have a proven quality and the design time 

is very short. Parameterizable cells are more flexible due to the advantages 

that some specifications of the cell can vary in a limited range. 

However, analog standard cell libraries are of limited use. This due to the 
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rapid obsoletion of the technology. Besides that, such libraries can not 

efficiently cover the wide spectrum of possible applications. 

Therefore, systems to automate the analog design process become needed They 

must be able to design the circuits from a set of user defmed performance 

specifications and technology data. 

The global steps in an analog design system are 

• topology selection, 
• circuit characterization, 
• sizing of the transistors, 
• verification by means of simulation, 
• and layout generation. 

The first three steps can be denoted as the synthesis step, whereas 
verification can be seen as an analysis step in the design process, 

At the moment, only the analysis part in analog circuit design has reached an 

impressive level. Present simulators within the analog environment, like the 

well-known SPICE program [3], are mostly used as device simulators. 

Verification with measurements show an acceptable accuracy for both bipolair 

and MOS devices. However, this is only valid for long channel MOS 

transistors. Once submicron technology becomes available, accurate device 

models for short channel MOS transistors will be necessary. 

Some other digital CAD tools are applied to the analog design environment, 

possibly with some adaptations. This holds for example for tools to generate 

the layout of a circuit. Some of these tools are layout editors, design rule 

checkers and circuit extractors (components as well as parasitic 

capacitances). 

The main missing part in the area of analog circuit design is the automatic 

synthesis of such circuits. The problem of designing a circuit performing the 

desired specifications is mostly solved by human design experts. CAD tools 

like SPICE are used to check the design. This time consuming process leads to 

bottlenecks in a mixed analog-digital design. To shorten the design process, 

tools which automate the analog synthesis path are necessary. 
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The goal of the research, described in this thesis, is to solve some problems 

which arise in the course of automation of the design of analog circuits. The 

research is in principal concentrated on problems in the synthesis process. 

However, due to the strong interaction between synthesis and analysis in a 

design process, also the verification step is studied in more detail. 

Although the obtailied results can be used in a larger area, the methods are 

mainly situated here within the analog environment. 

To demonstrate the usefulness of the obtained results within a hierarchical 

design environment, a CAD tool, named TOPICS (TOP-down Integrated Circuit 

Synthesis system), has been developed. 

The reason for lack of activity in the analog design automation will be 

treated in the following chapter. Also some existing tools to automate the 

design of a specific analog circuit, the operational amplifier, will be 

discussed. This leads to the formulation of the problems which arise in this 

automation process. To overcome these problems, a set of necessary attributes 

for a new approach to analog design automation will be proposed. Using these 

new attributes a proposal to a new design strategy will be discussed. 

One of these attributes is a simulator, able to follow the synthesis process 

along the same trace. However, hierarchy, as will be explained in chapter 2, 

is an important keyword in design automation and synthesis. Therefore, the 

simulator must be able to preserve the hierarchy in the system to be 

considered. 

Chapter 3 deals with a new type of simulator, based on piecewise linear 

techniques. The use of piecewise linear techniques in the simulator leads to 

several advantages. Mixed-level simulations can be performed easily, there 

the data structure is the same for all kinds of circuits. Macromodels, with 

low complexity but high accuracy, can result in smaller simulation times. 

The simulator, called PLANET, is able to preserve the hierarchy in its 

topological equations. This will lead to several other advantages when such 

simulator is used in a hierarchical oriented design environment For 

instance, the replacement of a subcircuit by an other subcircuit or 

macromodel become fairly easy. 

One of the main problems in design automation is how to deal with the large 
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degree of freedom. Most tools solve this problem by performing iterations to 

obtain a feasible solution point. Often some. heuristics are used to get 

suitable initial points. However, this iteration process can be time 

consuming if solutions must · be valid for all levels of hierarchy. The 

complexity of the problem becomes larger when the parameter values are only 

valid within a certain range, which is to assure that the circuit will work 

in normal operating ranges. 

These problems can be avoided. Firstly, define for each parameter a range, 

which will lead to a feasible circuit. Secondly, obtain all solutions of the 

equations in stead of one solution to avoid unnecessary iterations. 

In chapter 4 methods will be treated to find all solutions of 

underconstrained sets of equations. The methods are based on an algorithm, 

developed by Tschernikow, which is extended in three ways. 

• The parameters may be become bounded. 

• The method is extended to obtain all solutions of nonlinear, piecewise 

linear described, functions. 

• The algorithms can be used within a hierarchical environment. The obtained 

solutions, if they exist, are implicitly valid for all levels. 

The developed methods demonstrate that they can also be used to obtain all DC 

operating points of circuits. Circuits with more initial points often give 

computational problems in conventional simulators. The algorithm will be 

discussed in context to other existing methods to solve the problem of 

multiple solutions within a circuit. 

The methodologies obtained in chapter 3 and 4 will form the basis of the 

design automation framework TOPICS. This CAD tool is a so-called expert 

system. The aim of TOPICS is the automatic design of analog integrated 

circuits. At the moment the database is set up to design operational 

amplifiers in CMOS technology. For this purpose, the tool must be able to 

perform topology selection and transistor sizing as well as simulation. 

Keypoints of TOPICS are its hierarchically oriented synthesis and analysis 

procedures. Besides this, both procedures are situated within a single 

piecewise linear environment. This will lead to several advantages as will be 

explained in chapter 5. The main feature of TOPICS is the fact that it deals 
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with solution intervals rather than with solution points to avoid unnecessary 

iterations in the synthesis. 

Three designs are synthesized based on the proposed design philosophy. 

Detailed simulations with SPICE assure also the accuracy of PLANET, which is 

fully integrated within TOPICS. These designs are discussed in chapter 6. 

Finally, in chapter 7 some concluding remarks are drawn. 
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CHAPTER 2 

ANALOG DESIGN AUTOMATION 

Since the late seventies many digital design automation tools were developed. 

However, analog design tools first appeared just ten years later. The reason 

for this delay will be discussed in section 2.1. Furthermore, in section 2.2 

a brief overview of some existing analog synthesis tools will be given. They 
are able to design operational amplifiers (op amps) automatically. The 

problems these systems are confronted with are discussed in section 2.3. This 

will lead to a description of necessary attributes for a new approach to 

analog design automation. In section 2.4, a new design strategy will be 

introduced, based on these attributes. 

2.1. Analog versus digital design automation 

At this moment, circuits consisting of more than a million transistors can be 

designed and processed on a few mm2 chip area. 

Of course, the realization of such complex integrated circuits and systems 

has only become possible by the advances in VLSI technology and CAD tools. 

VLSI technology allows the designers to develop circuits in micron size 

technology. The powerful CAD tools make it possible to manage the vasdy 

increased design complexity. However, these CAD tools have been mainly 

developed for digital design. For analog design the circuits are largely 

designed, layouted and tested by expert designers. Of course this results in 

large design times, large error probabilities and many reruns. 

In the previous chapter it was pointed out that this may lead to a time 

limiting bottleneck in the overall design of mixed analog-digital circuits. 

Analog and digital design differ in many critical points. This reason makes 

it impossible to adopt existing digital tools for analog design without major 

modifications. Some of the differences in the two domains will be discussed 

below. 
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•In analog design there exists only a loose form of hierarchy in comparison 

to the strong hierarchy in digital systems. The partitioning of an analog 

circuit is in general not strict or unique. Several expert designers will 
partition the same circuit in different ways. 

This partitioning problem mainly exists because of two facts. 

-Frrst, for the same function several different level analog (sub)circuits 

can be used which in a digital environment is mostly not the case. For 

instance, gain can be achieved with one single transistor or with a total 

operational amplifier composed of many transistors. Moreover, where digital 

circuits can be built up with regular cells, in analog design a large range 

of circuit schematics represent the same function. Each topology has 

advantages/disadvantages compared to one another. In general there are more 

straight options for the synthesis of analog functions thari for digital 

functions (at gate level). 

-Secondly, not all specifications for an analog circuit can be split up into 

lower level specifications. For instance, the power supply rejection ratio 

(PSRR) of a circuit can only be computed when the complete internal 

structure of the circuit is known. 

•Although analog circuits tend to have fewer transistors, a large spectrum of 

its performance must be exploited. For example, the unity gain bandwidth 

(UGBW) for CMOS op amps can vary from 1 kHz to several mega Hertz. Besides 

this, for an analog circuit more performance specifications are imposed. 

This leads often to conflicting requirements during the design. 

•The interaction between the individual devices and the global performance in 

analog circuits is much stronger. This is also valid for the interaction 

between the devices itself. The device sizes in analog design can vary over 

a wide range, resulting in a large range of performance specifications. 

Several specifications depend on the capacitances and thus on the device 

sizes. In digital design, transistors merely act as switches and are mostly 

designed with minimum sizes. 
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•In analog design the influence of the technology is more complicated. A 

performance characteristic such as the 1/f-noise of a CMOS op amp degrades 

as the technology scales down whereas that for the UGBW improves. Some 

analog design techniques are based on symmetry and balance in the design. 

Therefore in contrast to digital design, mismatch of transistors plays an 

important role in analog design, this in contrast to digital design. 

•An analog circuit implementing a function consumes in general more power 

than a digital circuit. However, the power dissipation has strong influence 

on other performance specifications. Therefore, it is in general not easy to 

lower the dissipation without complications in the design. Power consumption 

leads also to temperature gradients in the circuit and over the total chip. 

In general this influences the performance of the analog functions in a 

negative way. 

Although the list of the above mentioned viewpoints is not complete, it can 

be concluded that analog design is more complicated and far less systematized 

than digital design. 

Due to the . existence of the large degree of freedom in the analog design 

process, many design rules are based on rules of thumb and human expertise 

rather than on a systematized solution stni.tegy. Furthermore, a lot of 

requirements cannot explicitly be formalized into manageable relations. 

This may lead to complications when trying to automate the analog design 

process from user specifications over sized circuits to custom layouts. 

2.2. Existing analog circuit design tools 

Design automation for analog circuit design started in the early eighties. At 

this moment, some tools are developed which cover a part of the total design 

run. 

The operational amplifier is a comer stone in most of the analog or mixed 

analog-digital systems and a lot of design expertise of this building block 

is collected. For this reason it is often used as test vehicle for the 

synthesis algorithms. 

Some tools for the design of op amps will briefly be discussed. Although some 
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of the frameworks are able to generate layouts, in the context of this 

research only the synthesis procedures leading to a sized circuit will be 

considered. 

2.2.1. IDAC 

At Leuven [4] and continued in CSEM, the analog circuit design tool IDAC [5] 

and the layout generator ILAC were developed. Together the programs form the 

ADAM design system [6], performing sizing and generation of a custom layout 

for several fixed schematics contained in the system library. For instance, 

IDAC is able to design transconductance amplifiers, operational amplifiers 

and comparators. 

As input the user has to specify the technology and the desired building 

block specification. Furthermore the user has to select one or more circuit 

topologies himself and finally he has to specify some parameters to decrease 

figure 2.1. Block diagram of IDAC 
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the degrees of freedom. This can be achieved using default values or by an 

interactive change of the parameter values. 

IDAC starts to execute the formal description of the circuit These 

descriptions are based on analytical studies of the characteristics of the 

circuit in context of the dependence on device dimensions, technology 

parameters etc. The design equations are extracted from the analysis 

equations using heuristic design knowledge. However, a few degrees of freedom 

are left which still have to be substituted by the user. 

A sized circuit is the result, which then will be verified with a built-in 

simulator. If the analyzer detects that some specifications are not 

satisfied, a new set of target specifications is defined and the design is 

restarted. If the design satisfies the user specifications, a steepest 

-descent-like optimization can be applied in order to improve the total 

circuit performance. A block diagram of IDAC is shown in figure 2.1. 

2.2.2. OASYS 

The analog design environment ACACIA is developed at Carnegie Mellon 

University. The framework consists of two tools covering the whole design run 

from user input specifications to a custom layout [7]. The layout of the 

sized circuit is generated by ANAGRAM. The synthesis to obtain the circuit is 

covered by OASYS. 

The analog synthesis framework OASYS [8] relies on three main ideas. 

First, the circuit topologies are selected from a set of fixed alternatives. 

This process is called design style selection and the present version of 

OASYS covers two CMOS op amp design styles. The subblocks of each topology 

can be designed in several configurations. 

Secondly, these fixed alternatives for circuit topologies are hierarchically 

organized. The two op amp topologies are built up hierarchically as an 

interconnection of lower level subblocks. 

Finally, a specification translation is performed to obtain, after selection 

of a topology at one level, the specifications for the performance of each 

subblock of the topology at the next level. 
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The principle block diagram of OASYS is depicted in figure 2.2. 

The user enters the desired specifications and ·the technology data. Then the 

synthesis breaks down each design into subblocks having simpler equations. 

The process is repeated until the lowest level, the transistor level, is 

reached. 

However, real design problems are usually so underconstrained that heuristic 

tradeoffs must be made to achieve a feasible specification translation. These 

heuristics represent the design knowledge which in OASYS is implemented in 

the form of simple design plans. These plans codify the knowledge as either 

rules (using an if-then construction), algorithms or both. The translation is 

then performed by executing the design plan for the selected topology and for 

the given specifications. A mechanism is implemented to dynamically modify a 

plan that fails to achieve its goals. Rules are used to either modify the 

circuit specifications or to rerun portions of the plan with new initial 

constraints. 

failure 

figure 2.2. The framework OASYS 
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Finally a sized circuit is obtained which then can be verified by numerical 

simulation. 

OASYS has the possibility to explore tradeoffs among performance 

specifications. This is achieved by fiXing some parameters, varying others 

and examining the performance variations across the range of resulting 

circuits. However, where the total design time of one circuit takes only a 

few CPU seconds, this. possibility requires the designs of several individual 

op amps and the run time takes several CPU minutes. 

2.2.3. BLADES 

At AT&T Bell Labs, an expert~system-based analog design environment, called 

BLADES, was developed [9]. The present version of BLADES is limited to a 

certain class of bipolar op amps. In BLADES three levels of abstraction are 

used, the circuit level, the subcircuit level and as lowest level the 

component level. Each level is described by an appropriate description 

language. 

The inference engine of this expert system is called the expert system 

manager and controls the design process. 

After the input data has been received, the expert design manager tries to 

create a circuit topology to meet the input constraints. The synthesis 

process steps one level lower and tries to determine the specifications of 

the subblocks from which the circuit can be built up. At the lowest level, 

the subcircuits are then sized and assembled together. 

The design knowledge, necessary to make decisions in the partitioning process 

and needed to design the subcircuits is collected in the knowledge base (see 

figure 2.3). To speed up the synthesis time, the knowledge base consists of a 

collection of smaller knowledge bases. These databases contain the knowledge 

needed to support one of the subcircuit designers or contain the rules 

necessary for failure recovery. 

In BLADES, the fmal step in the design process is to analyze the circuit 

with a circuit simulator to allow the user to assure the correctness of the 

design. 
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figure 2.3. The expert system BLADES 

2.2.4. OPASYN 

The framework OPASYN [10], a synthesis design tool for CMOS op amps, has been 

developed at the University of California, Berkeley. The tool relies on a 

combination of the optimization-based approach and the knowledge-based 

approach to design analog circuits. 

The OPASYN system consists of an internal database and three functional 

modules, see also figure 2.4. 

The synthesis starts from a set of op amp performance specifications. The 

topology selection module selects an appropriate option out of a small 
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database of widely and commonly used circuit topologies. At this moment the 

database contains five different, 'flat', circuit topologies. 

Once the topology has been selected, the synthesis problem is reduced to a 

parametric component optimization. This optimization process relies on 

analytic models, specially developed for each of the op amp topologies in the 

database. A minimal set of independent design parameters is defmed to reduce 

the dimension and size of the search domain. A steepest-descent algorithm is 

used to obtain the optimal solution. 

Finally, numerical simulations to verify the optimization results are 

performed by SPICE. The layout generator, which is also a part of OPASYN, 

will not be treated here. 

database 

user input 
specification 

14---~ topology selection 

numerical 
optimization 

figure 2.4. Synthesis part of the OPASYN framework 
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2.2.5. ARIADNE 

A tool, called ARIADNE (fig. 2.5), which combines symbolic simulation, 

numerical optimization and knowledge based techniques to allow optimal 

circuit sizing is under development at ESAT-MICAS, University of Leuven [11]. 

The automatic layout generator will not be considered. 

In the fust step in the synthesis process the user enters the performance 

specifications and specifies the technology process. An expert based topology 

generation program HECTOR decides which topology will fit as best for the 

given user demands. These topologies are hierarchically organized as an 

interconnection of lower level topologies. The user can accept the proposed 

circuit schematic or he can enter a new one. An unsized transistor schematic 

will be the result. 

An analytic modelling routine generates the analytic design model for the 

topology. These models are also hierarchically organized. If the topology 

consists of some building blocks which are not yet present in the library or 

the total concept is new, symbolic simulation (ISAAC) [12] is performed to 

generate the analytic expressions automatically. However, currently ISAAC is 

only able to generate linear AC characteristics. For the time domain and the 

large signal characteristics the designer has to provide the equations 

himself. 

As next step, DONALD [13], a design equation manipulation program, transforms 

the set of unordered equations into an ordered set where some degrees of 

freedom are left. 

Using a user supplied cost function and an optimization program, named 

OPTIMAN [14], the sizes of the transistors are computed, satisfying the user 

requirements. 

A verification is needed due to the fact that the used design formula are 

simplifications of the reality. The performance check is done by a numerical 

simulator such as SPICE. 

If a failure is detected, a backtracking is performed where DONALD searches 

for the parameter(s), responsible for the failure. A redesign is then carried 

out. 
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figure 2.5. Part of the ARIADNE system 

2.2.6. Remarks 

In the literature several more analog design systems have been presented, 

indicating the resurgence of interest in this field, for instance OAC [15]. 

In general, these tools are based on a combination of methods used in the 

design systems outlined above. 
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.Some design systems for analog filters are already developed. However, it 

will take some more years before design tools are able to generate a full 

class of higher level analog circuits. One can for instance think of AD/DA 

converters or even complete telecommunication system components such as ISDN 

chips. 

2.3. Necessary attributes 

Observing the above outlined analog design tools, several keypoints and 

problems arise. 

Covering the synthesis process from user input to sized circuit, three 

functions have to be performed. These are automatical topology selection, 

sizing of transistors and analysis of the design. A failure recovery process 

is mandatory leading to a redesign covered also by the system itself. 

In this process, one of the major keywords is hierarchy. Although not all 

analog design tools use hierarchy in their synthesis, OASYS, BLADES and 

ARIADNE demonstrate the usefulness of hierarchy. Hierarchy makes it possible 

to scale down the complexity of the problem and to systematize the problem. 

Both aspects are necessary to automate the design process. 

Hierarchy leads also to a smaller library of standard components 

and to an improved flexability in topology selection and 

partitioning. This results in less data storage. 

or devices 

constraint 

Another important keyword is circuit simulation. Some tools have a built-in 

simulator to assure that the design meets the desired performance. Other 

tools only design the circuit where the user must check the performance by 

means of simulation. 

However, this check is always at the lowest level, i.e. when the circuit at 

transistor level is designed. In a hierarchical design environment it is 

useful if the performance of the high level design can be analyzed at each 

level. The advantage is to know early in the design process if a certain 

design meets or fails the desired performance specifications. 

Due to the fact that a certain design failure can be detected at a higher 
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level, failure . recovery may be easier. 

Obviously, because each level deals with different level subblocks., 

representing the functional behaviour of the circuit, such performance 

analysis demands a mixed-level simulator. 

All the tools have problems how to handle the large degree of freedom in the 

synthesis process. Some use heuristic knowledge, collected in a database, 

other systems ask the user to reduce the degree of freedom. 

Failures arise if the chosen values for the parameters, used to limit the 

degree of freedom, lead later to unfeasible designs. In stead of limiting the 

degrees of freedom, one could use this freedom to solve the problem. A voiding 

the early selection of parameter values, but rather storing the possible 

ranges for each parameter, will be advantageous. 

Most tools use iterative schemes to obtain a solution for the design 

equations. The accuracy of these methods depends on initial conditions. 

Sometimes it is difficult to obtain good initial values and often it is hard 

to predict how many iterations .are necessary to obtain the solution. Problems 

can arise if iterations are performed to solve a set of equations which does 

not have solutions. 

A new approach to automate the analog design must be able to overcome these 

problems. Its design strategy must at least rely on .hierarchy. In the 

following section, a new design methodology will be proposed. 

2.4. A new design strategy 

To avoid many iterations to obtain a feasible solution for a set of design 

equations and to produce an efficient . design process the following methods 

are indispensable. 

-Firstly, a method to obtain all solutions of a set of (uru:krconstrained) 

equations. This means to generate the solution space, if solutions exist. 
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-Secondly, to assure a feasible circuit the design system needs a method to 

be able to deal with parameter values restricted to intervals. 

-Thirdly, a method to guarantee that the obtained solutions do not violate 
solutions obtained by the hierarchicolly oriented synthesis at higher or 

lower levels. 

-Finally, a method should be available to perform mixed-level simulations and 

which is able to retain hierarchy in the system to be simulated. 

The new design strategy actually uses the previous methods in a hierarchical 

way and allows the design process to follow a trace which is outlined below. 

The user enters the input specifications. Then at each level of hierarchy the 

system uses the same strategy, divided into two steps, to obtain a feasible 

solution. 

•The first step performs the synthesis of the design. For a certain level, 

the circuit topology is decomposed into several subblocks. Then the design 

constraints are decomposed among these subblocks. 

Of course, the subdivision of the topology and the constraints must match, 

i.e. must yield a solution. If a solution exists, the second step can be 

performed, otherwise a failure is detected wich could lead to a renewed 

partitioning of the topology and/or the constraints. 

The set of equations describing the system can be solved using the first 

item to generate a solution space. 

To assure that the final circuit will work in normal operating ranges, the 
design parameters values are restricted within ranges (e.g. the transistors 

may only work within their saturation range). This requirement will be taken 

care of by the second item from the previous method set. 

The third item will assure that the obtained solutions, describing the 

solution space are not inconsistent with solutions obtained from higher 

levels. 
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•The second step at each level is the verification step. Bach level deals 

with a set of subblocks. One subblock can be a circuit, built up with 

transistors, an other can be a simple macromodel. Therefore a mixed-level 

simulator is needed. Retaining the hierarchy in the simulated system is easy 

and efficient to detect the behaviour of subcircuits as well as to replace 

circuits by other ones. 

This requirement will be taken care of by the last item. 

If the performance is comparable with the requirements, the synthesis can 

step one level down in the hierarchy. Otherwise a failure recovery process 

must detect the error and must decide what to do as next step. 

At the lowest level, only transistors are involved. If there exists a 

solution space, each solution point in this space is valid, leading to a 

feasible circuit. 

However, if there is no solution space at a certain level, it means that a 

wrong partitioning has taken place. Most tools in current design systems 

perform iterations to search for a solution, not aware that there are no 

solutions at all. In the new strategy in TOPICS, one can immediately start 

with a new partition. 

The above design procedure does not rely on iterative schemes. Initial points 

are not necessary and if solutions exists, the method obtains them 

straightforwardly. Therefore, this methodology overcomes the problems, 

mentioned in the previous section. 

The design philosophy discussed in this section forms the basis of a new 

design tool TOPICS, a TOP-down Integrated Circuit Synthesis system. Detailed 

information of the design strategy will be given in chapter 5. A simulator 

with the proposed requirements will be treated in chapter 3. The frrst three 

necessary methods, as explained, will be discussed in chapter 4. In these 

last two chapters the mathematical details will be given. 
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·CHAPTER 3 

PIEcEWISE LINEAR ANALYSIS 

WITHIN A HIERARCHICAL ENVIRONMENT• 

In the previous chOpter it was mentioned that a mixed-level simulator can be 
used to advantage in a hierarchical design environment. Such a simulator must 

have a flexible hierarchical data strUcture, retaining the hierarchy in the 

simulated system. In this chapter, a piecewise linear simulator peiforming 

these demands will be presented. First a shon introduction to (piecewise 

linear) simulation will be given. Section 3.2 defines the model description; 

the update methods are treated in section 3.3 and 3.4. Extensions of the 

model description to dynamic piecewise linear models and AC simulation are 

presented in section 3.5 and 3.6 respectively. The hierarchical structure of 

the simulator will be treated in section 3.7. Finally, some conclusions are 

drawn in section 3.8. 

3.1. Piecewise linear simulation 

In general, a circuit simulator uses two sets of equations. First there is 

the set of nonlinear equations that describes the electrical behaviour of the 

components used to make the circuit. The second set consists of topological 

equations. This set describes how the devices are connected. 

In conventional simulators like SPICE the two sets are transformed into one 

huge set of nonlinear equations. Iteration algorithms like Newton-Raphson, 

which are locally convergent, are then applied to solve the set. However this 

may lead to convergence problems when large circuits must be analyzed. 

To avoid iteration schemes to solve the nonlinear equati~ns, one could use 

piecewise linear (PL) techniques. The nonlinear behaviour of the components 

is then approximated by linear segments. The methods to solve in this 

situation the set of equations are globally convergent. 

*Part of this research was done in co-operation with T.A.M. Kevenaar. 
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It will be clear that the precision with which each function can be modelled 

depends on the number of segments that will be used. However, more segments 

means also more data storage. When the actual function to be modelled is 

sufficiently smooth, reduction of segments won't give problems. Moreover, 

sometimes the type of functions lends themselve much better for a piecewise 

linear description than for a description in terms of analytic expressions. 

Examples are logic gate models as well as devices with saturation or 

hysteresis behaviour. 

Since a special matrix structure is used, all models have the· same data 

structure. In this way, full mixed-mode and mixed-level simulations can be 

performed. This allows also to use a single simulation algorithm. 

Although the existing PL simulators are able to do mixed-level simulations, 

they do not exploit hierarchy and solve one 'flat' set of equations. As 

mentioned, in a hierarchically oriented design environment, it would be 

convenient to be able to simulate the system on different levels of 

hierarchy. If some part of the system is designed in more detaiL; then that 

part of the circuit must be replaced in the simulator by an other model. It 

would be convenient to do this replacement without major modification in the 

other parts of the simulation structure. Thus the simulator must retain 

hierarchy in the simulated system. 

The following sections present theories, necessary to build a simulator 

performing these demands. 

3.2. Definition of the piecewise linear model 

The mathematical description of the piecewise linear model, mapping the 

vector xe IR0 onto the output vector ye If', is defined as 

{ 

I y + Ax + Bu + f = 0 

Dy + Cx + I u + g = j 
r. 0 . 1c 

u J = u ,J e IR 
+ 
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(3.3) 



according to the 'revised state model' proposed by van Bokhoven [16] where 

(3.1) defmes the mapping from x to y. 

If u=O, (3.1) defmes a linear mapping given by Iy+Ax+f=O. Because of (3.3) 

this is only valid for the collection of points for which 

Dy+Cx.+g :?! 0 (3.4) 

where a 0! 0 is defmed as for 'V. a.<:!O. 
I I 

The k inequalities in (3.4) represent k halfspaces bounded by hyperplanes, 

whereas (3.4) is satisfied in the intersection of these halfspaces. The 

subspace described by this intersection is called a polytope which is in fact 

a convex polyhedron in IR(n+m) • 

Moving to a boundary of a polytope, some j. becomes zero and consequently u. 
I I 

becomes positive: the current polytope is then abandoned and Iy+Ax+f=O is not 

valid anymore, however relation (3.1) is still valid. To obtain a new 

expression of the form (3.1·3.3) where (3.1) gives the linear mapping for 

u=O, a pivoting operation has to take place. This means that the matrices of 

(3.1·3.3) are modified, which will be explained in the following paragraph. 

In the literature, two alternative PL model descriptions were introduced. 

Chua [17,18,19] presented a canonical representation of a PL function, which 

is less powerful than the one suggested by van Bokhoven in (3.1-3.3). 

In [20] van Bokhoven introduced a general description of a piecewise linear 

system. The 'revised state model' is derived from the latter model. 

3.3. An efficient update algorithm 

From an algorithmic point of view, it is preferable to have the same form of 

the model after the update has taken place. This means that (3.1-3.3) has to 

be transformed in an equivalent set like (3.5-3.7) where the new mapping is 

again given by (3.5) for u=O. 
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{
~ y + ~x + Bu + ! = 0 
Dy + Cx + Iu + g = j 
uTj = 0 'r/. u.,j.~ 

I I I 

(3.5) 

(3.6) 
(3.7) 

This update can be done efftciently due to the fact that the state vector u 

in (3.2) is multiplied by a unit-matrix I. Suppose that the i-th component of 

u becomes positive, i.e. u.>O, j.=O. The expression for u. can be obtained 
I I I 

from (3.2) and has to be substituted in (3.1), which is still valid, yielding 

(3.8) 

~1 

Iy +Ax+ s[-(D.
1 
••• o. )y ~j(c. 1 ... c. )x- g. + j.] + r = o 

I 1m U I 1ft I I 

• i+ 1 

uk (3.8) 

Grouping related information yields 

[
0 ... ~1 [0 ... ~1 [ 0 t l [ 0] 

(1-B ~i 1 ... Di~)y + (A-B ~i1 ... Ci~)x + B ~; + (f-B ~) = 0 

0 ... 0 ... u" 0 

(3.9) 

Define d.=Dre., c.=Cre., b.=Be., 
I t t 1 I l 

g.=gre. and e. the i-th Cartesian unit 
I l I 

vector and let u. and j. change 
I I 

names (thus u. becomes zero again), then 
I 

(3.9) can be reformulated to 

(1-b.d;)y + (A - b.c:)x + Bu + (f - b.g.) = 0 
l I 1 l It 

(3.10) 

where the state vector u will be set equal to zero for the inner side of the 

new obtained polytope. 

To obtain the same expression as (3.1), the inverse of (I - b.d:) must be 
I I 

computed, which can be done explicitly using the well-known Shermann 
-Morrison-Woodburry relation [21,22] 

(3.11) 
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which for (3.5-3.7) finally results in 

- 'f. 
A = S.(A - b.c.) 

I I I 

B = S.B 
1 

f = S.(f- b.g.) 
1 1 1 

(3.12) 

(3.13) 

(3.14) 

Lateron in this update process the following property appears to be 

essential: it is possible to rewrite the update of the matrix A given by 

(3.12) as a dyadic update only: 

- - T 
A= A + A - A = A + S.(A - b.c.) - A 

I I I 

= A + S.(A - b.c~- S~1A) 
I I I I 

= A + S.(A - b.c~ - (I " b.d~)A) 
I I 1 1 I 

= A + (-S.b.).(c~ - d~A) 
l I I 1 

T T ttT = A + (-y,b.).(c. - d.A) = A + a . .., 
1 l 1 I 

(3.15) 

with a = (-r,b.) and pT = (c~ - d~A) and where S.b. = r,b. is used. This can 
1 I I l I I 1 I 

be derived as follows using (3.11) 

S.b. 
I I 

T T = (I + r,b.d.)bl. = b. + 'Y.b.d.b. 
I 1 1 I l I t 1 

T 'Y;-1 
= b.(1 + 'Y.d.b.) = b.(l + 'Y.·-y ) = 'Y.b. 

1 I I I I I . t t 
I 

(3.16) 

In the same way, the update of B and f can be rewritten as simple matrix 

vector multiplications only. 

The state equation (3.2) has to be updated as well to obtain (3.6). Because 

u. and j. have changed names, the rows i of C, D and g change sign and one 
I I 

can easily keep track of these changes in some binary vector. 

By now, the update of model (3.1-3.3) into model (3.5-3.7) can be done very 

efficiently because mainly (dyadic) vector multiplications are necessary. The 

unit-matrix I needs not to be stored because any pivoting operation will 

leave it as it was. 
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3.4. The complementary pivoting algorithm 

For a given vector x the vectors u and j must be in agreement with the 
complementary condition (3.3) and the state equation (3.2). In the literature 

this problem is known as the Linear Complementary Problem (LCP). 

A number of· algorithms are available to solve the LCP problem. For this 

application the pivoting algorithm devised by Katzenelson [23,24] will be 

used. 

Suppose that the vector x(A.) moves from a value x to x +A.d (~1). 
0 () 

Substitution of (3.1) into (3.2) now yields for a valid polytope (u=O) 

j = (C - DA)x - Df + g + A.(C - DA)d 
0 

= v + A.w :<!: 0 (3.17) 

If w :<!: 0, one takes A.= 1 and immediately one finds the solution, i.e. the 

system equation is valid for the polytope, defined by (3.17). Hence, assume 

that some components of w are negative such that 

(3.18) 

Increasing A. above the value A. means that a new polytope is entered for 
m 

which the valid system equations can be obtained by pivoting on entry m. One 

may continue to increase A. until some new boundary hyperplane, say n, is 

reached, indicated by 

(3.19) 

or A. can be increased to A.=l, which gives the solution. 

In the first situation one has to update the system and to continue. Unless 

the index m (n) is nonunique, one obtains the solution in a finite steps. 

However, it is possible that (3.19) can only be solved for n=m. In this case, 

a minimal step backwards is performed, realized by selecting A. such that 

(3.20) 

for which a proof is given in [25]. 
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If index m (n) is nonunique, at least two hyperplanes are crossed at the same 

time, known as the corner problem. In [25] some methods are described to 

solve this situation. 

3.5. Dynamic PL rDodels 

To cover dynamic components the model description (3.1-3.3) is extended by 

state variables (charges on capacitors and fluxes through coils), defmed by 

a vector ze Rq and its time derivatives 1M- = i, 

{

Iy +Ax + Bu + Hz+ J~ + f = 0 

Ky + Lx + Mz + Nz + r = 0 
Dy + Cx + Iu . + g = j 

(3.21) 

(3.22) 

(3.23) 

where relation (3.3) is still valid. It can be seen that (3.21) and (3.23) 

together describe a PL function where (3.22) is a linear equation. 

Therefore the static PL parts will be placed in (3.21), as well as the <PL 

descriptions of the nonlinear relations of the dynamic parts of the model. In 

(3.22) the linear relations of the time dependent parts are placed. 

In general one can consider transient simulation as solving at each time step 

a static PL system excited by a set of independent sources and the sources of 

the companion models of the dynamic elements, which will be denoted by p . 
n 

For the next time step, new values for the latter elements are computed 

through the numerical integration formula (see figure 3.1}. 

In the literature [26,27] many integration formula are presented. The class 

of linear multistep (LMS} integration formula has the advantage that there 

exist methods for automatic order and step size control [25]. In this way a 

good compromise between accuracy, stability and efficiency ca'n be obtained. 

In PL systems, the f1rst derivatives will be noncontinuous. Therefore, 

integrations with order higher than two do not improve the integration 

process. 
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figure 3.1. Transient simulation 

The general form of a k-step variable stepsize linear multistep integration 
formula is given as [28] 

z 
o+l 

k-1 t-1 • 

= l: a.(b)z . + l: (3.(h)z . 
j :0 J D·J j = - I J D•J 

= P + (3 (b)z 
n -1 n+l 

where h is the current stepsize. 

(3.24) 

Eliminating the z from (3.21-3.23) using (3.24), one can proof (see appendix 

A and [29]) that the set of equations can be described in a form like 
(3.25-3.26) 

(3.25) 

(D D)[ Yn+l l + (C C)[ xn+l l + Iu + g = j 
12z 12\) 

n+l n 

(3.26) 

The new value for !p , called !p , can then be expressed as 
n n+l 

\) =T +Tz 
n+l I 2 n+l 

(3.27) 
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. 
where T

1 
and T

2 
are functions of previous values of z and z. 

The set (3.25-3.26) represents the static PL system of figure 3.1 whereas 

(3.27) implements the integration step after each time step. Obvious is that 

many integration formula presented in the literature can easily be 

implemented in this way. For instance, the trapezoidal rule with fixed 

stepsize h, yields 

with <X
0
=l and ~-~=~0=h/2 according to (3.24) and relation (3.27) will be given 

as 

"' =-"' +2z "n+l "n n+l 

Because (3.25-3.26) has the same form as (3.1-3.3), one can still use the 

Katzenelson algorithm to fmd (y-~t' z ) for a given (x 
1
, p ). The 

~ n+l n+ ' n 

excitation vector is then described by 

(3.28) 

for which the endpoint is equal to (x ,p ) T for A.= 1. In the same way as in 
n+l n 

the DC situation vectors v and w can be defined, which produce the correct 

pivots. 

To control the error of the numerical integration method, the stepsize h at 

time point t to reach the next time point t can be computed using an a 
n n+l 

priori error formula: the expected local discretization error in t~~+ 1 is then 

expressed as a function of the stepsize h. Imposing a local error bound 

yields a value for h. If, after integrating up to tn+t' it appears that the 

local discretization error is small enough, which can be determined using an 

a posteriori error formula, the stepsize from t to t ~ can be computed 
n+l n+ .. 

thus starting the next time step. If the a posteriori local discretization 

error appears to be too large, the integration from t to t is rejected 
n n+l 
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and repeated for a smaller stepsize. In calculating the new stepsize from t 
n 

to t n+ 
1
, information of the a posteriori error is used. This is repeated 

until the a posteriori error is small enough. 

3.6. AC simulation 

In AC simulation, the small signal behaviour at a certain DC bias point is 

considered only. Then for u=O, the prol>er system equations simply are 

{

Iy +Ax+ Hz+ J~ = 0 

Ky + Lx + Mz + Nz = 0 

which, using the Laplace transform, can be written as 

{ I~ +A:+ (H + sJ): = 0 

Ky + Lx + (M + sN)z = 0 

(3.29) 

(3.30) 

where - denotes the Laplace transform of a variable and s is the Laplace 

variable. Eliminating i leads to (3.31) 

Jy + (A + ~- 1(L·KA))i = Iy + (A + sA.)i = 0 
r 1 

(3.31) 

with 

1\ 
9 = e + sO. = (M • KH) + s(N - KJ) 
1\ r 1 

'I' = 'I' + S'lf. = ·H • sJ 
r 1 

(3.32) 

where r and i represents the real and imaginary part of a parameter 

respectively. These formulae were to be expected. They could also be obtained 

from the time dependent model (3.25-3.26) if it was transformed into the 
1\ 1\ 

frequency domain. Here the 6 and 'I' are the equivalent of the e and 'I' in the 

time domain (see appendix A). 

Separating the real and imaginary part of (3.31) leads to 
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(3.33) 

1\ 
The new matrix A is a function of the frequency, and therefore for each 

frequency, (3.33) will change and thus one must solve a repetitive set of 

linear equations. 

3.7. Hierarchy in the topological equations 

In section 3.3 a method was presented to update the component equations in an 

efficient way. The method described applies to single components only. 

This section presents a method to simulate circuits that consist of more than 

one component. This is followed by explaining how the hierarchy in a system 

is preserved by using several sets of topological equations on different 

levels and keeping the model equations separated from the topological 

equations. 

To describe the models, again (3.1-3.3) is used. Several of these models are 

interconnected to make up a circuit. Topological relations are imposed and 

added using the Kirchhoff voltage and current laws. This is shown in figure 

3.2a, where the ellipse denotes the set of topological equations. 

Once this is done, the circuit is fixed by the PL model descriptions and the 

topological equations which can be stored in an overall system matrix, 

depicted i~· figure 3.2b. In figure 3.2c the upper part of the system matrix 

is rearranged by exchanging rows and columns to form one large PL model. 

For convenience, the separate input vectors are grouped together according to 

(3.34) for a circuit having n components. The same method is used for the 

vectors y, u and j. 

A comparable division is used for the matrices resulting in block diagonal 

matrices. In (3.35) the matrix A is taken as an example. 
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A= while y = -Ax-f (3.35) 

A 
n 

The ~ircuit denoted by (3.35) and the topological equations is excited by a 

number of signals represented by the vector e. With this vector it is 

possible to define the topological equations in a form like (3.36) 

Px-Qy=Re 
c " c 

(3.36) 

system 

~, ••••••· .!Sn 1n 

model 1 model n 
a 

I A1B1f 1 o1c11 g 1 

I AiJ12 A 8 f D2C2I 92 

• D 
• 

c 9 

_!t_. topology f-+I 

.!t topology r 

b c 

figure 3.2. Structure of 

a: one level of topology 

b: the overall system matrix 

c: the rearranged system matrix 
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where P , Q and R are matrices of appropriate dimensions having entries 
c c e 

taken from {0,1,-1} only. These in fact represent the Kirchhoff voltage and 

current laws. Using (3.35) it is possible to eliminate y from (3.36) and 

solve the independent input vector x as a function of the excitation vector 

e. The constant vector f is omitted for convenience, but without any 

restrictions. 

P x - Q (-Ax) = R e 
c c c 

Tx==Re with T=P +QA 
c c c c c 

(3.37) 

A similar form as (3.36) can be used to define the output vector r: 

r = P x - Q y + R e = (P +Q A)x + R e 
r r r r r r 

r = T x + R e with T = P + 0 A 
r r r r xr (3.38) 

It is now possible to determine x(A.) (and consequently y(A.)) for a given e(A.) 

as the solution of the linear set of equations (3.37), for instance by 

Gaussian elimination. Knowing this vector x(A.) it is possible to find a next 

pivot applying the Katzenelson algorithm. After a model has been updated, 

the set (3.37-3.38) has to be updated also. 

The vector r(A.) can be calculated by means of (3.38). 

It is clear that in this way the component equations are kept separated from 

the topological equations. 

It is easily seen that, by eliminating x from (3.37) and (3.38), one can 

define 'a linear mapping from e to r. In a closed form expression this mapping 

could be denoted by A*, (where again the constant vector r* is omitted 

without restrictions) 

r = -A·e (3.39) 

This is also a PL mapping that must be updated when one of the leaf cells is 

updated. This update is caused by a change in e and consequently in x (see 

(3.37)), by means of the method outlined in section 3.3. 

It can be proven (see appendix B) that the update of A* (in (3.39) can be 
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reformulated also as a dyadic update. This means that the updated matrix A • 

may be written as 

(3.40) 

where a· and p•T are simple expressions in a, pT (from (3.15)), T and T. 

Now that a • and p•T are calculated the same method can be u~ at o~e level 

higher in hierarchy by connecting several blocks on this current level 

It should be emphasized at this point that in a practical realization there 

is no huge system matrix and the matrices like in (3.35) or (3.39) do not 

exist: there is a collection of models and a set of topological equations. If 

a pivot is found, only the model in which the pivot occurs is updated. 

Furdler, the matrices T and T have to be updated as well. 
c r 

To be able to govern several levels of hierarchy the method outlined above is 

applied iteraavely. 

It should now be clear that if a pivot is found in a leaf cell, this cell 

must be updated for which the efficient algorithm of section 3.3 can be used 

Also the expressions (3.37) and (3.38) on every node in the hierarchical tree 

from this leaf cell to the root have to be updated. 

The next step is to determine the excitation vectors e on every level 

top-down. If the excitation vectors on a certain level are known, the 

excitation vectors one level down in hierarchy can be found using (3.37). 

Because the sources exciting the entire network are prescribed, all 

excitation vectors e can be calculated iteratively. 

This process is depicted in figure 3.3a, where circles denote leaf cells, 

i.e. PL models and where the blocks denote the compounds, including the 

topological equations. Two PL models are topologically connected, defmed by 

the mapping A• and this mapping together with another leaf cell defmes the 

overall mapping A ••. 

If the bottom level is reached there is 'a prescription for every vector x for 

every leaf cell by which new pivots can be found. For the situation that in 

leaf cell 2 a pivot occurs, the update process by means of the compositions 

of a and p is depicted in figure 3.3b. Using these vectors a and p the 

36 



a 

figure 3.3. Hierarchical simulation 

a: detennination of excitation vectors 

b: update process 

matrices T and T at each level are updated. 
c r 

b 

It can also be seen that cutting a branch to replace it with a single leaf 

cell or vice versa is facile because a leaf cell as well as a compound model 

is characterized by a linear mapping. 

Since there is no algorithmic difference between solutions of the DC models 

and the transient models where a numerical differentiation method is used, it 

is obvious that the · method outlined above can also be used for dynamic 

models. Also AC simulation can be performed in this way (see appendix C). 

3.8. Discussion and concluding remarks 

Based on the above outlined techniques, a PL simulator PLANET (Piecewise 

Linear Analyzer of NETworks) [29,30] is developed. This hierarchically 

oriented simulator has some distinct advantages over simulators that do not 

retain the hierarchy. 
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synthesis analysis (PLANET) 

stage 1 stage 2 

stage 1 
a 

stage 1 

stage 1 stage 2 

b 

1....-----L.-----..1..- v SB 

stage 1 stage 2 

figure 3.4. PLANET in a hierarchical design environment at 

a: level one, b: level two and c: a certain level 
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Due to the fact that the simulator uses several topological equations and 

each leaf cell as well as each subcircuit (i.e. a node) are described 

according to (3.39) it is fairly easy to replace circuits by other circuits. 

models by circuits or vice versa. Replacing a model will leave the rest of 

the simulation tree unchanged. 

In PLANET, it is easy to determine the behaviour of specific subcircuits. 
This is to advantage in a hierarchical design environment, where based on the 

analysis of some subblocks at a certain design level, some blocks will be 
filled in by lower level subcircuits. 

These two properties make it possible to use PLANET in a hierarchical design 

environment The simulator has the capability to follow the same path as the 

synthesis process, which is depicted in figure 3.4 for a certain design 

situation. Again, circles denote leaf cells, i.e. PL models where the blocks 
denote the compounds, including the topological equations. 

At level one the synthesis procedure suggests for an operational amplifier a 

structure of two stages. In PLANET, two PL models, describing the functional 
behaviour of these stages, are simulated to determine the performance of the 

total system (figure 3.4a). 

At level two, the synthesis process decides to design frrst the second stage 

using two transistors. In PLANET, the subblock of stage tw() is replaced by a 
network of two lower level models, describing the functionality o( the 

transistors (figure 3.4b). 

At a certain level, the simulation tree could be depicted as in figure 3.4c, 

reflecting the synthesis procedure at that moment. 

Although PLANET is still under development, the outlined methodology has 

shown its advantage in a hierarchical design environment Besides that, 

PLANET as stand alone simulator leads also to some advantages compared to a 

simulator using a non hierarchical structure. These are mainly in the size of 

the data structure in floating point entries and complexity in floating point 

operations per pivot 
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CHAPTER 4 

SOLUTIONS OF EQUATIONS WITH BOUNDED PARAMETERS 

In this chapter a general method will be introduced to solve a set of 

equations in which· some or all the parameter values may only be acceptable 

within a certain range, i.e. an interval. The methodology is derived from the 

method to find all solutions of a system of homogeneous linear 

(in)equalities, which will be explained in section 4.1. In section 42, the 

method will be generalized to a system of inhomogeneous linear equations 

where the unknowns are constrained within a certain range. Section 4.3 deals 

with the situation of nonlinear (in)equalities. To be used in a design 

process, the methods will be considered within a hierarchical environment in 

section 4.4. A major problem is to find multiple DC operating points of 
circuits, which will be treated in section 45. Further, in section 4.6 the 

complexity of the proposed algorithms will be discussed and finally in 

section 4.7 some conclusions will be given. 

4.1. Solution space of a set of homogeneous linear (in)equalities 

In the past decennia a lot of effort was spent to find a method for solving 

homogeneous sets of linear relations, described as 

Ax ! 0 • x ~ 0. :te {S, =} 

A first method was · presented by Motzkin [31] who solved the problem by 

geometric interpretation. Later. Burger [32] gave a correct mathematical 

proof for the solution strategy of the problem considered by Motzkin. 

Finally. in 1964 Tschemikowa [33] presented a method, based on matrix 

manipulation to obtain all solutions for a set of homogeneous linear 

inequalities. 

In order to fmd all solutions for a set of homogeneous linear inequalities 

frrst some definitions will be given. 
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Definition 4.1 A convex polyhedral cone is the intersection of a finite 

number of half-spaces whose bounding planes all pass through 

a common point, called the vertex of the cone. 

Definition 4.2 Let the solution space of a problem P be described by a 
convex polyhedral cone. Let in a real Euclidian space vector 

c. denote the ilh fundamental solution of this problem, i.e. 
I 

a solution which can not be obtained by a positive linear 

combination of other solutions. Then defme the symbol 

<e
1
,c

2
, ... ,cl with qe" as the set of points of the form 

i=q 
1< : { x 1 x = I p.c. , 'V.e 

11 1 
p. e R } 

j = J I I I r••A I + 

1< is the fundamental solution space of problem P (see also 

figure 4.1). 

Definition 4.3 Let x and y be vectors in a finite-dimensional space, with 

components x. and y. with respect to the orthonormal basis of 
I I 

the Euclidian space. Define x < y to this basis as x. < y. 
I I 

for each i. Similarly for >, :$;. :1!:. 

figure 4.1. A convex polyhedral cone for the points <e
1
,c

2
, ... ,c

5
> 
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The solution space of an inequality aTx S 0 is described by a half-space with 

bounding plane aTx = 0. According to definition 4.1, the solution space of 

the system Ax S 0 is then described by a convex polyhedral cone with vertex 

at the origin of the Euclidian space. This solution space can be described by 

a set of fundamental solutions according to definition 4.2. 

Let 1<
0

, denoted by <v
1
, ••• ,v

1
.,>. be the fundamental solution space for the set 

inequalities 

(4.1) 

where AerfW1. 

Suppose set ( 4.1) is expanded with the non trivial. inequality b Tx S 0, then 

the problem is to find the fundamental solution space 1<
1
=<v

1
, ... ,v?• valid 

for Ax S 0, bTx S 0 (if r=O, no solution will exist and thus equation bTx S 0 

is inconsistent with (4.1)). 

It can be proven [34] that 1<
1 

consists of the fundamental solutions 

vi for which b\ s 0 (4.2a) 

v. = v lbTv I + v lbTv I (p¢q, bTv /bTv < 0) for which n-2 
I 'I I' I' 'I I' q 

linear independent inequalities in Ax S 0 exist and which for 

v as well as for v are transformed into linear equalities 
I' q 

(if n=2, this point is not valid) (4.2b) 

Vector v is a fundamental solution for bTx S 0 if bTv = 0. 

Each fundamental solution v. for Ax S 0, x :2 0, which is in the correct 
I 

half-space of bTx S 0 is a fundamental solution of the system Ax S 0, 

bTx S 0. A part of the space of bTx S 0 is obviously spanned by the already 

obtained space. This is defmed in (4.2a). 

In (4.2b) two fundamental solutions are considered such that bTv < 0 and 
I' 

bTv > 0 (or vice versa). Therefore the linear combination v. = v lbTv 1 + 
qT T 1 'I P 

v 1 b v 1 leads to b v. = 0 and thus turns to be a fundamental solution for 
p q I 

the inequality bTx S 0. 
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However, the vector v. must be a fundamental solution for the space for 
t 

Ax S 0, bTx S 0. This is only valid if for the row vectors a~ of A the 
J 

statement a~v. = 0, {j lje {l, ... ,m}, j¢p, j¢q} is true. This will require 
J I 

which is only true if a ~x S 0 is transformed into an equality for v as well 
J p 

as for v. This is conform to the definition of (4.2b}. 
q 

Tschernikowa proved that the vectors obtained by (4.2a-4.2b) are not 

identical. 

The solution process now starts with 

aTx = Ox + Ox2 + ... + Ox S 0 
0 I II 

for which the solution space is equal to the Euclidian space. 

The fundamental solution point§ can be given by the unit vectors spanning an 
orthonormal basis of the Euclidian space. Now, one can obtain the final 

convex polyhedral cone Xlhl for Ax S 0 by adding one by one the row equations 

of (4.1} and computing the sub polyhedrons, using properties (4.2a-4.2b}. 

In 1964, Tschemikowa defined a suitable matrix manipulation algorithm to 

obtain the solution space Xlhl of (4.1). The algorithm is also valid if the 

rank r of A is r < m, i.e. for systems with redundancy. 

The algorithm starts to define a start tableau for equation (4.1) 

:: l (4.3) 

where T~ is a unit matrix and T~ is composed by placing a row of {4.1) as a 

column in (4.3). 

Matrix T: describes the polyhedral cone :1<1 for the trivial equation a:x S 0 
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which is invisibly placed before the fU"St column in T1
• Each row in T1 

' 2 1 
describes a fundamental solution vector c, i.e. a Cartesian unit vector. 

Let a~x S 0 be the equation by which the trivial equation is expanded, i.e. 

a~ denotes the first column of T~ (a~ must have at least one nonzero element 
otherwise it is a trivial equation). 

For every row ie { l, ... ,n} ,defme S(i) as the collection of columns of T
1 

with 

zero's in row i. 

Define S(i
1
,i) for every combination (i

1
,i

2
), i

1
,i

2
e {l, ... ,n} as the 

collection of S(i
1
)1l8(9 having an opposite sign for the element value in 

the first column of T!. 

The new table T can now be composed by first collecting the rows from T1 

with a nonpositive element in the ftrst column of T~. The T! parts of those 

rows are in agreement with (4;2a). 

Next, search for the pairs (i
1
,i

2
), for which S(i)fSS(i

1
,iJ (i'!!i

1
,i'!!i

2
). From 

these pairs, place any positive linear combination of row i
1 

and i
2 

such that 

a zero in the ftrst column of ~ is created. The T~ parts of such pairs 
denote the fundamental solutions which are defined in (4.2b). 

Suppose that table 't', ~. is obtained, for which ~ describes the solution 

space 1\ for the equations { l, ... ,j-1} of (4.1). For the transformation of r 
into Tl' by selecting column j in ~ as the next equation by which the system 

will be expanded the procedure is the same. 

However, S(i) is redefmed as the collection of columns of ~ with a zero in 

row i and of those columns of { l, ... j-1 } of ~ with a zero in row i. 

This process ends when there are one or more strict positive columns in T~nt 
(in which case there is no solution, the solution x=O will not be considered) 

or there are only nonpositive elements in T~nl· 
In the latter case the table is given by 
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(4.4) 

describing the non negative solution 

i=c 

x=I~d ~~ 
j :J I I 

where for ViE 
11 1 

d.=(d.
1 
•••• ,d. )T and p. is a non negative parameter. 

~~ I I m 1 

The set of points <d
1
, ... ,d,? contains all the fundamental solutions of the 

convex solution space :Kfnl. 

Based on this algorithm, Tschernik:ow [34] described an algorithm to find the 

solution space for a set of homogeneous linear equalities. 

This algorithm is based on the principle that the set of homogeneous linear 

equations Ax ~ 0, -Ax ~ 0, x :<:: 0 is equivalent to 

(4.6) 

The ftrst difference between this algorithm and the previously outlined 

algorithm is the definition of S(i). Now, for every row i of -ri defme S(i) 

as the collection of columns of Tj with zero's in row i. 
I . 

Secondly, besides the rows of table TJ which are in agreement with (4.2b) 

only those rows of Tj are placed in the new table Tj+1 which are in agreement 

with (4.6), i.e. have a zero entry in the column of T! which is in 

consideration. 

Table 'f"' is obtained when there are only zero elements in T!111 or a strict 

positive c.q. negative column in T!111 is detected. In the frrst case the 

solution space for (4.6) is obtained and in the latter case the set (4.6) is 

inconsistent (the solution x:O will again not be considered). 
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4.2. Inhomogeneous linear (in)equalities with bounded parameters 

In order to find an algorithm for solving a set of inhomogeneous linear 

(in)equalities, based. on the algorithms described in section 4.1, a new 

definition is given. 

Definition 4.4 Let a set of a. from a certain real Euclidian space be given. 
I 

Then the symbol [a
1
,a

2
, ... ,a'l], qeH is defined as the set 

of points of the form 

i =q i=q 

X : { X I X = I p.a., v.e {I I p.e IR ' I p. = 1 
i l I I I , ... ,q I + j: l I 

as depicted in figure 4.2, with X the enclosed space. 

Now, consider only the situation of inhomogeneous inequalities, i.e. 

Ax + b ~ 0, xeaf, x ::?! 0 (4.7) 

where the situation for equalities follows almost the same procedure. 

The equations of (4.7) must be transformed into homogeneous equations 

according (4.1). This can be done by introducing a slack parameter x 
1 

T ~ {x 
1
=1) and multiply it with b. Define u=(u , ... ,u ,u 

1
) , then (4.7) ts 

n+ I n n+ 

transformed into 

a, 

figure 4.2. Solution space K with points [a
1
,a

2
, ••• ,a

5
] 
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Cu = (Aib)u s 0, ueR"•1
, u ~ 0 (4.8) 

The solution space of (4.8) can be described by the polyhedral cone 

<v
1
, ... ,v.>. To obtain the solution space for x, one requires that 

u 
1
=x 

1
=1, yielding 

n+ n+ 

i =I 

By normalization this can be transformed into I p. = l. This relation implies 
j = 1 I 

that the polyhedral cone (4.8) is cut by the hyperplane u 
1
= 1 and hence the 

n+ 
solution points of (4.7) lay in a convex polygonal region J< which can be 

sepresented as 

X= X + J<b: { x I xe(<W1, ••• ,w > + [w , ... ,w]) } 
pc m m+l • 

(4.9) 

The summation symbol + is defined such that J< denotes the composition of a 

certain polyhedral cone J< which vertex is placed at each point of the 
pc 

resulting cutting-plane Xb of (4.8) with u =1 (see fig. 4.3). 
n+l 

w 
+ 

Ws w7 

0 

= 
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As an example, consider the set of inhomogeneous equations 

{

-x+y-lSO 

- X - 2y + 2 :S; 0 

-2x- y+4 s; 0 

for which transformation leads to 

The solution space can be found as 

which is indeed a polyhedral cone with vertex at the origin. Using u
3
=1 leads 

to 

and thus 

• OT T T T x = xpc + xh . { x 1 x e <(1, ) ,(1,1) > + [(2,0) ,(1,2) ] } (4.10) 

see also figure 4.4. 

49 



2 

1 

figure 4.4. The solution space of the example 

The homogeneous equalities can be treated along the same lines because the 

extension of the parameter space by one, i.e. by adding the slack parameter, 

is still possible. 

Now, the main problem of this section is to derive an algorithm to find all 

solutions x of m relations with n variables for 

Ax ~ b, XE IR0 with XE S 
lt 

(4.11a) 

or for 

Ax = b, xeff with xeS 
X 

(4.1lb) 

where S represents the prescribed domains for all elements of x. 
X 

As Tschemikowa and Tschemikow proved their methods for the most general 

situation of (4.1) and (4.6), the sets (4.1), (4.6) as well as (4.11a-4.llb) 

may define an underconstrained problem, i.e. n>m. 

To solve (4.11a-4.1lb), a combination of the methods of section 4.1, the 

above outlined technique and the proposed technique in [35] can be used. 

Consider first the situation of (4.lla). To use the above outlined methods 
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only the parameter x. which domain is identical to x. ~ 0 must be redefined 
I I 

according to (4.1). This can be done by the following substitution 

techniques, 

a) If x.e [ a,b] then use a substitution variable u. such that u. is bounded 
I I I 

between zero atid a positive value, u;e [O,(J l ThiS domain can be described 

as follows, using a slack variable u , (u =1) 
" c 

u. - O.u S 0 with u., u ~ 0 
I I C I C 

b) If x.e[a,co> or x.e<-co,a], then use a new variable u. such that u.e[O,oo>, 
I I l l 

i.e. u.~. 
I 

c) 1f x.eiR one can reformulate this relation using two slack variables, 
I 

with uil, ui2 ~ 0 

When the convex polyhedral cone for u is obtained, the linear description 

u.=f(x.) for all elements and the relation u =1 can be used to obtain the 
I I C 

solution space for x in agreement with (4.lla). 

The situation of inhomogeneous equalities follows almost the same procedure. 

The difference is the substitution technique for the situation that x. is 
I 

bounded on both sides. 

d) If x.e[a,b] then use a substitution variable u. such that u. is bounded 
I I I 

between zero and a positive value, u.e[O,O]. To get the restriction u.~ 
I I I 

use a new variable to describe the bound of u. in an extra equation, 
I 

u + u - (Ju = 0 
i j i " 

with u., u,, u ;;:: 0 
I J C 

where u is a slack variable, i.e; u =1. 
c " 

After obtaining the solution space valid for u, one only has to fill in the 

substitution equations and the relation u =1 to find the solution space for 
" x. This space will then be in agreement with (4.llb). 
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figure 4.5. Realization of impedance Zt 

As an example to demonstrate the generality of the algorithm, consider the 

impedance Z(s)=Z
1 
+Z

2 
+Z

3
, representing a series connection of three impedances 

xt+s 
Zt= (k+s)(3+k+s) k e {1,2,3} (4.12) 

Each of the impedances Zk is composed of resistors and capacitors only (see 

figure 4.5), with 

c = 1 
kl 

(x - k)(k+3-x ) c = t t 
t2 x2 

k 

(4.13) 

From circuit theory it is known, that for nonnegative Ct
2 

and ~ it is 

required that k S X.: s. 3+k. 

The goal is to find solutions for x , such that 

arg{Z(s)} ls=2j = -45° and arg{Z(s)} 1-~· = -fJ.t 
S=;.J 

(4.14) 

This results in the following set of equations: 
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0.2018x
1 

+ 0.0696x
2 

+ 0.0155x
3 

= 1 

0.1330x
1 

+ 0.0971x
2 

+ 0.0636x
3 

= 1 

with 1 ~ x. ~ 4 
2 ~ x

2 
~ S 

3 ~ x
3 
~ 6 

Using the above outlined substitution technique d, (4.15) is transfonned into 

0.2018u
1 

+ 0.0696u
2 

+ 0.0155u
3 

+ Ou
4 

+ Ou
5 

+ Ou
6 

- 0.6125u
7 

= 0 

0.1330u
1 

+ 0.0971u
2 

+ 0.0636u
3 

+ Ou
4 

+ Ou
5 

+ Ou
6 

- 0.4820u
7 

= 0 
lu

1 
+ lu

4 
-3u

7 
= 0 

lu
2 

+ lu -3u = 0 s 7 

(4.15) 

1u
3 

+ lu -3u = 0 . (4.16) 
6 7 

with u ~ 0. 

Computing the solution space for (4.16) and reformulation into x yields 

finally 

[

X l [3.508] [3.922] x: = p1 3.528 + p2 2. 
x

3 
3 4.468 (4.17) 

According to (4.17), several configurations are possible. Choosing p
1
=p

2
=0.5 

gives the configuration of figure 4.6a and p
1
=1, p

2
=0 leads to the 

realization of figure 4.6b. 
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a 

0.0561 F 

b 

0.1F 0.181F 

figure 4.6. Realization of equation (4.12) with 

a: pt=p2=0.5 

b: pl=l, p2=0 

0.119 F 

4.3. Solutions of nonlinear equations described in terms of PL mappings 

' 
The previously presented methods are only valid for linear (in)equalities. In 

this section, a method will be derived to obtain all solutions of m nonlinear 

equations with n parameters. The parameters are to be limited to a prescribed 

space. This problem can be described as 

x e S 
" 

(4.18) 

where S represents the collection of the domains for all components of x. 
" 

The algorithm, which will be presented to obtain the complete solution of 

(4.18), uses the fact that the nonlinear behaviour of the functions can be 
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approximated by piecewise linear functions. 

To this purpose, the piecewise linear equation formulation, defmed in 

chapter 3, will be used again, 

{

Iy + Ax + Bu + f = 0 

Dy + Cx + Iu + g = j 
uTj=O, ~. j~ 

with xeR", yerfl and u, jeaf. 

(4.19a) 

(4.19b) 

(4.19c) 

Let f(x) denote m-dimensional functions where some of the n variables x. and 
I 

functions y. are bounded, 
1 

y = f(x
1
, x

2
, ••• ,x

11
) 

V. x. e S 
1E{l.",n) I X 

V. y. e S 
JE !l •.. .m) J y 

(4.20a) 

(4.20b) 

(4.20c) 

S and S represent the respective domains and the piecewise linear 
X y 

approximation of f(x) is given by (4.19). 

The problem to determine all solutions of (4.18) is now transformed into the 

problem of fmding all solutions of (4.19) bounded to the domains S of x and 

y. 
This problem is solved in [36] and will be treated here in context to the 

methods outlined in section 4.1 and 4.2. 

Let the domains of x and y describe a hypercube in the Euclidian space, 

eventually infinite ~ at one or more sides. This hypercube is divided into 

convex subspaces by the hyperplanes of the piecewise linear model (4.19). 

Obviously, in general not all k hyperplanes will have an intersection with 

the hypercube and the frrst step of the algorithm is to obtain those 

hyperplanes which have such an intersection with the hypercube. Let 

hyperplane i be described by 

D. y + C. X + g. = 0 
I. I. J 

(4.21) 

This hyperplane is an edge of a certain subspace of the hypercube if and only 
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if there exists a set (x,y) satisfying (4.21) within the domains of x and y. 

To check this condition, a set of linear inhomogeneous equations has to be 

solved for which the algorithm presented in section 4.2 can be used. When no 

hyperplane has an intersection with the domains, the domain space is 

completely enclosed within one polytope. 

The second step consists of obtaining the descriptions of these convex 

subspaces of the hypercube. 

Suppose that r of the k hyperplanes of model (4.19) are detected by step 1 as 

edges of the subspaces, denote by the collection H. However, not all of the 

2r polytopes, described by r hyperplanes, do exist or are completely situated 

within the hypercube. 

Therefore all these hyperplanes must be checked to get the description of the 

convex subspaces in which the hypercube is divided. Each polytope of (4.19) 

involved can be described by a collection of halfspaces of the r hyperplanes 

{C. x + D. y + g. :S: 0 I ie H } 
I. I. 1 

(4.22) 

Such a set with the corresponding hypercube, denoted by (4.20b-4.20c), can be 

transformed into an equivalent set of homogeneous linear inequalities 
' according to (4.1). 

Each solution space describes a convex space in which all the points (x,y) 

are valid for a certain polytope of (4.19) as well as for the domains of x 

and y. In this way the subspaces of the hypercube are obtained. 

Finally the last step of the algorithm can be described. 

For each polytope having an intersection with the prescribed domains, there 

exists a linear function description according to (4.19). For each 

intersection the convex space of step 2 has to be combined with this function 

description and to be reformulated into a set according (4.6). 

Using the Tschernikow algorithm the solution space, if it exists, can now be 

found and describes the solutions which are within the intersection (i.e. 

where x and y are valid) and which satisfies the function description. 

Due to the fact that all polytopes which divide the hypercube are checked, 

the descriptions of all the subspaces are obtained. 
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For all these subspaces, the valid linear mapping from x to y is used to 

obtain the solution space for which x and y are consistent with this mapping 

and within the subspace. Therefore, the algorithm guarantees to find all the 

solutions of a set according to (4.20). 

Because the algorithms of section 4.1 and 4.2 use a finite number of steps to 

obtain the solution, this algorithm will solve (4.20) within a finite number 

of steps. 
(J 

As a further advantage, even when the function, in (4.20) is well-posed• or 

has multiple disjunct solution curves, the algorithm will find all solutions 

without the need of any initial point as is mostly required in other 

algorithms [37-39]. 

In appendix D the method is demonstrated on a simple example. 

4.4. The outlined methods within a hierarchical environment 

The solution space of one set of functions can be described by a set of 

linear combinations of vectors (see for instance (4.5)). 

Often the problem of fmding all solutions of a set of equations is situated 

within a hierarchical environment For instance, in hierarchical top-down 

design one has to solve the same type of problem at each design level. The 

goal is to fmd all solutions at each level which are consistent with 

solutions for the sets of equations at higher levels. 

This type of problems will be treated in this section. 

Let t; denotes a col!ection of n spaces, i.e. 

(4.23) 

for which each space X = X + Xh, according to (4.9), is a solution space 
i pc 

for the parameter vector x .. 
I 

Obviously, it is possible to reformulate this space in a matrix form 

• The set f(x)=O is said to be well-posed if the set possesses at least one 

solution and all solutions are isolated. 
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X.= A.p., 
I I I 

p.~ 
I 

(4.24) 

where A. is a composition of the fundamental solutions of X.. 
I I 

Define !IF(x
1
,:x

2
, ••• ,xn) as the set of linear equations, describing the linear 

relations between the parameters of different spaces. Then !IF will transform ~ 

into one system 

(4.25) 

which can be solved using the outlined algorithms in the previous sections. 

If for (4.25) no solution exists then there is no solution for the general 

problem, i.e. !IF~ 

In the opposite situation, the solution space 1< will be a convex polyhedral 

cone and describes p. in terms of r, i.e. p. = C.r. like (4.24). Here, C. is 
I J I I I 

a composition of the fundamental solutions of (4.25). The solutions of p can 

be used to reformulate the spaces 1<. of ~ in terms of r. Then all solutions 
I 

of the problem are obtained. 

Even if a solution space of one function is described by a union of disjunct 

convex spaces, the above outlined procedure is still valid. 

If function !IF is nonlinear, i.e. nonlinear relations between the parameters 

of several spaces, the above outlined procedure is still valid. The procedure 

has to be applied for each polytope of the piecewise linear approximation of 

'· 
4.5. Multiple solutions in circuits 

During the last two decades, many algorithms have been published to solve the 

problem of finding all DC operating points as well as the driving-point and 

transfer characteristics of piecewise linear resistive circuits. 

One approach is to reformulate the network equations of a piecewise linear 

network as a LCP problem as explained in chapter 3. The Katzenelson 

algorithm, which was used in chapter 3, to solve the LCP problem belongs to 
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a class of homotopy methods, known as the Newton homotopy methods. 

Assume a map I from rf to rf and the problem to obtain x for which f(x)=O. 

The Newton homotopy method is then defmed as a mapping H from ff+1 to rf 

H(x,A) = f(x) - Af(x ) 
0 

where A is an extra variable within [0, 1] and x an initial guess. 
0 

Homotopy methods generate a path in the solution space, leading from an 

initial point to a solution of the problem. In fact, they can find only a 

single driving-point or transfer characteristic in each run. To obtain other 

solution points, alternative initial points must be tried. 

Chua's canonical piecewise linear analysis methods [37,38] and the so-called 

breakpoint hopping algorithm [39] suffer from this disadvantage. 

One of the ftrst attempts to obtain all initial points was the brute force 

method, i.e. an exhaustive trial of all possibilities, proposed in [40]. 

This method was followed by the more efficient one in [41], however this 

algorithm could not guarantee to ftnd all solutions. A revised version of 

[40] was presented in [42], based on a circuit representation in a special 

form, which restricted the class of circuit components to be used. 

Research on homotopy methods has led to the class of variable dimension 

algorithms [43]. 

Special attention was paid to the so-called octahedral algorithms [44,45]. 

They are globally convergent and the restriction to the starting point is 

less severe than in the Newton homotopy because cycling is impossible. The 

algorithms can t:f_!lCe driving-point characteristics, given an initial point, 

for a broad class of nonlinear resistive networks. 

An extension of these algorithms, which leads to ftnd multiple solutions, is 

proposed in [46]. However, it is not clear whether the method guarantees to 

ftnd all solutions of well-posed functions. 

An other group of methods to obtain all initial solutions uses interval 

analysis, which was ftrst proposed by Krawczyk and fmally improved by 

Okumura [47]. 

Here, an initial region is partitioned into subregions, and some subregions 
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are excluded for further consideration if a certain process detennines that 

no solution will exist in this region. 

The main problems of these type of methods are to fmd a good initial region 

and the optimum degree of partitioning of that region. 

In [ 48] an algorithm is proposed to find all initial solutions based on a 

piecewise linear mapping of nonlinear functions, assuming that these 

functions are separable. A sign test is performed to reduce the number of 

linear simultaneous equations to be solved. 

However, this sign test is not a necessary and sufficient condition on the 

existence of a solution and fails when the segmentation of the region to be 

considered is too coarse. The algorithm is very fast and simple. 

The algorithm, outlined in section 4.3, eventually extended with the one in 

section 4.4, can also be used to find all solutions of nonlinear resistive 

circuits. 

In [36] and appendix E some examples demonstrate this feature of the method. 

The behaviour of the circuit components must then be piecewise linear 

modelled, according to the model description (4.19). First, for each circuit 

component, eventually described by more than one (nonlinear) equation, the 

transfer characteristic is computed, using the method outlined in section 

4.3. Then using the algorithm of section 4.4, the topological equations are 

solved, leading to the driving-point characteristic of the network when one 

or more sources are swept. In the case that DC operating points must be 

obtained, the intersection of the solution spaces of the components will 

result in one or more distinct points, the initial points. 

This a'lgorithm is more general than the one in [42], where only two-tenninal 

piecewise linear functions are assumed. 

The procedure is globally convergent due to the fact that the Katzenelson 

algorithm (a Newton homotopy) will only be used to obtain the correct 

description of a segment of the PL function. The comer problem (may occur 

when a pivot number is nonunique, see section 3.3) can be avoided be choosing 

an other point in the state space, which is an easy task. 

The proposed method is able to find all initial points as well as the 

driving-point characteristics without the need of an initial point to start 
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the procedure. 

The accuracy of the solutions for this algorithm depends on the fineness of 

the PL approximations, whereas that for the most other algorithms depends on 

the grid size. 

However, the algorithm will in general be slower then the ones known in the 

literature. This is mainly due to the fact that the method in principle is 

developed to find all solutions of underconstrained problems, which is in 

general more complicated then to solve sets of n equations in n variables. 

4.6. Complexity of tbe considered algorithms 

It was already mentioned that the solution space of a set of linear 

(in)equalities can be obtained in a fmite number of steps. In this section 

the complexity of this process will be investigated in some more detail. 

To start with, consider the situation with equalities, i.e. Ax=O, x ~ 0, 

Ae IIF"'. The absolute upper bound of the number of operations to obtain all 

solutions can ·be achieved under the conditions that 

-in each column of the T~ matrix the number of values with positive sign is 

equal to that with negative sign, 

-there will be no zero entries in T! and 

-each row pair oft leads to a fundamental solution (see section 4.1}. 

In the ftrst step of tJte algorithm of Tschemikow there are n columns of T1 

involved. This leads to 

new rows in T. Considering only additions and multiplications, this step 

takes 3(m+n-1) computations/row. They are necessary to extract the linear 

combination of two rows to obtain a zero in the considered column of T~. 
Under the conditions, the new tableau of contains 
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rows. obtained after 3(m+n-2) computations/row. Repeating these steps, the 

last step in the algorithm results in 

fundamental solution vectors. This takes 3n operations/row. 

The total number of operations is then expressed as 

m i i 
l: 3(22<2 ·Hr1 n2 (m+n-i) 
i= I 

(4.26) 

However, this is a worst case upper bound. Normally, part of the entries will 
be zero and not all linear row combinations will lead to a fundamental 

solutiofi. Therefore, in real situations, the average number of operations is 

much less. 

For the problems and their solution processes in this context an exact 

average case analysis is not yet described in the literature. To achieve 

analytic insight in the average number of operations would be a complex task 

and is outside the context of this research. 

To obtain an impression of the complexity of the method in real situations, 

several numerical simulations were considered. For each combination of m and 

n 50 matrices were generated, randomly filled with values between -l and l. 

Each positive, negative or zero value had the same likelihood of occurrence. 

For each set of 50 matrices, the average of necessary computations was 

computed as well as the standard deviation. 

The results are depicted in figure 4.7. The figure shows a polynomial 

relation between the number of operations as function of the number of 

unknowns. The degree of the polynomial functions rises as the number of 

equations rises and also as the. difference m-n rises. 

The standard deviation for all situation was at least one order lower than 

the number of operations. 
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figure 4.7. Complexity of the algorithm to solve Ax = 0. x ;;:: 0 

For the situation of inequalities the same kind of results were obtained. 

The complexity of the algorithm to obtain all solutions of piecewise linear 

described functions is related to the granularity of the PL model. More 

hyperplanes means more polytopes which are involved and for each polytope a 

set of equalities has to be solved. 

In the first step in the algorithm only small matrices are involved. 

Therefore this step is not time consuming. The last steps consume the most 

CPU time. 
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The total number of operations is difficult to estimate. It depends on the 

number of hyperplanes involved as well as on the dimension of the matrix A in 

the PL model. 

4.7. Concluding remarks and discussion 

Many synthesis problems that (analog) design experts are faced with can be 

reformulated as solving sets of (non)linear (in)equalities, eveittually with 

bounded parameters. These problems often occur within a hierarchical 

environment where solutions on a certain level must be consistent with 

solutions obtained at lower or higher levels in the hierarchy. 

In this chapter, some methods were presented to solve such problems. The 

algorithms find all solutions of the equations within a finite number of 

steps without the need of any initial value. 

The problem of fmding all solutions of a system of (non)linear equations is 

by nature extremely complex and therefore the computational time usage is 

large. The discussed algorithms show in an average case a polynomial relation 

between the number of operations and the number of unknowns. 

It would be unreal to compare the algorithms with others which are developed 

to find only one solution. 

The outlined methods can be used to solve a main problem in circuit analysis, 

to find all equilibrium points (DC solutions) of a nonlinear circuit. 

Obviously this problem is covered by the problem denoted in section 4.3, 

where for this situation the parameters can be chosen from R. 
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CHAPTER 5 

THE ANALOG DESIGN TOOL TOPICS 

The theory in the previous chapters forms the basis of a new approach to 

analog design automation. This new methodology attempts to overcome the 

problems, mentioned in chapter two. The design tool, called TOPICS, based on 
this approach operates as an expert system. First, a brief introduction to 

expert systems wilt be given. In section 5.2 and 5.3 the main parts of this 

system will be treated, i.e. the inference engine and the database. Section 

5.4 deals with the implementation of the methods of chapter 4. Section 5.5 

explains the general design flow of the framework. One of the last steps in 

the design process is the optimization of the circuit, discussed in section 

5.6. This new design tool will be placed in context to related systems in 
section 5.7. TOPICS uses piecewise linear methods and therefore some 

piecewise linear modelling techniqlll!s will be explained in section 5.8 and 
finally, some implementation aspects will be treated in section 5.9. 

5.1. Expert systems 

In the middle of the eighties, the development of knowledge based systems 

[49-51], to be used in a large class of applications, was taken up again. 

These knowledge based systems are software programs in which human knowledge 

is collected, often by using artificial intelligence (AI) techniques. 

AI techniques can be used to search efficiently for solutions in some problem 

spaces. To that purpose, human search techniques were studied and duplicated, 

resulting in knowledge based systems. The direction of the search process is 

controlled by information from the domain area. 

Although in general these systems can only be applied in a narrow area, they 

sometimes provide better results in performance than conventional approaches. 

The class of knowledge based systems that perform given tasks at a level 

comparable to human experts are referred to as expert systems. 
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inference engine 

- search techniques 
- explanation tracing 
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database 

- heuristics 
- facts 

_ expert system 

figure 5.1. Internal configuration of an expert system 

An expert system can be built up from two main parts, as depicted in figure 

5.1. 

The database is the first part and contains the problem representation. 

Although there are many structures to store the knowledge, if-then rules are 

in many engineering situations a good approximation of the type of knowledge 

used by human experts. These rules can teO the system what to do, mostly 

based on heuristic methods, or what it can believe as true (facts). 

' The second part deals with the control structure, i.e. how to solve the 

problem and is often called the inference engine of the system. For this 

purpose many forms of reasoning are developed, varying from forwiUli chain 

reasoning to backward chain reasoning techniques. The inference engine at the 

same time operates as an instance generator for possible solutions. 

The search and reasoning techniques can also be used for the explanation 

tracing to tell the user why the system has chosen for a certain option among 

others in the considered case. 

For many problems, powerful algorithms are developed, in fact containing the 

knowledge in procedural form. However, they are often not able to search the 

full problem space or are too slow to do so. 

Therefore, in many situations, for example in the design automation, a 

combination of numerical computation and symbolic reasoning is a necessity. 

The reasoning part controls in fact the sequence of subtasks, solved in an 

algorithmic way, to obtain the final answer. The symbolic reasoning is used 
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to lower the degree of the problem space and to generate new or more 

solutions when required. Mostly, the reasoning takes place in the transition 

between the design levels. 

Due to the fact that expert systems can encapsulate the rapidly changing 

domain knowledge and can easily be extended and modified, they can to 

advantage be used to automate the (analog) design process. 

The expert system TOPICS [52-54], a TOP-down Integrated Circuit Synthesis 

system, is such a combination of numerical computation and symbolic 

reasoning, which will be further explained in the following sections. 

As design automation tool, TOPICS has been prototyped to design analog 

integrated circuits automatically. At the moment a ·prototype version is able 

to design one- and two-stage op amps in CMOS technology. 

It is clear that in principle only the database has to be converted when an 

other design domain area is to be explored. 

5.2. The inference engine of TOPICS 

As explaine<t the inference engine controls the design flow. TOPICS uses a 

design flow which is closely related to the design methodology that human 

experts use. 

Therefore, the design starts, after reading the desired performance of the op 

amp, with the partitioning of the circuit into smaller blocks. This 

partitioning takes place in the same . way human experts decompose the circuit 

into subblocks. These subblocks can then be designed almost independently of 

each other. 

Together with the circuit the design constraints are also partitioned. 

It is important to notice, as mentioned in chapter 2, that not all design 

constraints can be partitioned at the highest level. Some constraints, like 

the PSRR can only be satisfied at the lowest design levels. 

TOPICS uses the strategy that, at each design level,only those constraints 

will be taken into account for which it is sure that they can be partitioned. 

At the lowest level, TOPICS solves a set of equations that are consistent 

with the constraints which could not be partitioned during the synthesis 
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process (see also section 5.5). 

At each level of hierarchy in the. design process these two types of 

partitions will take 'place and at each level they must be consistent with 

each other. 

For example, when a circuit schematic is decomposed into two stages, the 

design constraints are divided between these stages. This partitioning must 

yield a feasible solution, i.e. each stage with its design constraints must 

have a solution. 

At each level the human expert, and thus also TOPICS, will check this 

partitioning. To that purpose he will use a certain form of simulation. H 

the results are in agreement with the specifications, the design process 

steps a level downwards until the lowest level, i.e. the transistor level is 

reached. 

H a failure is detected, the rule base will take a decision. The design 

process can go a level upwards or can attempt an other partitioning at this 

level. 

This design strategy can be written down in an algorithmic way, leading to 

the inference engine procedure of TOPICS: 

inference_engine: - partition the design constraints, 

- partition the circuit topology, 

- solve the matching of both partitions, 

- simulate, 

- compare with goal, 

- go level down/upwards or stay at this level, 

- inference_engine. 

The procedure is recursive due to the fact that at each level the same 

strategy can be used. A stop criterion is needed when the lowest level is 

reached. Obviously, the inference engine makes use of a forward search 

techniq_ue as well as a backtracking mechanism to obtain the answer. 

Information on how to partition the circuit topology and the constraints as 

well as the possible decisions the system can make, is stored in the 

knowledge/rule base. 
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5.3. The knowledge/rule base 

In TOPICS, the database is separated into two parts, the rule base and the 

knowledge base. This distinction is flfSt made to enter and obtain the 

required infonnation faster and secondly to make it easier to extend the 

database. 

Besides that. the infonnation in both bases differs in data fonnat. 

To deal with a broad variety of op amp schematics, TOPICS constructs the 

circuits from an adequate set of basic building blocks. These building blocks 

are hierarchically organized. 

Currently, in TOPICS, the design process counts three hierarchical levels to 

generate a CMOS op amp. In general, most experts also use three steps to 

break down a design into smaller parts and more levels for this type of op 

amps is not useful. 

The knowledge base is built around these three levels. 

At the flrst level, two building blocks are available, a coarse model for an 

one-stage approach and a coarse model for a two-stage approach. These models 

give a global performance of the behaviour of such structures. The 

information the models give is related to those constraints which can be 

partitioned at this fust level (section 5.5). 

At level two, more detailed models are used, giving more detailed information 

of possible internal structures that can be used as frrst stage of the 

two-stage approach or for the one-stage approach. 

Currently, TOPICS distinguishes three structures, a load-compensated OTA" 

type (lc OT A, see flgure 5.2), a folded OT A type and a standard OT A type 

which can be used as flfSt-stage or as a one-stage approach. 

Of course, the internal parts of the subblocks in these structures are not 

known yet except their influence on the overall performance. 

Take into account that for each of the structures the cascode block is not a 

necessity. 

• OT A stands for operational transconductance amplifier 
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figure 5.2. The structures for first-stage or one stage approaches 

The subblock:s driver, load, cascode and c-source (current source), the second 

stage and the frequency compensation will be detailed at level three. At thos 

level the lowest building blocks can be found, which are depicted in figure 

5.3. 
For each block: some options can be chosen, depending on the required 

perfonnance specifications of the circuit. 
\ 

Furthennore, some possible options for the second stage are stored here as 

well as the two (in TOPICS) possible frequency compensation blocks. 

The biasing circuits are not yet considered by TOPICS. 

The rules, describing the electrical behaviour of these blocks are stored in 

the knowledge base. This database contains for instance simple rules of thumb 

for the amplification of or for the noise in these subcircuits. 

Also interconnection properties such as impedance and voltage levels .can be 

described by these rules. 

All this infonnation is stored in the piecewise linear model fonnat, 

according to the definition, given in chapter 3. Therefore, it is not 

difficult to extend the knowledge base, only a new PL model has to be 

included, while there is no interaction between the PL models in the 

database. 
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figure 5.3. The building blocks at level three 

An other set of rules gives infonnation about when to use these subblocks, 

for instance · a current mirror building block, in comparison with other 

subblocks, for instance a Wilson current mirror. 

Such rules are stored in the rule base. 

Also the process technology parameters are stored here. Furthermore all the 

rules necessary for failure recovery in the design synthesis, i.e. rules 

which tell the program what to do if a certain decision does not yield a 

feasible solution. 

A set of rules to explain how to handle if there are more solutions completes 

the rule base. 

The rules are stored as if-then constructs, i.e. the rules are grouped 

together, each group contains information for a certain level. 

Whereas the knowledge base contains information to be used at a certain 

level, the rule base contains in general information to be used between the 

levels. 

An advantage to use hierarchy in the rule base is that it leads to a faster 

search in the tree of rules, due to the fact that there are now several 
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smaller trees in stead of one huge tree. 

In this way all domain knowledge is stored in TOPICS. The hierarchy in the 

design process is reflected in the database to access the data in a faster 

way. 

5.4. The use of all solutions within a desigrf process 

To understand the strategy TOPICS uses to solve a design problem, consider 

the following design example for an one-stage op amp. 

At the highest level one may have to solve the following design equations, 

Ao = gmRo 
UGBW = gj(21tCioad) 

SR = IjCJoad 

~ 1000 

~200kHz 

~ 2 V/IJS (5.1) 

where g is the transconductance of the input transistor, I the bias 
m o 

current; R 
0 

the output resistance and Cload the capacitive load, which has 

the value of 20 pF. 

A possible solution suppose to select g =50 f.!S, I =40 J.1A. and R =20 MQ. One 
m o o 

design level lower, choosing a certain configuration, one has, for instance, 

to solve the set of equations 

g =IN 
m o :'!':11 

R = 4L2V ... /(1 V~_.,.} 
o ea .. ,. o NlU. 

=50 f.!S 

= 20 MO (5.2) 

where V =(V -V \ is the saturation voltage, V rt the Early voltage for a 
sal gs r' eay 

transistor (for this example 7 V/tJ.m) and L the length of a transistor. 

This leads to V sail =O.SV which is too high for the input transistors for 

normal circuit operation (normally V sa~ e [0.2, 0.5] (V)). Thus already at the 

first level a wrong solution was chosen. 

This situation is depicted in figure 5Aa, where the ellipse denotes the full 

solution space for a certain level and the mark x a possible solution point. 

To overcome the problem, arising in this example, TOPICS uses two strategies. 
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The flrst one is to assure that parameter vil.lues will be obtained which 

guarantee an operating circuit within nonnal range. 

Many or all the design parameters, like V , are only allowed within a 
oat 

certain range, i.e. a domain or interval, due to the constraints for nonnal 

circuit operating. 

One can for instance think of the minimum length and width of transistor 

sizes due to the minimum sizes of the used process technology or domains to 

guarantee that the transistors will work in their saturation range. 

In TOPICS all design parameter values are restricted within certain ranges. 

Further, TOPICS assures to fmd all solutions of the equations to be solved 

and guarantees that this solution space is consistent with solution spaces 

obtained from higher levels. Using the techniques from chapter 4, TOPICS 

rather works with solution intervals than solution points for parameters. 

Consider again our example, for which the parameter intervals can be given as 

gm E (5, 100) (j.i.S) 

R E (1, 100] (Mfi) 
() 

I E [0.5, 80] (J.tA) 
() 

v E [0.2, 0.5] (V) 
w 

L E (3, 20] {J.tm) 

level 1 ~ 
~ 

I I 
! l I I 

0 level 2 

a 

flgure 5.4. Solution space 

I 
I 
I I 

~ 
b 

a: choosing one point may fail at lower level 

.. b: all solutions valid for both levels (shaded area) 
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Sofving now equation (5.1), where we use for simplicity a logarithm operator 

to transform the nonlinear equations into linear ones, the solution space 1<
1 

is given by 

8
1 

= (3.0,5.3,6.3,-4.6,7.6,·4.4)T 

a
2 

= (3.0,5.3,6.6,-4.6,7.6,4.1)r 
T a

3 
= (3.4,5.3,6.3,4.6,8.0,4.4) 

a
4 

= (3.4,5.3,6.6,4.6,8.0,-4.1): 

a
5 

= (3.0,5.9,6.3,-4.e,7.0,-4.4} 

a
6 

= (3.0,5.9,6.6,4.0,7.0,-4.1l 
T a

7 
= ( 4.0,5.9,6.3,-4.0,8.0,-4.4) 

T a
8 

= (4.0,5.9,6.6,-4.0,8.0,4.1) 

where a solution point x=(A ,UGBW,SR,g ,R ,I )T and ;_=log(x.). 
0 m 0 0 I I 

(5.3) 

Any point in this space 1<
1 

yields a feasible solution, i.e. it is a solution 

for equation (5.1) and where the parameters are within their domains. 

From (5.3) it is clear that for i<a
1 
+a

5
) one obtains the selection T. that 

has been chosen before, x=(lOOO, 398 kHz, 2 V/IJ.s, 50 IJ.S, 20 MD, 40 IJ.A) . 

Using the description of this solution space, one can solve equation (5.2) 

together with the description of the parameter intervals. This leads to the 

solution space xfnl, written as 

b =(4.00,5.9,6.3,-4.0,-5.5,8.00,-0.4,·4.4,·0.30)T 
1 • T 

b2 =(3.90,5.8,6.3,-4.1,-5.5,8.00,.0.3,-4.4,-0.31) 

b 
3 

=(3.89,5.8,6.3,-4.1,·5.5,8.00,·0.3,·4.4,-0.30) T 
T b 4 =(3.90,5.8,6.3,-4.1,-5.5,8.00,.0.3,-4.4,-0.30) 

b
5 

=(4.00,5.9,6.4,-4.0,-5.5,8.00,-0.3,-4.3,-0.41)r 
T b6 =(3.90,5.9,6.4,-4.0,-5.5,7.89,-0.3,·4.3,·0.30) 
T b7 =(4.00,5.9,6.4,-4.0,-5.5,8.00,.0.3,-4.3,·0.30) 
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where each solution point;== (A ,UGBW,SR,g ,L,R ,V 
1
,I ,V __ .,,l. 

o m oiAio ...... 

Each point in this space is a valid solution for both equation (S.l) and 

(5.2) and the parameters are within their ranges. 

From (5.4), it can be observed that the ranges in which the parameters can be 

chosen are very small. To obtain a correct answer at once using the first 

technique would be difficult. 

Now, a suitable solution point can be obtained by using an optimization 

criterion. A minimum length criterion, minimum power dissipation (I) and 

minimum output resistance R yields 
0 

T (A ,UGBW,SR,g ,L,R ,V 
1
,1 ,V \ == 

o m o 141 o 1412" 

(8912, 630 kHz, 2.2 V/J.ls, 100 f.lS, 3 J.lm, 88 MQ, 0.45 V, 45 J.lA, 0.5 V)T 

In figure 5.4b the situation using intervals is depicted where the shaded 

circles denote the solution space according to (5.4). 

Consider the situation that space Kfnl had become empty. This would mean that 

there never ·exists a solution to salve (5.2) whith the solution consistent 

with (5.1). If one had chosen a solution point for (5.1) and for this point 

would try to find a solution for level 2, one had to restart the design 

process several times, not aware that there was no solution at all. 

The methodology of TOPICS is based on the theories and algorithms of chapter 

4, which provide to find all solutions and use than all to obtain a solution 

space for the lower levels. Thus if the proposed method does not obtain a 

solution, any other method )Nill not obtain a feasible solution either. Hence 

the main feature is now that the method prevents violation at later design 

stages and thus saves time that otherwise would be wasted by tracing 

unrealizable options. 

From spaces according to (5.3) and (5.4) it is possible to explore 

performance tradeoffs. Implicitly, one obtains the relations between all 

performance specifications as well as between all design parameters. As 

example, the relation between A and UGBW for the considered one-stage op amp 
0 
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UGBW 
(MHz) 
1,00 

0,79 

0,63 

0,50 

0,40 

0,32 

0,25 

0,20 

60 70 

figure 5.5. Relation between A and UGBW, where the dashed area denotes 
0 

the fmal solution space 

is plotted in figure 5.5. 

Design tradeoffs are achieved by considering the obtained dornain space for 

each parameter. For instance, the minimum value in the domain space (5.3) for 

R is 40 MO. Based on the rule base, TOPICS decides that this domain space 
0 

only can be achieved using a cascode topology structure. 

In the rule base, also rules are stored to choose a certain topology based on 

relations between design parameter spaces. The maximum value for UGBW and SR 

in combination with the rule to use a cascode topology results in choosing a 

lc OT A structure With cascoded output to achieve the requirements. 

The above outlined solution strategy is fully contained by the simulator as 

will be explained below. 
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5.5. Tbe general design ftow 

As mentioned in section 5.3, the data fonnat of the infonnation in the 

knowledge base is according to the PL fonnat. This means that equations like 

(5.1) and (5.2), which are used in the synthesis process, are stored as PL 

models. 

To find all solutions of piecewise linear described functions, a PL ·simulator 

is needed as explained in chapter 4. In chapter 2 it was mentioned that a 

hierarchically oriented simulator would lead to advantages within a design 

process. Such a simulator was presented in chapter 3, based on piecewise 

linear techniques. 

Thus, using piecewise linear techniques, TOPICS is able to perform synthesis 

as well as analysis within a single environment. 

This is a powerful option, due to the fact that now it is not necessary to 

make difficult switches between a synthesis procedure and an analysis method 

performed by a simulator. The synthesis procedure is in fact contained by the 

simulator PLANET, where both can work within a hierarchical environment. 

TOPICS can use one and the same data format, which may lead to advantages in 

speed, programming, extension etc. Besides that, some models can be used for 

synthesis as well as for analysis, leading to less data storage. 

In figure 5.6, the general design flow of TOPICS is depicted. At each level, 

the same procedure is repeated. This procedure is the inference engine of 

section 5.2. 

The libraries reflect the databases of section 5.3. 

The design strategy of TOPICS, as explained in section 5.4, is depicted by 

the blocks 'partition' and 'solve matching of partitioning'. 

The blocks 'simulate' and 'fmal simulation' reflect calls to the simulator 

PLANET. 

Failure recovery at each level is done by performing an other partitioning 

(if possible) or by going one level upwards in the design process. 

If the fmal simulation detects an error in the design, TOPICS searches 

bottom up in the design flow to recover the design and starts form that level 

with the redesign. Of course, the failure recovery process is controlled by 
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rules in the rule base. 

After the final solution space is obtained, an optimization algorithm can be 

used to find a suitable design point (see section 5.6) and a sized schematic 

will be the result. 

The simulator PLANET performs a fmal simulation and the circuit 

specifica~on will be within the desired range (if the circuit is correct). 

Although TOPICS at this moment only consists of three design levels, figure 
5.6 shows more levels, to which TOPICS can easily be ·extended . 

.. 

.. .. 

~ • ., • 
> • 0 
0 
~ 

e .. 
:::s 
:a .... 

yes 

lower design level 

figure 5.6. Design flow of TOPICS 
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Decisions made by TOPICS at each level to select a new option for the next 

level are ftrSt based on rules in the rule base and secondly based on the 

results of the level which was considered. Due to the fact that implicit 

design performance tradeoffs can be made, the results obtained from 

considering the solution space of parameters are taken into account also. 

The partitioning of the design constraints must be consistent with the 

partitioning of the circuit. As mentioned before, it is not possible to 

partition all design constraints at once. 

TOPICS ·uses the strategy that , at a certain design level,only those 

constraints will be taken into account for which it is sure that they can be 

partitioned. Therefore, the (sub)blocks, stored in the knowledge base, 

contain only information which is consistent with the design constraints to 

be considered at that level. 

The constraints, which can not be partitioned. will be considered at the 

lowest level. TOPICS solves the expressions of these constraints in context 

to the obtained solution space for the other constraints. 

The coarse models of level one contain only information of the design 

constraints A., UGBW and SR. 
0 

At level two, these design parameters will be extended with the phase margin 

( ~ ), the systematic offset voltage (Vof I, the power dissipation (P . ), 
m f' d,.s 

the output voltage swing (V . ) and the equivalent input voltage 1/f-noise 
swmg 

density (V 
1
,). 

At the lowest level, the list is completed by the PSRR. Besides these design 

specifications, the user is asked to give the power supply voltage (V dd and 

v •• > as well as the capacitive load c!osd' 
This is exactly the set of design parameters with which the ftrSt version of 

TOPICS deals with. 

Because the models used at level one are coarse models, a set of design 

constraints can be rejected at level one although at lower levels there will 

be . a solution. The probability that this will occur is small. A possible 

solution strategy to avoid such a situation would be that the system. warns 

the user when the design constraints conflict with the coarse models of level 

one. An option as next step would be that the user can decide to jump over 
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level one and restart the process at level two. However these tasks are part 

of the user interface which is out of the context of this research. 

5.6. Optimization 

When the fmal solution space is obtained, a optimal feasible solution point 

to certain design requirements is to be searched. Using optimization 

techniques, TOPICS will search for the best parameter values in. context to 

the optimization criteria such as minimum area, minimum powei dissipation, 

highest amplification etc. To this purpose, several methods can be applied. 

The fmal solution space is a set of vectors describing an union of open or 

closed convex spaces. More precisely, the vectors are the edges of these 

spaces. 

In terms of the Linear Programming (LP) theory [55], these veetors are the 

basic feasible solution points of the set of (linear) equations for which an 

optimum must be searched, according to a so-called object function. 

Therefore. if the object function is linear, TOPICS only has to fill in all 

these vectors to obtain the optimal basic feasible solution point, i.e. a 

solution point with the maximum (or minimum) value for the object function. 

Consider as example the following solution space for x
1 

and x
2
, 

for which the space is depicted in figure 5.7. 

Let the object function z
1 

be denoted as 

for which the minimum is to be searched. 

Substituting the vectors ai one by one results in the optimum point x=(li• 
i>T. with z1=3i, which is easy to verify by geometric interpretation. 
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However, often the object functio~ will be described by a nonlinear relation 

between some parameters. This refers to Non Linear Programming (NLP) theory 

[56]. 

One of the possible solution strategies is to approximate the object function 

with piecewise linear segments. 

In TOPICS this will be a suitable option due to the fact that the main part 

is based on PL techniques and PL solution strategies are available anyway. 

The fmt step in a possible algorithm will be the mapping of the state space 

of the piecewise linear described object function onto the solution space. 

This leads to a collection of convex subspaces, each of them having its . own 

linear object function. 

The next step is to obtain for each subspace the basic feasible solution 

point, i.e. a certain comer of the convex space. The solution point with the 

lowest overall value for the object function is the global optimum. 

t 6 I 
I 
I 

x2 5 
I 
I 
I 
I --r-------

4 I 
I 
I 

3 

2 

1 2 3 4 5 6 

figure 5.7. The solution space 1< and the hyperplanes of the state 

space of the object function z
2

• 
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Consider the same space X but let the object function z
2 

be denoted as 

(l)z
2 

+ (1, 3)x: + (-3, 1, -3~, ti)u + (-9) = 0 

[
-1 0] [3/2] 

(0)z
2 

+ -~ _? x + Iu + . 9? = j 
0 -1 9/2 

also to be minimized. In figure 5. 7, also the hyperplanes of the . state space 

of this PL model are drawn. 

For each of the six convex subspaces a linear description of the object 

function exists. The local basic feasible solution points are xe {(t!,2)T, 
I IT I T . A I T 1 

2 
O:z.4i> , <4i,2) ) for whtch x=(l:z,2) has the lowest value for z

2 
(=l:z)· 

The optimum solution _point is often not a real feasible point. This due to 

process technology restrictions, where for instance the length and width of 

transistors can only have discrete values. 

Most DA tools round the obtained parameter values to the nearest real 

feasible values. In general, the performance will not change much due to this 

rounding. However, if one wants to obtain correct values directly, techniques 

of (Mixed) Integer Programming theories ((M)IP) [57 ,58] must be applied. 

(M)IP problems have beea divided into several categories like cutting-plane 

algorithms (Gomory) and branch-and-bound methods (Land and Doig). 

From the LP theory it is known that a basic variable can be written as a 

linear combination of the slack parameters. This relation can be used to 

formulate an extra constraint, the cutting-plane. This hyperplane let the 

solution space shrink without eliminating integer solutions. 

However, in our situation only basic variables are involved, so it is 

difficult to construct the cutting-plane. 

In the branch-and-bound method, the solution space is shrunk by inclusion of 

the basic variables as will be explained below. No information of the slack 

parameters is needed. 

For our purpose, this method will be used. 
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Let f denote the object function to be minimized, i.e. 

z=f(x) (5.5) 

under the restriction xe K, where K is a collection of points. 

It is possible to obtain a minimum value for (5.5), ~(K), such that 

f(x) ~ ~(K) 

Let K
1 

c: K
2

, then it is obvious that 

min f(x) ~min f(x) 
XEK

1 
XEK

2 

and thus 

(5.6) 

Further, let 

K = K UK2 ••• UK, r~2 
I r 

(5.7) 

then, based on (5.6), its follows that 

i;(K) S ~(K.), ie { l, ... ,r} 
I 

(5.8) 

and thus if the optimum i. is situated in subspace Ki and f(x)=i;(x;. then 

f(x) = ~(K.) s ~(1<.), ie { t, ... ,r) 
J I 

(5.9) 

The branch-and-bound method is based on this property. 

First, using a LP method, a bllsic feasible solution point is searched with a 

certain value for ~. However, some or all of the parameters of x must have 

integer values. Now, the feasible region is partitioned using the following 

method. Let a. denote a non integer value for parameter x., such that 
I I 

n.e z and O<g.<l 
I I 
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In this way space 1< is divided into two subspaces, 1< = 1<
1 
u1<

2
, the space for 

which x.=n. and the one for the restriction x.=n.+l. A larger inclusion of x. 
l I I I I 

is possible but then more subspaces are necessary. The next step is to solve 

two LP problems, one for 1<
1 

and the other for 1<
2

, where in one SJ.Jbspace the 
optimum is situated. 

This process of adding constraints (x.=n. or x.=n.+l) to form two new 
I I I I 

problems is called branching. The problem at the end of each branch is called 

a node. The object function value at the solution to the LP problem at each 

node forms a bound for the value of z=;. 

From (5.8), an integer solution with a lower value for z can not be obtained. 
The procedure is restarted at the node with the lowest object function value, 

where next a new parameter, say x., is bounded between two integers and x. 
J 1 

and all the other parameters may be any real value. 

This process will be repeated until the feasible solution satisfies the 

integer restrictions of x. 

Consider again the above given example with space 1< with object function z
2 

and suppose that x
1 

and x
2 

must be integer. Then the obtained solution i = 
(1~,2)T is not correct. 

However, from the NLP problem all the local basic feasible points were 

obtained. One can uae these points as initial values for the MIP procedure. 

For example, let us start with the subspace 

with the basic feasible point x=(li,4~)T, z=2~. 
Inclusion of x

1 
leads to two LP problems, one with x

1
=1 and one with x

1
=2. 

Only the latter situation has a solution, x=(2,5f with z2=3~. Due to the 

fact that this is an integer optimum, this solution is the local optimal 

basic solution. 

Then the next subspace will be considered, i.e. 

1< e { x 1 x ~4-!. xe 1< } 
s l 2 
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The object function for this point has a higher value than for the integer 

solution of the last subspace. As relation (5.6) still holds, one obtains 

only object function values for this space which are higher than z
2
=7i. For 

that reason, this subspace will not be further considered. 

If a certain space has an integer solution with a lower object function 

value than the alfeady obtained value, the lowest value is further taken 

into account 

In this way, one proceeds until all subspaces are investigated. For the 
A T 

considered situation, finally the integer point x=(l,2) leads to the 

solution of the problem with z
2 
=2. 

Of course, any grid in stead of the integer grid can be used as a collection 

of valid parameter values. In mixed integer problems, only those parameters 

which have to be integers are considered by the above outlined method. The 

non integer parameters will take their values automatically from the LP 

solution. 

The above described method does not prevent cycling. This situation occurs 
when the above outlined method is ftxed within one grid. 

Consider for example the situation, depicted in figure 5.8 with the object 

function z
3
= -x

1
+3x

2
• Let this function be minimized. 

The optimum non integer point is x=(l;,l~)T for which z
3
=2. Restrictions to 

A s T A l,.T • 
x

1 
leads to x=(t,17) and x=(2,t7, for whtch tile latter has the lowest value 

for z
3 

(=2~). A search in tile (x
1
,1) direction leads to an empty collection 

of points. The search in tile (xl,2) direction leads to x=(1~4.2l witil z3= 

~ 
14' 

Cycling occurs due to a renewed necessity for an inclusion of x
1
, x

1
=1 or 

x
1
=2. 

Cycling can be detected by observation of the object function values. At a 

certain node one obtains a z-value which is higher (lower) tilan tile z-value 

of an already discarded node. This situation is valid when an object function 

is to be minimized (maximized). 

The other situation is tilat one gets a z-value which is lower (higher) than 

tile value of tile node that was started from to get this value, also when the 

function is to be minimized (maximized). 
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1 2 

In the frrst case one keeps the restricted parameter at the discarded node 

fixed and one of the remaining parameters is to be restricted to an integer 

value. In the second situation the strategy· is to fix the parameter, which 

was restricted to get that node. 

In the example of figure 5.8, 

the value of z3 for x=(l!_,2) 
" S • I 14 
x=(l,l;) wtth z

3
4. 

the cycling is detected due to the fact that 

is higher than that for the discarded node 

Therefore, x
1 

is fixed, leading to a search in (1,1) and (1,2) directions. 

The latter point is the optimum integer point, while in the first situation 

no solution exists. 

There is a possibility that a (mixed) integer solution does not exist in the 

final solution space, This means that with the finally chosen circuit 

topology, it is not possible to perform the required specifications. Other 

subblocks or topologies must be chosen, leading to a redesign. 

Often, DA tools obtain an optimum point from which the designer approximates 

correct values for the transistor sizes. Then the circuit performance will 

shift such that a conflict with the demand specifications may occur. 
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Tomlin [59] improved the branch-and-bound method by applying cutting-plane 

concepts. Although this method could lead to improvements of the method used 

by TOPICS, no time was left for further investigation. 

5.7. TOPICS in context to other DA-systems 

In this section TOPICS will. be compared with other existing tools already 

mentioned in chapter 2. To be able to do this, the main features of TOPICS 

are again pointed out below 

- a hierarchical synthesis and analysis 

- a synthesis and analysis procedure in a single environment 

- the use of a variable (non fixed) topology 

- an implicitly obtained relation between performance 

specifications and design parameters 

- the use of a (piecewise) linear optimization technique 

The suggested keypoints, necessary in a design automation process (section 

2.3), also demonstrate their advantages in TOPICS. 

The use of hierarchy, like in OASYS, BLADES and ARIADNE, scales down the 

complexity of the problem and makes it possible to use at each level the same 

procedure to solve iL 

The option to work. with solution intervals rather than solution points for 

design parameters demonstrates its functionality as well. 

The use of a hierarchically oriented simulator makes it possible to check 

the correctness of certain decisions earlier in the design process. This in 

contrast to other tools which perform analysis as the last step in the design 

process. 

In contrast to the other DA tools, in TOPICS there is no problem to deal with 

the large degree of freedom. The procedures guarantee to find all solutions 

and therefore time will be saved by skipping unnecessary iterations in the 

design process. 

Of course, the price TOPICS pays for this feature is increased CPU time 
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usage. In general, TOPICS will be slower than the other tools such as for 

example to IDAC and OPASYN due to the fact that they use fixed circuit 

topologies. 

Although TOPICS uses'a comparable form of hierarchy as OASYS, BLADES and 

ARIADNE, these systems have a shorter design time. This due to the fact that 

obtaining all solutions is in principal a complex task and also because the 

built-in simulator is not only used to do a last performance check. 

An advantage of TOPICS compared to OASYS is the implicitly obtained relation 

between performance specifications. OASYS obtains these relations by fixing 

some parameters, varying the others and do this for many runs. The relations 

are showed to the user, who can use the information in a next design. 

TOPICS uses these relations in co-operation with its rule base to ·make 

decisions, here the user will not be confronted with this information and how 

to deal with them. 

In TOPICS the final solution space is a linear combination of a set of 

vectors. This implies the use of a linear optimization technique in stead of 

the complex ones that other DA tools sometimes use. Linear optimization 

techniques are in general faster and easier to implement than methods based 

on simulated annealing or steepest-descent like algorithms. 

The structure of TOPICS makes it possible to imbed new design knowledge in a 

more easy way than in some other systems. Only the new description of the 

electrical behaviour of the subblock has to be stored in the knowledge base 

and the rule base has to be told when this block can be used. 

The new information of the subblock, which is to be stored in the knowledge 

base, must be described by piecewise linear models. 

The advantage of ARIADNE is the interaction with the symbolic simulator ISAAC 

to obtain a functional description of a subblock or a circuit. 

In TOPICS, the descriptions of new subblocks must be generated off-line and 

is in general difficult and time consuming. In ARIADNE it will be also easier 

to explore new topologies and their performance using a symbolic simulator. 

TOPICS performance relies for an important part on piecewise linear 
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techniques. To use PL techniques for modelling component behaviour, it 

requires a different way to look at modelling. Therefox:e, the following 
section deals with some piecewise linear macro modelling techniques, to 

obtain PL models used by TOPICS. 

5.8. Piecewise Hoear macro modelling 

To be able to use TOPICS, piecewise linear models are needed, describing the 

behaviour ·of the system, which is to be simulated or synthesized. 

Although in the literature 'some algorithms have been presented, which map non 

linear functions to PL functions, this problem is not yet generally solved 

[18]. 

Kolmogorov [60] proved that it is possible to map each nonlinear function 

sufficiently accurate to a ·set of linear functions, but an algorithm to 

perform this mapping is not yet available. 

In the analog environment, development of high level PL models of circuits 
requires a lot of expertise and insight in the electrical behaviour of the 

circuits to be modelled. 

If such models are available, accurate simulations can be done with results 
comparable to those obtained with conventional simulators like SPICE. 

However, SPICE achieves these results using low level components, which 

mostly results in larger computing times for large circuits. 

In this section, several piecewise linear models will be treated, which can 

be used by TOPICS to predict the behaviour of a folded cascode OT A. 

At the highest level, only a coarse topology model was used to predict the 

A , UGBW and the SR for a one-stage op amp. This can be achieved by a macro 
0 

model as depicted in figure 5.9a. 

Obviously, this macro model is a composition of several PL models, i.e. a 

tree of models. The limited current, affecting, the slew rate, is expressed in 

parameterized PL model A, where i is the output current of the OT A and v. 
0 I 
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b 

figure 5.9. Macro model for an one-stage op amp. 

a: circuit schematic 

b: characteristic for model A 
c: characteristic for model B 

the differential input voltage (see fig. 5.9b), 

(l)i + (-g )v. + (-g -g )u + (0) = 0 
o m • m m 

[Oli + [ 
1]v. + Iu + ~jgm] = j 

0 ° -1 I I /g 
o m 

Vr~_ 
~Vo 

c 

(5.7) 

The parameter g is the transconductance of the input transistor and I the 
m o 

tail current of the one-stage op amp. The output current flows into the 

resistor R , the output resistance of the OT A and eventually in the load 
0 

capacitance cload. 
To achieve the limited output voltage swing and the voltage offset, PL model 
B is used, 
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(l)v + (-1)v + (-1 -l)u + (V I = 0 
o r olDer' 

' 

roJv. + [}. + lu + [~ :::! = J (5.8) 

' ' . 
with v low = v low + v oiiset and v bigb = v bigh + v offset and for which the 
characteristic is given in figure 5.9c. 

The resistor R and the load capacitance can be modelled according to 
0 

(5.9) 

and 

h 

'l.::J + [: j~"" clo~:~ [i cl + (O)u + (0) = 0 

-1 1>11 

(5.10) 

respectively, where h denotes the current time-axis discritization step. The 

state equations play no role in these models. 

From the figw~e and the models one can observe that the DC amplification 

factor A is implemented by g and R . The models are parameterized and use 
o m o 

only those design parameters that are actually known by TOPICS at this level. 

One level lower, the internal topology structure of the folded OTA has to be 
simulated. Therefore, model A is replaced by some other models, depicted ·in 

figure 5.10. 

The functionality of model A is now described by model Al 

(l)i + (- !g )v. + (- !g - !g )u + (0) = 0 
o 2m 1 2m 2m 

[Oli + [ 
1]v. + Iu + rJgm] = j 

0 0 -1 I li /g 
o m 

(5.11) 

with characteristic as depicted in figure 5.9b and model A
2 
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[
i l [-1] [OJ [-!Ij I i~ + 1 io + 0 U + -~Io = 0 (5.12) 

The models (5.11) and (5.12) describe the behaviour of the driver (see fig. 

5.2). The load is modelled following 

(l)i
4 

+ (-S)i
3 

+ (O)u + (0) = 0 (5.13) 

where S reflects the mirror factor. The block current source consists of two 

simple PL models, describing two current sources, 

driver 

a current source 

iof 

b 

figure 5.10. The fine topology structure of the folded OT A 

a: circuit schematic 

b: characteristic of model A 1 
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(l)i + (O)v + (O)u + (-1 ) = 0 
0 

(5.14) 

The resistance reflects in fact the cascode block in this circuit modeL This 

circuit model describes the several design parameters, considered at this 

level. 

A PL approximation for the 1/f-noise behaviour can complete this model. 

At the lowest level a simple transistor model is used to describe the 

behaviour of the several building blocks. 

The NMOS transistor model is expressed as (5.15) according to figure 5.11a 

for which the characteristic is depicted in figure 5.11b. 

(1)1. + (0 "-«)~~ + (~ -~)u + (0) = 0 

(0)1. + [:: : :J ~~ + lu + lv:l = J (5.15a) 

IJ.C 
a = ~ ~ 'J...V and p = (-l+'J...)a 

2 ._, r 
(5.15b) 

In this model V is the threshold voltage (V b=OV), W and L the dimensions of 
l s 

the transistor, 'J... the channel length modulation factor and V a value, 
r 

expressing the nonlinearity of the real characteristic. The gate current is 

considered to be zero. 

This model is obtained by approximating the quadratic behaviour of the 

current (I a! V2
) by a linear function (I a! V V). Of course, the model can be 

r 
made more accurate by using Tchebychev approximation techniques [61] or a 

model based on the physical interpretation [62]. 

To be able to perform timing analysis the model (5.13) is extended with a PL 

model for the gate-source capacitance C . This completes the simple 
gs 

transistor model TOPICS uses. 

A PMOST model can be obtained by converting the signs in the system equations 

of (5.15) and adapting the value of IJ.. 
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Ida 

t 

0 

a 

figure 5.11. The NMOS transistor model 

a: definitions, b: characteristic 

-+ Vda 

b 

Using this transistor model, compact models can be developed for the building 

blocks of TOPICS. For instance, the model for a simple current mirror 

subblock can be expressed as 

~[::J + [: -: ~I ~:1 + io: .:J· + [~J = 
0 

[: :1 r~J + [i :: ;1 ~:1 + Iu + ~:l = j 
(5.16) 

where a and p are according to (5.15b) and the transistors are considered to 

be equal. The definition of the parameters is according to figure 5.12. 

The compactness of the model is achieved due to the fact that some pivots 

will never occur and thus the corresponding hyperplanes can be left out. 
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v, 

figure 5.12. The definition of the parameters for a current mirror 

5.9. Implementation aspects 

The expert system TOPICS manipulates with facts and rules from the rule base 

and therefore a Prolog-like [63] language would be convenient. 

However, the synthesis and analysis of the building blocks is done by a PL 

simulator, which demands a lot of numerical calculations. Prolog is unable to 

do this efficiently. 

Due to the strong interaction between the database and the numerical 

procedures, a good interaction between Prolog and the language in which the 

other methods will be written, is mandatory. 

Therefore, the first version of TOPICS was implemented in the Smalltalk 

language [64]. The advantage of Smalltalk besides the object-oriented 

programming structure is the inclusion of the complete Prolog environment. 

However, it is an interpreter language and after some experiments it 

appeared to be too slow for this application. 

Therefore TOPICS is implemented in the C programming language [65]. This 

option was chosen, because the most time consuming parts in TOPICS are the 

numerical procedures. For this reason a language which is able to perform an 

efficient number crunching has a higher priority over a language which is 

able to manipulate fast with rules. 

The rules stored in the rule base are then to be implemented as trees of 

if-then constructions. Also the backtracking mechanism has to be implemented 

(this would have been implicitly obtained in Prolog). 

The piecewise linear simulator PLANET and the tool to obtain all solutions of 

(in)equalities, called SPACE, were frrst developed to operate as stand alone 
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packages. These packages can be used in a larger context than for analog 

circuit design automation only. Later. with some additional changes, they 

were integrated in the framework TOPICS. 

Currently TOPICS is implemented rather straightforward in stead of to take 

care of total memory usage. speed etc. The flrst priority was to demonstrate 

the usefulness of the ideas behind TOPICS rather than to show how fast it 

could design circuits. Therefore, considering design times compared to other 

systems is meaningless as it gives only a coarse impression. 

The framework TOPICS as well as PLANET and SPACE run on a Sun SPARCstation 2 

(28.5 MIPS, 4.2 MFLOPS) under the UNIX operating system. 

Design times of op amp are within several minutes. 
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CHAPTER 6 

DESIGN EXAMPLES 

In this chapter some analog circuit design examples will demonstrate the 

usefulness of the presented algorithms in the DA-environment. The design 

examples are processed within the MIEI'EC 2.41Jm n-well CMOS process. Section 

6.1 deals with the design of a folded cascode OTA with large gain-bandwidth 

product. In section 6.2, TOPICS designed a two-stage op amp and section 6.3 

treats the design of a circuit to drive a high capacitive load. Some 

concluding remarks are given in section 6.4. 

6.1. A folded cascode OT A with large gain-bandwidth product 

As first design example, the design flow within TOPICS is given for the 

perfonnance requirements which are summarized in table 6.1. 

With these · required specifications as input for TOPICS, the synthesis 

procedure goes as follows. 

At level one TOPICS obtains a solution space for a two-stage topology 

approach as well as for an one-stage structure approach. Therefore, 

considering the high gain and the large UGBW in combination with the required 

phase margin, TOPICS tries at level two as ftrst . possibility a folded 

one-stage topology structure, see figure 6.1 (see also figure 5.2). 

The rule base gives infonnation about the intervals for certain parameters 

values, 

V e [0.2, 0.5] (V) 
sat 

W 
1 

E (2.4, 200] (11m) 

L
1 

e [2.4, 10] (11m) 

L
2

.3 E [2.4, 10] (J.lm) 

L 
4 

E [2.4, 50] (11m) 

where the domain space of I is known from level one. 
0 
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table 6.1. Perfonnance specifications and results 

(V = -V = SV, C = lOpF) 
.dd li load 

( measurement at 2 MHz, equipment for differential phase 

measurement at higher frequency was not available) 

specification requirements TOPICS SPICE meashrements 

A (dB) !:: 80 80 80.9 80 
0 

UGBW (MHZ) l!: 2 4.5 4.0 4.1 

SR (V/fJ.S) l!: 2 5.6 3.0 2.0 
• 

(//In (degree) !:: 60 89.6 84 82 

1/f-noise (Jl.Vrtns ) :$ 20 13 32 

v (mV) :$ 
off 

0.5 0.28 0.01 0.5 

output swing (V) l!: : 3 3.8 4 4 

p (mW) :$ 
diss 2 1.1 1.1 1.5 

load 

L4 

- driver cascode 

v I vsat1 lo v.at2 ,L2 1--

- w, L1 
,LJ v.at3 

I 

c-source 

figure 6.1. Topology at level two 
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Based on the solution space at level two and the rules in the rule base, 

TOPICS decides to use a double cascode block and a simple current mirror at 

level three. This finally results in the circuit schematic as depicted in 

figure 6.2. 

The solution space at this level is described by a linear combination of 417 

vectors. 

Next an optimization criterion can be applied. A minimum area and minimum 

power criterion (standard LP technique, the mixed integer method was at this 

moment not yet implemented) yields, 

(W/L)l = 199.2/2.4 (W!L)2 = 47.2/2.4 (W!L)3 = 80/2.4 

(W/L)4 = 63/2.4 (W/L)5 = 59.2/2.4 (W/L)6 = 196/2.4 

Vb
1 

= 3.6 vb
2 

= -3.8 vb
3 

= -2.87 v b4 = 2.87 

figure 6.2. The final circuit schematic 
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where an approximation was applied to obtain correct values in context to the 

grid values of the technology process. 

Final simulati()ns with PLANET give the performance for this circuit. 

To demonstrate the option of high level simulations, consider for instance 

the simulations, performed by PLANET, with the PL model of figure 5.10, valid 

for level two for which the results are drawn in figure 6.3. 

Figure 6.3a depicts the output signal for an input signal v.(t)= 
I 

104 sin(2n:106t). The simulations are performed without Cload. From the figure 

it is clear that the gain of the circuit is almost 80 dB. The same input 

signal but with an amplitude of 1 m V results in clipping of the output signal 

at 4 V (figure 6.3a). 

With C
1
""" taken into account, again simulations are performed to obtain the 

nonlinear transient behaviour and the AC specifications of the circuit The 

integration time step is chosen 0.01J.ls. The simulations show a slew rate of 

5 V/J.ls (figure 6.3b), an A of almost 80 dB with an UGBW of approximately 
0 

5 MHz (figure 6.3c) and a phase margin of almost 90 degree (figure 6;3d). 

From these simulations it is remarkable that these results are close to the 

final simulations results, performed by PLANET, as given in table 6.1, though 

they are obtained with simpler models. 

Simulations with SPICE are also performed to compare both simulation results, 

see also table 6.1. 

The SPICE simulation is performed after layout circuit extraction, resulting 

in a little mismatch between the two simulation results. This due to 

paras1t1c capacitances, specially the well-capacitance of transistor M6. 

SPICE simulations without these capacitances result in a performance, 

comparable with PLANET. 

After manual layout generation (see figure 6.4) the chip has been fabricated 

in the 2.4J.lm CMOS process of MIETEC. A die photograph of the realized op amp 

is shown in figure 6.5. 
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figure 6.3. Simulation results with the PL model of figure 5.10. 

Transient simulations with as input signal 

a: a lMHz sine wave with amplitudes of O.lmV (1) and lmV (2) 

b: a step function (5V) 
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figure 6.3. Simulation results with the PL model of figure 5.10. 

AC simulations: gain (c) and phase (d). 
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figure 6.4. Layout of the op amp 

figure 6.5. Die photograph of the realized folded cascode OT A 
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Measurements show a result reasonable in agreement with the computations (see 

table 6.1) .. 

The ,measured offset voltage is including the statistical offset voltage, 

generated by a mismatch of transistors, where TOPICS and SPICE 1)nly 

considered the systematic offset voltage. 

TOPICS estimates the total equivalent input 1/f-noise as linear proportional 

to the 1/f-noise of the input transistors. It seems that this proportionality 

factor was not correctly estimated for this op amp. 

Also the model to estimate the capacitance C seems not accurate enough, 
m 

resulting for this situation in a too high estimated SR. Furthermore the 

parasitic capacitances play a more important role than was predicted. 

However, in general the measurements de111onstrate that the (simple) analytic 

expressions TOPICS uses are quite acceptable. 

6.2. A Miller·compensated two-stage op amp 

As second test, TOPICS was used to design a circuit able to perform the 

specifications, denoted in table 6.2. 

The high output voltage swing in combination with the moderate UGBW tells 

TOPICS to select a two-stage approach. 

The final design result is depicted in figure 6.6. In table 6.2 also the 

performance, predicted by TOPICS, analyzed by SPICE and those obtained by 

measurements are given. 

The SPICE simulation is done after a layout circuit extraction, including all 

parasitic capacitances. The difference between simulation performed by SPICE 

and TOPICS is due to the parasitic capacitance at the bottom plate of the 

C -capacitance. This effect is not yet included in TOPICS. 
m 

The measurements demonstrate the correctness of the synthesis. The measured 

V orr is again the total offset voltage, including the statistical offset 

voltage for this IC. 

The value for the total V orr is normal for this kind of op amp, taking into 

account the small length of the input transistors. 
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table 6.2. Performance specifications of the design 

(V
44 

= -V .. = 5V, Cload = lOpF, Cm = 1.6pF) 

fication 

A (dB) 
0 

UGBW (MHZ) 

SR (V/flS) 

1/!m (degree} 

1/f-noise (!lVrms) 

v 
off 

output 

p 
diss 

swing 

12 
2.4 

(mV) 

(V} 

(mW) 

requirements TOPICS 

:!: 60 83 

:!: 1 1.3 

:!: 2 2 

:!: 60 60 

:s -
:s 0.5 0.2 

:!: + 4 4 

:s 1 0.2 

SPICE 

83.8 

1.6 

2.2 

57 

-0.27 

4 

0.15 

12 
2.4 

1-----Vo 

figure 6.6. A Miller-compensated two-stage op amp 
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1.7 

1.9 

60 

-3.9 
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0.13 



figure 6.7. Die photograph of the designed two-stage op amp 

Figure 6.7 shows the die photograph of the realized CMOS op amp. 

6.3. Op amp for high capacitive load 

The last design concerns the design of an op amp to drive a high capacitive 

load of 50pF. The other specifications are given in table 6.3. 

The final circuit design is a folded cascode OT A, see figure 6.2, with the 

following transistor sizes and supply voltages 

CWIL\ = 144/3.2 

(W!L)4 = 27.6/3.2 

CWIL\ = 9.6/3.2 (W!L)3 = 44/3.2 

(W!L)5 = 16/3.2 (W!L)6 =58.4/3.2 

Vb1 1.19 vb2 = -1.23 vb3 = -0.3 v b4 = o.3 
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table 6.3. Perfonnance of the design 

(V dd = -v •• = 2.sv, cload = SOpF) 

specificatio.n requirements TOPICS SPICE measurements 

A {dB) i!:: 60 80 87 80 
0 

UGBW (MHZ) i!:: 0.2 0.2 0.27 0.31 

SR (V/Jts) l!: 0.2 0.25 0.22 0.1 

.m (degree) i!:: 60 89 89 so 
1/f-noise (JlVrms) :5 20 3.5 17 

v 
off 

(mV) :S 0.5 0.1 -0.01 -0.3 

output swing (V) i!:: + 1 1.1 1.2 1.2 

Pdiss (mW) :5 1 0.13 0.11 0.14 

A die photograph of the circuit is given in figure 6.8. 

Again the measured V off is the total offset voltage where TOPICS considers 

only the systematic offset voltage. 

The slew rate is not correctly estimated. This is due to the same effect as 

mentioned in section 6.1. 

The lower value of the measured phase margin could be explained by the 

occurrence of larger parasitic capacitances than expected. This influences 

also the slew rate. 
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figure 6.8. Die photograph of the circuit 

6.4. Concluding remarks 

The realized circuits demonstrate that the methods on which TOPICS 

is based appear to be adequate for these designs. 

Although the measurements show a close correspondence with the simulated 

values, some analytic models and estimations are actually too simple and 

should be improved. 

The measurements also demonstrate that the influence of parasitic 

capacitances are larger than expected. 

Therefore, in a first extension of TOPICS the synthesis process should take 

these capacitances into account. 

In addition, an automatic layout generator would be recommended as back end 

for TOPICS. The synthesis of all previous designs took a few minutes, 

whereas the layout generation by hand took several weeks. 
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CHAPTER 7 

CONCLUSIONS 

In this section some conclusions will be drawn and additional remarks will be 

given. 

The simulator PLANET as presented in chapter 3, demonstrates its feasibility 

in design environments. Its efficiency and flexibility are due to its 

hierarchically oriented structure and to its piecewise linear nature enabling 

the possibility of high level and mixed level simulations. 

The methods to obtain all solutions of linear (in)equalities are successfully 

extended to obtain all solutions of nonlinear, piecewise linear described, 

functions. The parameter values may eventually be bounded. 
Furthermore, the algorithms can be applied within a hierarchical environment 

to obtain all solutions, valid for all levels. 
A side application is that the methods can be used to find all DC initial 

points of circuits which is a major problem in circuit analysis. 

The presented framework TOPICS is able to support design automation for 

analog circuits. 

TOPICS relies on a hierarchical representation of design problems and 

translates the performance specifications as well as the circuit topology 

down this hierarchy until individual devices are sized. 

Interval analysis is used to assure that the parameter values are chosen 
within their ranges to guarantee normal circuit operation. 

A method is applied to obtain the full solution space and to use this space 

at lower levels such that if possible, decisions have to be made only at the 

lowest level, eventually by using optimization programs. This method leads 

automatically to relations between performance specifications, which TOPICS 

explores to do performance tradeoffs. 

Hierarchical analysis, available by PLANET, allows for an immediate check at 

each design level. 
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Experiments demonstrate that the methods TOPICS relies on appear to be 

adequate. Three designs are synthesized and . verified by detailed circuit 

simulation (PLANET as well as SPICE). 

Although a close correspondence exists between simulated and measured 

performance specifications, the measurements show that some rules to predict 

the performance must be refined. 

Although the method to obtain all solutions can be used to advantage, from 

figure 4.7 it is clear that for large sets of equations, large computing 

times can be expected. Therefore, the method must be used with care. 

Tbe overall conclusion is that the use of all design freedom as well as the 
application of simulations at each hierarchical design level, leads to 
advantages and disadvantages in the automation of the analog design process. 

The contribution of the research described in this thesis only solves a part 

of all the problems in the field of analog design automation. 

Suggestions for improvement and extension for future research in .this domain 

will be given below. 

•The description of the behaviour of the models. used by TOPICS, is obtained 

by human expertise. 

This is a drawback, due to the expertise, necessary to describe the 

behaviour of new topology structures, subblocks etc. Automatic generation of 

these performance descriptions would be of advantage. 

Therefore an interaction with a symbolic simulator would be preferable . 

• Extension of TOPICS with an automatic layout generator could be the next 

step in the automation of the design process. This extension will give the 

possibility to perform parasitic capacitance estimates, leading to improved 

designs. This will also shorten the total design time, starting from 

performance specification over circuit design to a circuit layout. 

.A final recommendation will be given to include aspects on the testability 

of the circuits. This issue becomes more and more important. Circuits on 

silicon must be guaranteed to be testable. The demand to include test 
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circuits in automatically synthesized circuits leads to a new and complex 

research domain. 

The above list is a short list of unsolved problems in the field of analog 

design automation. · Together with the problems which arise if more complex 

analog circuits must be designed automatically, it shows that analog design 

automation still has a research domain with a challenging future. 
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APPENDIX A 

In this appendix a proof is given that the set 

{

Iy +Ax+ Bu + Hz+ J~ + f = 0 
Ky + Lx + Mz + Nz + r = 0 

Dy + Cx + Iu + g = j 

using the general formula for a LMS integration method, defmed as 

z 
11+1 

k-1 k-1 • 

= I. a.(h)z . + I. ~.(h)z . 
j =0 J II•J j = • 1 J 11-.J 

where h is the current stepsize, can be transformed into 

(D D >[ yll+l I + (C C)[ xn+l I + Iu + g = j 
1 2 z 1 2 p 

11+1 II 

The new values for p , called p 
1
, can then be expressed as 

n n+ 

p =T +Tz 
11+1 I 2 n+l 

From (4) it is clear that 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

Assume that (1-3) is valid for time point t , then (1) filled into (2) 
n+l 

gives 
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. . 
K{-Ax - Bu - Hz - Jz - f) + Lx + Mz + Nz + r = 0 (9) 

n+l n+l n+l n+l n+l n+l n+l 

Then using relation (8) to eliminate z and collecting corresponding terms 
n+l 

together, yields 

(L - KA)x 
1
- KBu 

1
+ (M - KH + {N - KJ)W1(h))z 

n+ n+ ·I n+l 

-{N KJ)~-1 \) + (r - Kf) = 0 
-1 n 

and thus 

with e = M - KH + W1(h)(N - KJ). 
·I 

Filling (8) into (1) leads to 

Iy + Ax + Bu - 'lfZ - W1
(h)Jp + f = 0 

n+l n+l n+l n+l -1 n 

where \jl is defined as -(H + ~::(h)J). 

(10) 

(11) 

(12) 

From this relation, z can be eliminated using (11), which fmally results 
n+l 

in 

(13) 

Reformulating the equations (13) and (ll) according the PL model description 

leads to 

, 1 :::: J + 1::: :::J !::·· J + rs:J· + 1::1 = 
0 (14) 

Dy + Cx + Iu + g = j 
n+l n+l 

(15) 
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with 

N" = ~- 1(h) N 
-I t = ~-l(h) J 

-1 • • 
6=(M-KH+N -KJ) 

'II= - (H + J") 

B
1 
= B - '!18-1KB 

B = -6-1KB 
2 

f
1 
= '!18-1(r - Kf) + f 

f = e·1(r - Kf) 
2 

The update from p to p 
1 

can be expressed in terms of z and p , n n+ n+l n 

t · I lc ' I . 

Pn+t = :E aj(h)zn+t-j + :E ~j(h)zn+t·j 
j:O j=O 

j:O j = l 

k-1 k-1 • z -p 
= L Cl.(h)z 

1
. + L IJ.(h)z 

1
. + IJ

0
(h) n+l n 

J n+ ·J J n+ ·J IJ (h) 
j=O j=l -1 

t - 1 lc • 1 . p (h) 
= :E a. (h)z . + :E P. (h)z . + a z + 0 (z - p ) 

J+1 n-J j+l D·J 0 n+1 IJ (h) n+1 n 
j:O j=O ·I 

and thus 

- (3 (h) 
po+l = pn + CloZn+l + _n_ (z - p ) 

(3 (h) n+l n 
-1 

- k-1 k·l • 
p = L a. 

1
(h)z . + L Jl 

1
(h)z . 

D j+ D·J j+ D·J 

j=O 
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This is according to (7) with 

- ~ (h) 
T = tl - _o_ tl 

1 n ~ (h) n 
-1 

~(h) 
T =(a + - 0

-) 

2 0 ~ (h) 
-1 

However, relation (15) is still not according to the PL definitions. The 

input and output vectors of the state equation do not have the same length as 

in the system equation. 

To keep the same information but with correct vectors, the rows of C and D 

can be extended by zeros, 

(17) 

where 0 denotes a matrix of IRkxq with all its elements equal to zero. 

This will not affect the update process, but keeps the matrix manipulations 

correct. The update of the system equations is only influenced by relation 

(15). The update of the state equations is only a change of sign and will not 

affect the matrix 0. 
Thus according to equation (6), 

0
1 

= D (from (3)) 

D = 0 
2 

c1 = c (from (3)) 

c = 0 
2 

In this way the proof is completed. 
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APPENDIX B 

In this appendix, it will be proven that the update of 

(1) 

is also a dyadic update. The constant vector r* is omitted for convenience, 

but without any restriction. 

Suppose that a certain state equation of system k of a set of n topological 

connected systems is violating the LCP conditions. Thus an update over matrix 

Ak in the overall system matrix A has to take place. 

In section 3.3 it was already proven that the update of the system matrix ~ 

is a dyadic vector multiplication, 

(2) 

Define 

T T a = (0 ... 0 at 0 ... 0) (3) 

~T = (0 ... 0 ~: 0 ... 0) (4) 

then it can easily be seen that the update of A, according to the definition 

(3.35), is also dyadic, 

(5) 

As T and T are expressions in A, their updates can also be expressed in 
c r 

terms of a dyadic vector multiplication, 

- -
T = P + Q A = P + Q (A + a.~T) = T + (Q a)pT = T + a .pT (6) 

c c c c c c c c c 
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- -
T = P + 0 A = P + Q (A + a.~r) = T + .(Q a)~T = T + a .~T (7) 

r r~ r r r r r r 

Eliminating the x from (3.37-3.38) leads to the description of matrix A• 

0 Cl 

A = -TT R - R 
r c c r 

(8) 

The update of (8), using the expressions (6) and (7) yields then 

A• • A*T = +a ·1-' (9) 

with V = (1 + ~TT1a f 1
, a• = (v(T + a .~r)T' 1a - a) and ~·T= {~TT- 1R ). 

c c r r c c ( 'c c 

Hence the update of A • is indeed a dyadic update. 

In this proof, the inverse of T is explicitly computed using the 
c 

Shermann-Morrison-Woodburry relation. To give this relation, defme AeiRnxn, 

UeRnxk. Hre IRtom. Then under the condition that A"1 exists, 

In (9) the inverse of T is to be computed, but is in general not available. 
c 

However T x = R e has to be solved many times. Therefore, a LU-decomposition 
c c 

of T will be available. This makes it easy fu determine T'1a as the 
c c c 

solution vector p of 

Tp=a 
c c 
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The expression (3TT·1 can be treated in the same way, 
c 

(10) 

From (10), the vector q can easily be determined by solving two triangular 

sets of equations. 
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APPENDIX C 

In this appendix, it will be demonstrated that also the update of several 

collected dynamic components is performed by a dyadic vector multiplication. 

In appendix B it was proven that applying a numerical integration method, the 

dynamic models could be written as 

(1) 

Dy +Cx +Iu +g=j 
n+l n+l 

(2) 

where index n counts the time steps. In principle this defmes the mapping 

(3) 

where the vector f is omitted for convenience. 

The output z 
1 

of the model is used as an input for the numerical 
II+ 

integration method and is not important in context of topology. 

The vector p can be seen as an independent source vector. It represents the 
II 

sources of the companion models of the dynamic components. 

This means that a model is excited by two independent source vectors. First 

an independent source vector x resulting from the sources outside the model. 

And second an independent vector p resulting form the companion models. 
n 

To be able to use hierarchy, a subcircuit or node must have the same form. 

Suppose n dynamic components are connected to make up a circuit A DC model 

is considered to be a special form of a dynamic model having the width of A
12 

equal zero. Then using the same definitions for the topological matrices 

Px -Qy =Re 
c 11+l c n+l c n+l 

(4) 
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r = Px - Qv + Re 
n+l r n+l t' n+l r n+l 

(5) 

Define 1}e
8 

= A
12

1}
8 

and eliminate y using (3) results in 

T x = R e - Q pe , T = P + Q A
11 c n+l c n+l . c n c c c 

(6) 

r = Tx + Re + Qn.. T = P + QA 
n+l r n+l r n+l rt'"n r r r 11 

(7) 

The vector pe must be seen as an excitation vector of the subcircuit just 
n 

like e . 
n+l 

Using (6) to eliminate x in (7) leads fmally to 
n+l 

= T (T.1R e - T'1Q ~~'~e ) + R e + Q ~~'~e 
r c c n+l c c t' n r n+l rt' n 

=- (A* A" )[en+ll (8) 
n 12 pe 

D 

where A* = -TT.1R -R and A" = TT"1Q - Q. Since (8) and (3) have the 
11 r c c r 12 r c c r 

same form it is possible to treat a subcircuit as a component. In this way 

hierarchy becomes possible. 

In appendix B it was proven that !he update of A: 
1 

was dyadic and in the same 

way this can be proven for A
12

, the update of (8) is also dyadic. This 

completes the proof of this appendix for dynamic models. 

Suppose again that n AC models are connected. All the complex input vector x. 
J 

of the models are grouped together yielding 

T_ T T T X T T T x- (xtlx21···1x I ·tlx.21···1x.) r r rn • t an 

where the subscripts r and 

of the parameter respectively. 

(9) 

denote the real and imaginary parts 

For the matrices of the PL model, the same method is used. As an example the 
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real part of A, i.e. the compound matrix A is given as 
r 

A = 
r 

'A 
m 

A similar set of equations like (3.37) is then given by (11). 

-ID9 {' ]x = [Rc]e 
P + Q A R 

c c r c 

(10) 

(11) 

In the same way a set like (3.38) can be derived. For every ro, the model 

matrices as well as the node matrices have to be updated and sets like (11) 

have to be solved. 

Again the updates of these new 1-c and 1-r are dyadic which completes the 

proof. 
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APPENDIX D 

In this appendix, the method to obtain all solutions of a PL described 

function will be demonstrated on an example. 

Let y = f(x) = f(x
1
,x

2
) = x

1
x

2
, for which a simple but crude piecewise linear 

approximation is given by 

y + (0 O)x + (-1 -1 1 1 1 1)u + (0) = 0 

-1 -1 1 
-1 -1 2 

0y+ -1 Ox+lu+ 1 =j 
-1 0 2 
0 -1 1 
0 -1 2 

where the _matrix 0 is taken form 1R6
x

1
, all entries equal zero. 

The domains for x are expressed as 

\ E [1/4, oo> 
x

2 
e [1/2, l] 

(1) 

The model is obtained by constructing the function from several nonlinear 

scalar functions. These scalar functions can directly be mapped on piecewise 

linear functions using a Tchebychev approximation of the scalar functions. 

In figure D.1 the hyperplanes and the domain of x are drawn. 

From the figure it is easy to verify that only the polytopes 1, 2, 3, 4 and 5 

have intersections with the domain of x. They are bounded by the hyperplanes 

X +X = 1 
1 2 

X +X = 2 
1 2 

X = 1 
1 

X = 1 
2 

X = 2 
1 
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X2 t 
2 ~~----+-----~-----

x1-+ 

figure D.l. The hyperplanes and the domain of x 

These hyperplanes are obtained by step 1 of the method of section 4.3. 

Applying step 2 results in the description of the convex subspaces. These 

spaces are the intersections of the hypercube, describing the domains of x, 

and the polytopes of the PL model. 

It is easy to verify that the intersections can be described by 

[
X l [1/4] [1/4] [1/2] < = Pu 1/2 + pl2 3/4 + pl3 1/2 

C:l = P,.[:] + P,[,;2] + P,[:~] 

[::] = P,.[:] + PGGJ + p~[,~2] + p«[:~] 

[::] = P,. [~] + P, Gl + P, [ 1~2] 
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(2b) 

(2c) 

(2d) 

(2e) 



with 

From (1) it follows that the function descriptions for the obtained 

intersections are 

for (2a) y=O (3a) 

for (2b) y=x+x-1 
1 2 (3b) 

for (2c) y = x2 (3c) 

for (2d) y=x+2x-2 
1 2 (3d) 

for (2e) y = 2x 
2 

(3e) 

Suppose that y is in addition bounded by y e [0, 6]. Then one must solve the 

problem of relating each description of x of (2) to the linear equation for y 

from (3), with bounded support of y. 

This is performed by step 3 and the solution yields 

[::] = P,.[:] + Pnt:::J + Pn[;~] (4c) 

[::1 = P.,[;] +Per;] + p~U21 + p~[~] (4d) 
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(4e) 

with 
D. 

J 

v jE tt.2.3.41 l: p .. =l, viE ll.2.3 41V.e 11 1 p .. ~ 
i=IJI '·' •. ,nj Jl 

Relation (4) is the complete solution space of the problem under the accepted 

granularity of the used piecewise linear model. 
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APPENDIX E 

In this appendix the features of the theory of chapter 4 to obtain aU DC 

operating points of a circuit will be demonstrated. 

Consider as example a circuit with two identical tunnel diodes as depicted in 

figure E.la, for which the diode characteristic is shown in figure E.lb. The 

PL model description of the diode can be expressed as 

(l)i + (-3)v + (4,-3/2)u + (0) = 0 

where the topological equations are given as 

i - i = 0 l 2 
E - Ri - (v + v 1 = 0 

1 1 2' 

with E=42V and R=14n. 

(1) 

(2) 

There the diode function is a scalar function, one could use a simplified 

version of the method in section 4.3 to obtain the transfer characteristic of 

the diode (see also [36]), expressed as 

R 3 

t 2,5 
+ 

E 2 

1,5 

1 

0.5 

-+V 

a ' b 

figure E.l. circuit with multiple initial solutions 

a: circuit b: diode characteristic 
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Solving the topological equations, it appears that there exist nine DC 

operating points, depicted in table E.l, although in first sight 

(geometrically) there only seemed to be six solutions (see figure E.2). 

These solutions are obtained by relating the diode transfer characteristics 

with the topological equations. 

table E.l. The nine solutions 

t 

2,5 

2 

1,5 

0.5 

i 2.88 2.85 2.85 2.83 2.51 2.51 2.47 2.47 2.22 

v 1 0.96 0.95 1.15 1.17 0.84 6.02 1.53 5.93 5.44 

v
2 

0.72 1.15 0.95 1.17 6.02 0.84 5.93 L53 5.44 

2 4 8 8 10 12 - v, + ~ 

figure E.2. Geometrical interpretation of the problem 
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STELLING EN 

behorende bij het proefschrift 
TOPICS, a contribution to analog design automation 

van D.M.W. Leenaerts 

1 De door Chua gebruikte canonische structuur voor PL modellen is niet 

geschikt om hoog niveau modellen te maken. 

(L.O. Chua, A. Deng, 'Canonical Piecewise Linear Modeling', 

IEEE Trans. Circuits and Syst., Vol. CAS-33, No. 5, pp. 511-525, 1986) 

2 Het algoritme van Y amamura en Ochiai geeft geen garantie voor het vinden 

van alle oplossingen daar hun 'sign test' niet accuraat genoeg is. 

(K. Y amamura, M. Ochiai, 'An efficient algorithm for fmding all 

solutions of piecewise linear resistive circuits', 

proc. Int. Symp. Circuits and Syst., pp. 3039-3042, 1991) 

3 De bewering dat aile continue PL functies met het in onderstaand artikel 

gegeven theorerna 1 gerepresenteerd kunnen worden is onjuist. 

(C. Kahlert, L.O. Chua, 'A generalized canonical Piecewise-Linear 

representation', 

IEEE Trans. Circuits and Syst., Vol. 37, No. 3, pp. 373-383, 1991) 

4 Het vergelijken van de eigerischappen van PL sirnulatoren met · die van 

conventionele simulatoren waarbij simulaties · op component niveau als 

referentie gebruikt worden doet afbreuk aan het PL concept. 
' 

5 De auteurs van onderstaand artikel hebben de vergelijkingen, nodig om het 

gedrag van de betreffende versterker te beschrijven, zo sterk ver

eenvoudigd dat bij gebruik ervan van een zinvol ontwerpresultaat geen 

sprake meer kan zijn. 

(C. Kuo, L. Chen, T. Parng, 'An automatic synthesizer for CMOS 

operational amplifiers', 

proc. EDAC, pp. 470-474, Amsterdam, 1991) 



6 Interactieve analoge ontwerptools zullen strak:s niet meer nodig zijn om 

analoge 'high performance' circuits te ontwerpen. Hetzelfde resultaat kan 

ook gehaald worden met 'push-button' ontwerpgereedschappen. 

7 De K.N.A.U. dient een beslissing te nemen over bet accepteren van 

videobeelden als bewijsmateriaal om de tijdens atletiekwedstrijden 

genomen beslissingen van juryleden te herroepen. 

8 Het aankondigen van zogenaamde recordwedstrijden in · de atletiek, om 

hierdoor meer publiek en atleten te trekken, zal op den duur averechts 

werken, daar records niet op afroep verbeterd kunnen worden. 

9 De lange tijd die verstrijkt tussen het indienen van een arpkel voor 

publicatie in een tijdschrift en de daadwerkelijke verschijning ervan 

komt de kennisoverdracht die eraan ten grondslag ligt niet ten goed~. 

10 Symposium organisatoren dienen na te denk:en over andere vormen van 

schriftelijke overdracht van de publicaties dan de huidige proceedings, 

ter voorkoming van spierblessures van de deelnemers t.g.v. overbelasting. 

11 De nieuwe wetgeving omtrent bet gebruik van de vluchtstrook op de snelweg 

getuigt niet van verkeersinzicht bij de opstellers ervan. 

(reglement verkeersregels en verkeerstekens, artikelen 43 lid 3 jo. 54 

RVV, in: STBL 1990, 459) 

12 Het in toenemende mate toegankelijker maken van bet hooggebergte voor 

massatoerisme zonder daarbij de toerist gedegen voor te bereiden op en 

kennis van zaken te geven in alpine-risico' s, is levensgevaarlijk en zal 

leiden tot een toenemend aantal ongevallen. 




