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: .fb J NTRODUCTION 

The enormous and widespread implications brought about today by the appearance of 
cheap, powerful and versatile microelectronic devices is comparable to those brought by 
t h e  industrial revolution brought by the steam engine and electricity. Failure to react 
sensibly to the microelectronic revolution can hasten the relative decline and produce a 
iiihstantial i3~ii in living standards. The situation can become even more difficult to a great 
rn:?jority of developing counrries already experiencing enormous difficulties in their efforts 
t o  industrialise. lnspite of the general decline in t%e worawide economicgrowth, the growth 
i n  electronic goods have shown rapid progress [I]. Table I [I] shows the estimated world 
sales in nlillions of dollars of semi-conductors by major international firms for the years 72, 
74, 76, 80, 83, 84 and 85. The foregoing facts show that a clear understanding on 
:nicroelect ronics and microelectronic circuits is necessary together with an understanding 
on their application areas. 

TABLE 1[ ESTIMATED WORLD SALES OF SEMI( 

2.0 APPLICATIONS 

'The application of semiconductor devices mainly fall into hue categories namely (i) use of 
individual components and (ii) use of integrated circuits. An integrated circuit can be 
devised to perform a set of functions. With given inputs or given operations from its memory 
it can produce an output which is built as 'fixed logic'. Alternately an integrated circuit can 
he programmable so that it is capable of being given fresh instructions to operate on a 
different logic. A microprocessor is a programmable circuit which with the additisan of 

. memory constitbtes the core computer. A system can be controlled by a local microproces- 
s c x  on the spot or it can be controlled remotely by a kine to a big computer. Tbe use of 
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microprocessors also overlap with the use of fixed logic circuits. In some circumstances it 
may be better to manufacture fixed logic circuits and in some other circumstances it may 
prove uneconomical. In some circumstances it may be best to use a microprocessor with a 
program to provide the necessary control even though there is no necessity for a change in 
the program or software. These all depend on the economies of mass production and the 
design engineer should have a clear understanding of the options and the associated 
constraints. 

2.1 CONSUMER GOODS 

There is a vast amount of consumer goods flooding the market. Some of them have simple 
switching'and sensing devices while many of them have electronic circuits to operate and 
control the functions the product is expected to perform. Furthermore there can be 
innovative thinking in this area resulting new products in the market. 

2.1.1 DOMESTIC APPLIANCES 

This group considers appliances which one uses in the day to day life. Of these the minor 
appliances like iron and kettle are still having the traditional electromechanical switching 
and sensing devices. ?'his is because of the lack of returns for the extra expenditure on the 
circuitry. But major appliances like automatic washing machines, radios, cassette players, 
electronic alarm clocks, video players, televisions and microwave ovens are made sophis- 
ticated by the introduction of electronic controls in the form of microprocessor and fixed 
logic controls. It is now common to have washing machines that run more than ten different 
washing programs which include cold wash to hot wash and tough wash to delicate wash, 
all of which are essentially different combinations of temperature, spin and waterflow. 
These washing programs are controlled by the microprocessors. The fundamental principle 
here is that the introduction of the control circuitry enables easy implementation of several 
programs, which otherwise would have been difficult or economically not viable for 
implementation. 

2.1.2 CONTROL OF BOILERS, VENTILLATORS AND REFREGERATION EQUIP- 
MENT 

In hotels, warehouses and industrial complexes the operational costs of boilers, ventillators 
and refregeration equipment can be substantial. i'he problem is made complex by the 
change in weather and the change in load. Different programs need to bc nln to switch on 
and switch off and the loading conditions have to be changed to effect efficient operation. 
These operations are best controlled by a fixed logic circuit or a microprocessor. 

2.1 3 ENGINE MANAGEMENT IN CARS 

With the conciousness about the environment is growing, the emmission control of cars is 
becoming a major issue. Fixed logic controllers are ideal candidates to control ignition, fuel 
supply and air/fuel ratio to ensure ideal emmission and driving conditions. The quantity 
involved can justify the development of a purpose built controller. 

2.1.4 TOYS AND GAMES 

One of the evergrowing markets is that for toys and computer games. If one walks around 
toy shops now, he or she can see singing dolls, walking and talking teddies, music organs 
and many similar items which all employ circuits. All in all microelectronics has opened up 
an entirely new variety of markqts. 
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2.2 INDUSTRIAL APPLICATIONS 

If one considers an industrial process plant like that of a cement plant or an amonia plant 
here again there are several circuits. Such an industrial complex will consume several 
lnegawatts of power and there will be several power circuits. But the operational comfort 
is achieved by the measurement and control facilities which involve many electronic 
circuits. It can be said with confidence that the high capacity and operational efficiency 
achieved today would not have been possible if not for the electronic measurement and 
control system. Balasubramaniam [2] lists the electrical and instrumentation systems in the 
Lanka Cement Ltd factory at Kankesanthurai Sri-Lanka in the following way. 

High voltage power supply systems and incoming transformers 
Medium voltage power supply system and power distribution to various 
plant units 
Protection systems to feeders and equipments 
Low voltage power supply systems. 
Electric drives 
Motor protection, motor control and operation systems 
Power electronics systems for variable speed drives 
Power factor improvement systems 
Dust arresting and collection systems 
Electrical sjstems used in material blending proportioning and metal 
separation 
Instrumentation and display of parameters at Central Control Room 
Operational parameter control system 
Emergency power supply systems 
Illumination systems and service power supply and 
Safety measure to personnel and plant units. 

To discuss all these one could write a book. But to iMustrate the point consider one item, 
instrumentation and display of parameters at central contol room, the 11th item in the list. 
A transducer is employed at the point where the measurement of a process parameter such 
as temperature or pressure is required. The transducer converts the process parameter into 
electrical signal. This often weak signal is received by a circuit sometimes called the 
transmission, which magnifies it and send it to the display. The display can be a digital one 
or a conventional one of the moving coil type. 

FIGURE 1 MEASUREMENT SYSTEM 



Figure 1 shows the schematic representation of this measurement system. The transmissior: 
here plays an important role. The user of the system wants a linear display of the n~easilred 
characteristic whereas the transducer may produce a nonlinear output signal. In such ;I 

situation the transmission circuit has to accommodate these variations and still produce a 
linear output. Here a digital output may be useful. Thus it can be seen that the 
microelectronics plays an important role in industrial control and opens new approaches 
for industrial control. 

3.0 CIRCUIT SYNTHESIS AND ANALYSIS 

A circuit system essentially has three constituents namely (i) circuit (ii) power source or 
excitation and (iii) response. The circuit is the collection of electrical elements such as the 
resistor, capacitor and transistor with details of their interconnections. The excitation or 
power source is the source of electrical energy connected to the circuit. The response is tile 
output characteristic desired from the circuit. This can be a current, voltage, the ratio ~ j f  

amplitudes and so on. If the circuit and the source are given and the response is to be 
determined the problem is defined as analysis. If the power source and response are given 
and the circuit is to be determined the problem is said to be synthesis. Synthesis is the 
process of determining the circuit components and their interconnections to give a specified 
excitation-response characteristics. This depends very much on the experience and inturiorl 
of the designer and as a result there can be more than one design for a given excitatiorr- 
response characteristics.At the begining network design has been based primarily on  at1 

analysis approach in which a specific arrangement of elements was tested, results noted and 
compared with a specific response and the network modified to reduce variation. 'This trial 
and error approach depends mainly on the designer's experience. 

Network synthesis is achieved through the following steps: 
(i) Specifying a desired response due to a prescribed input 
(ii) Formulating suitable functions to represent the network and 
(iii) Determining an arrangement of components which yields the required output o r  
response from the physical system. 

Specifying the response and the definition of the mathematical functions is called the 
approximation stage while the procedures for decomposing the nxathematical moclel to 
formulate a physically realizable collection of components is called the realization stage. 
Several literature deals with this process of circuit synthesis [3,4] and the associated 
techniques. Circuits are synthesized in various domains such as the Laglace domain, 
frequency domain and time domain. This process of circuit synthesis is good for simple and 
mostly analogue circuits. But digital circuits with very many operational conditions 
revolutionise the circuit synthesis process. A new aapproach to product development in the 
name of Mechatronics is developed in Japan in the recent past. The underlying philosophy 
of Mechatronics is based on the fact that the success of a present day product often depends 
on the integration of electronics. and computing technologies and a properly conceived 
product exploits the development in electronics and circuit design at the early stage in the 
product and manufacturing process design. Mechatronics is the synergetic combination of 
precision mechanical engineering, electronic control and system thinking in the design of 
products and processes. 

The preceding sections explain the basics of circuit design and one can now see their relative 
importance by considering som example situations. 



This section presents examples illustrating the translation of the requirernentsof a physical 
systern to those of a circuit. The circuit could then be synthesized using the mathematical 
~~iocicis of comp~r7er;ts and other microcircuits to simulate the final circuit. T h e  circuit could 
[hen be physically realised. 

A,'l DB';IFAE GC~Nr~B$QSk OF FEED WBJPPRR 

1 1 1  a ceinerlt f'u::~<,!-~ limestone and clay are interground to form a powder called raw meal. 
']'his raw rne;rl A hairnt in the kiln to fa~.rr~ clinker which when interground with 3to 5% of 
Gypsum res:.ilts ordinary poteland cemet~t. One of the important process control function 
is the conti-,>i of the l,aw meal supply rt.; f i le  kiin, The raw meal is pumped from the storage 
si los to an airstream jh!;-\wer 1: : - vvllich -' ca:-ries the raw meal to the feed hopper frorn which 
i l  is d r a w l  by the \veighft:eiq~.i- to feed the kiln. The raw meai in the hopper is kept in the 
l'luidisuil state '7): h10~~;ei. 2. The  whole set up is given in figure 2. The raw meal pump should 
r)pcr:!te only  when (i) weighfeeder is on (A) ( i i )  blower 1 is o n  (B) (iii) blower 2 is o n  ( C )  
; ! i ~ i I  ( iv )  the h i ~ ~ ~ t ! -  is nc>t f ~ i l i  (9). A;-I~ violation would result in breaktiown of the process. 
I n  tht- +- . .  . . . . 

~:*+dlt ; :~:?a;  ~ c t ~ i p  ii:rlit S W ~ ~ C I I ~ S  and ott~er mechanisms are used to achieve these 
rcijuireili~::!ts. l n  a i~~e~h i i t i . ~ ! i i c  approach these could be controlled by a fixed logic circuit 
')T ;i cor!l~~?l;)n rnicropr-oc:ssor. 

TO WEIGH FEEDER 

FIGURE 2 CONTROL OF FEED HOPPER 

4.2 OPTICAL COUNTERS 

The finished products from factories are loaded to lorries through conveyor belts and often 
it is a problem to keep an accurate count of the items loaded. Consider the situation in a 

4 
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cx~l?ent plant again. A photo sensor ernployeti to measure the distance berween it anti the  
l x l t  pasiing underneath. The passing of a cement bag w o ~ i l d  indicate a change in th i s  
tiistance. Figure 3 illustates the setup. The problem of counting is easy if the bags are 
oriented and come In equal spacing. But bags come in random orierltation anci at  random 
sp:~cings. Ilencc measurements have to be taken and calculations have to be perf::r~ned 
hcfore adding a bag to the bag counter. These could be performed well by a software driven 
processor. 

FIGURE 3 OPTICAL COUNTER 

( i )  'I'tlc applications o f  circuitry vary widely. 
( i i )  Requirements of the circuit are first established as a mathematical model o r  otherwise 
Ixfore starting the design. 

(iii) Synthesis techniques are used to meet these requirements. 
(iv) Fixed logic and programmable controllers are used to perform several functions. 
(v) Present day products require a combined mechanical and electronic or Mechatronic 
~ ~ p p r o a c h  to design. 

1 Kapl ins ky R., Microelectronics a-nd Employment Revisited, In tenational Labour 0 ffi ce , 
Geneva 1987. 

2 Balasubramaniam S., Electrical and Instrumentation Sy .~ t eq  Cement Industry in Sri- 
tanka,  A session at the Annual Sessions of IESL, 1984. 

3 Valkenburg V., Introductionhto Modem Network Synthesis, John Weily & Sons, 1960. 

4 Weinberg L., Network Analysis and Synthesis, Mcgraw Hill Book Company Inc, 1962. 
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1 .  Why d s  we need device models? 

Activc: electronic components - diodes, transistors, triacs etc. - have non-linear 
ch,xactc.risti:-s that prevent simple mathematical equations from being used to 
;\ni-tlyse the behaviour of the device. In computer-aided design we need to 
l)oth vcrif y and simulate the behaviour of our circuits before the circuit is 
coi-inri tted to the considerable expense of fabrication. A model of the device, 
ciither consisting ui a se! of equations or a set of equivalc~xt passive 
cc?rrlponcnts is tilerefore required iur circuit analvsis. A possible alternative to 

moclcl is a table :]I Iciok-up values that give the set of currents and 
corrcspc>ndi:ig volfc(g~b :.values dim the device. This will be a set of discrete 
k>i-)i~~is with interpolatiol-1 used to obtain intermediate values. The degree of 
gr.i~;~tl;lri ty ihdt is acceptable in such a table will depend on the application. 

A prob1t.m with any cievice model is that real devices have a range of values 
lor their p ~ r ~ ~ ~ n e t e r s ,  depending on the variation of the processing. In the case 
ot inir\grated circuits, for example, apart from variations in processing 
bc)twccn b'ltches there is also a variation between the chips that are in the 
ccaltrc of a wafer and those at the edge. 

2. Device models for different simulators 

Tilt. coinplexify of the mode1 that we require depends on the type of 
s i m ~ ~ l ~ ~ t i o n  or verification that w e  intend to perform. At  the simylesi for a 
cligi tal circuit we could model transistors merely as switches, but this would 
only give us the most basic information about how the circuit performed. 
Alterl~~~tively, if we needed accurate timing information about an analogue 
(or high-speed digital) circuit with small geometry transistors we would need 
a co~nplex model for the transistors, but we would obtain accurate waveforms 
for the output signals. 

2.1. Models for digital simulation 

If we nre performing a complex digital design an accurate circuit simulation 
c7f the whole circuit that treated all the signals as true analogue waveforms 
would be impossible with existing circuit simulation programs and computer 
hardware. The circuit can o111y be simulated using idealised digital 
waveforms. 

At the simplest transistors would be represented as switches, or logic gates as 
truth tables. However, we are more often interested in the gate-level timing 

> 
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simulator. If we confine our circuit to CMOS technology then the gate dclavs 
can be calculated by considering the gate to consist of the gate rapaci tance of 
the transistor being driven and the channel resistance of the driving 
transistor. 

Ro 0 RI , At t = 0 capacitors Co and C1 are both 
charged to V D U  and the circuit 

7 begins to discharge. T h e  time 
1 d_ cons tant of the process 
T Co T C? 

There are several errors in this simple approach. One is that the capacitance 
values are voltage ~iependent and another is that the gate delay depends 
partly on the rate-of-change of input voltage. In the case of the Crystal 
simulator this is compensated for by using a resistance value that depends on 
the input slew rate. 

2.2. ~ o d e l s  for analogue simulation 

These must be more complex and must attempt to represent the physical 
nature of the active devices. The parameters to be inserted in the models will 
depend on the fabrication process and must be derived from measurements of 
devices fabricated on the same iine, and ideally as part of the same wafer, as 
the device used, although this is obviously not practical to derive parameters 
for every wafer. 

The most widely used circuit simulator is SPICE or variations on SPICE such 
as PSPlCE HSP,lCE and MSPICE. The models that are used in this simulator 
are the ones that have received most attention 

3. SPICE models 

SPICE has built-in models for the most common active components met in 
electronic design. There are simple techniques (using sub-circuits) for adding 
models for other devices. The built-in models are for the diode, JFET, 
MOSFET, GaAsFET and bipolar junction transistor. 

3.1. The diode models 

There are three separate models used: one for dc, one for small-signal analysis 
and one for large-signal analvsis. 

The objective of the Lodeis is to predict the'behaviour of a real device, but in 
some analysis ideal diode behaviour may be an adequate representation. 
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3.1.1. dc model of the ideal diode 

The dc model for the ideal diode is a non-linear current source: 

The standard forward characteristic 
of the ideal diode is then 

I ,  = I ,  exp - - 1 + V,GMIN i r2) ) 

The first part of this equation is the 
well-known equation for the 
relationship between the reverse 
saturation current and the forward 
current, but the GMIN term is a small 
conductance (default value 10-12 S) 
added in parallel with each diode to 
aid convergence in the simulation 
program. 

The reverse characteristic can be represented by this same equation for 
kT 

- 5 ~ 5 V ~  iOand  

3.1.2. dc model of the real diode 

For the real diode dc. characteristic we have two parts to the forward-biased 
junction case: small bias and large bias. In the small bias case the situation is 
the same as for the ideal diode, and the reverse bias characteristic is 

nkT 
I, = I , ( e x p ( g ) -  L)+VDGMlh' for - 5 p 2  V D  6 0 and 

where n is the emission coefficient ( I I n 5 2) 

This is the same as the reverse-biased ideal diode except for the introduction 
of n, 
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For a large forward bias there are 
two extra effects: the ohmic 
resistance of the diode and high-level 
injection. The injection is not 
modelled separately, only by an 
equivalent value for the ohmic 
resistance. Therefore the equation is 

.egion 4 region 2 1 region 1 

I ,  = I ,  exp - - 1 + V,GMIN [:a, 1 
In region 2 the equation becomes 

This leaves one 
more dc. effect to 
model - the 
breakdown under 
large reverse bias. 
This has four 
distinct regions: 

Region 1 obeys 
the equation g i -~e i~  
for reverse bias of 
the real diode 

The third region is ' the discrete point where V o  = -BV with BV being the 
breakdown voltage and here I D  = -lBV 
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The fourth region, beyond the breakdown voltage, has the equation 

A convergence problem is given by these different equations for the different 
regions. 

This therefore gives us a set of parameters that are required for the SPICE 
model. 

IS - - saturation current Is 

RS = qhmic resistance r~ 

N - - emission coefficient n 

BV = breakdown voltage B / 

IBV = breakdown current IBV 

3.2.3. The small-signal model 

'his will include the capacitance of the diode: 

3.1.4. The large-signal model 

The values of C D and g r ,  are 
calculated at the dc operating point. 
This gives a simple linear model with 
a simple equation. 

The more general model must include the effects of stored charge in the space 
charge and the minority-carrier injection. 
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The equations that result from this model are in terms 
of the zero-bizs capacitance Cd(0)  and the built-in 
voltag? $0 

We get as our equations: 

The first term in the equations of CD is the stored charge due to injected 
minority carriers term and the second term due to the space charge. 

TNe therefore require some additional pararnete ,s: 

CJO = zero-bias pn capacitance Cd(0)  

FC = forward-bias depletion capacitance coefficient FC 

TT = transit time TD 

VJ = the pn potential $o 

M - - the pn grading coefficient 

This gives some idea of the complexity of modelling even the diode in SPICE. 
There are additional elements to model the temperature-dependence of the 
model parameters. 

3.2. The bipolar junction transistor models 

The model used is the Gummel-Poon model [I] which will default to the 
Ebers-Moll model [2] if some of'the parameters are omitted. Again there are 
dc, small signal and large signal models, 

The Gummel-Poon model was developed to be suitable for computer 
simulations and it uses charge-integral relationships. It accounts for base- 
width modulation, charge storage, lifetime dependence on current, P 
dependence on cfirrent and some high-injection effects. There are 40 
parameters lie completely specify the model. 
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The static T~e r s - sn  of the rrodel is: 

A. J. Pearmain 

The detail of the model is in the specification of the diodes and current 
genera tor. 

3.3. The junction field-effect transistor models 

This is based on the Shichman and Hodges FET model [31. 

dc model of a FET Large signal model of a FET 

The paramete -s required this time are: 

CGS = Zero-bias gate-source capacitance 

CGD = Zero-bias ga te-drain capacitance 

13 



PB = Gate junction poteritiaj Qo 

EC = Forward bias depletion capacitance coefficient 

I l l  - - Junction gra.ding coefficient (set t9  0.5) 

3.4. The MOSFET models 

MOS1:ET models are probably the most important since the devices ;st 
colmplicated integrated circuits are usually MOSFETs. SPICE offers three 
diffcrclnt rnodc~ls for MOSFETs, the level I, level 2 and level 3 models. 

-1 hc. lcvel 1 nlociel is bzsically the Shichman and Hodges model [3].  This $ves 
two eclua lions: 

for the linear 

rc>gion and 

K P  W 
!,)$ = - ( V  - ~ , ) ~ ( l +  V , )  for the saturation region 

2 I ,  - 2 X , ,  

W and I, are the length and width of the channel of the MOSFET. 

'Il-\e SPICE parameters that we require are: 

GAMMA = Body-effect parameter 

KT' - - transconduc tance parameter 

LAMDA - - channel length modulation 

LD - - a t e r a l  diffusion (Xjl) 

PHI - - surface inversion potential 

VTO = Zero-bias threshold voltage 

Some of these can be obtained from the physical parameters 

NSUB - - Substrate doping density 

TOX - - Thickness of oxide layer 

UO = Surface mobility (PO) 
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3.4.2.  level 2 nzodcl 

Here the depletion region charge is modelled more accurately. The charge 
depends on the voltage in the channel and a model developed by Meyer [4] is 
used. 

The equations for this model are: 

lor the linear region and 

Other areas where the level 2 model is more accurate are that it allows for the 
variation of mobility with the gate electric field, the variation of channel 
length in the saturation region and the maximum velocity that charge carriers 
can obtc~in, together with some other second order elfects. There are therefore 
several extra parameters required: 

DET.,TA - - Width effect on threshold voltage 

NEFF - - Total channel charge coefficient 

NFS - - Surface fast-state density 

NSS = Surface state density 

TPG - - Type of gate material 

UCRIT - - critical electric field for mobility 

UEXP - - Exponential coefficient for mobility 

UTRA - - Transverse charge coefficient 

VMAX - - Maximum drift velocity of carriers 

XJ - - Metallurgical junction depth 

XQC - - Coefficient of channel charge share 

3.43.  Level 3 model 

This model has been deve1opc.d by Liu [5] for short-channel MOSFETs, i.e. 
channel lengths up to 2 ym. The objective is that the model shouid be'both 
simpler and more a h r a t e ,  although some 'work has suggested that it is not 
necessarily more accurate. It requires slightly fewer parameters than the level 
2 model. As device lengths fall (0.8 ym. is common in current fabrication 
practice) simulation of short-channel devices has become the 'most common 
task. 
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Thc currcnt equation in the linear region has been simplified hy a Taylor- 
series expansion 

where F - 7 s  + F n  " - 2 4 F : - c  

The short channel influences V T I ~ ,  FS and fJ while the narrow channel a2ffects 
influence F,,. 

As the gate oxide is always thin in short-channel devices the surface electric 
field is almost always greater than the critical field so the equation for 
prcclicting the influence of field on mobility can be simpler. 

The new parameters are: 

ETA - - Static feedback threshold 

TEIETA - - Mobility modulation 

3.5. Short channel problems 

There are a number of problems that become more important as the channel 
length becomes shorter. One is that the threshold voltage is effected by thc 
channc.1 le~lgth. Whilst this can be computed the computation is too time- 
consuming for circuit simulation. Another model has been proposed by 
Sahurai and Newton 161 that claims to give accurate results for short-channel 
devices with one third the computation time of the level. 3 model and with a 
sm,~ller number of parameters. 

4. Measurement of SPICE parameters 

The parameters must be extracted froin measurements on devices that have 
bccn fabricated. This can prove very difficult for some of the parameters. 

For BIT transistors the measurements used are IB and 1c variation with VBE. A 
program is usually used to convert values that can be measured to the 
parameters required, e.g. TF, the ideal total forward transit time, is 
determined from a measurement of the unity gain bandwidth fT. SPICE gives 
default values for most parameters, but these may be considerably inaccurate 
for the fabrication process actually being used. The more parameter values 
that can be supplied froin measurements on devices the more accurate 
simulation will be. Special drop-in structures on the wafer are used to 
determine SPICE parameters. 

For MOSFETs measurement of the variation of IDS with VCS will give VTH 
and KP for the level 1 model. If measurements are made at different values of 
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substrate voltage the value of GAMMA (body effect) can be determined. 
Level 2 parameters require measurements to be made on a number of devices 
with different channel lengths and widths. A full set of measurements can 
generally yield level 2 or level 3 parameters, but the quantity of data required 
is considerable. 

5 .  Constants used 

c = charge on an electron =1.6 x 10 -19 C 

I: = Boltzmann's constant = 1.38 x 10 -32 J/K = 8.6 x 10 -5eV/K 
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Abstract 
I1etailc.d modeling of analog circuits has reached a high level of maturity but new prob- 
lems are arising. Classical simulators like SPICE can solve networks with hundreds of 
tr;lnsistors but a need arises to simulate much larger networks. Technological advance 
:11so permit new developments, like switched-capacitor networks or switched power sup- 
plies. T h i s  contribution considers non-classical methods of analog simulation and gives 
rct'erences for reading. 

I .  Linear networks 

'I'heory o f  linear networks is used mostly for the design of filters in frequency 
dom:~in. In many cases this calls for the application of optimization and for calculation 
of sensitivities with respect to changes of network elements. The theory is often based on 
the application of Tellegen's theorem and on a special "adjoint" network. The steps are 
clil'fic~ilt to understand and we feel that a purely algebraic method leads to the same result 
in a much  s impler  way. 

Let rlle system equation be described by 

TX=W 

W e  can solve i t  formally by writing 

Here T is the system matrix. If it is in modified nodal formulation, then it has the form 

T-G-tsC (1.3) 

In order to get the derivative of the unknown vector X with respect to an element h ,  we 
differentiate (1.1) 

In modified nodal formulation the right hand side vector does not depend on th'e elements 
and we can simplify 



:~uppo\e now that we wlsh to get only one output, which can be either a nodal voltage or 
a illlference of two nodal voltages. We define the output by 

where the -lector d selects the desired output from the vector X. Derivative of this func- 
tior wit11 ~espect to h is 

Inserting fiom (1.4) we obtain 

The row :cctor d ' ~ - '  can be precomputed before sensitivity calculations. Denote this 
vector by .<" and solve 

( ~ ~ ) ~ = - d ~  ~ - l  (1.8) 

Postrnultipl:~ by T, take the transpose and solve 

FXa=-d (1.9) 

Cnce  Xu is !cnown, we use it in (1.7) to get the final formula 

Both vectors X and Xu are obtained by one LU decomposition and two forward-back 
substitutions. The sensitivity of the output with respec1 to any element costs at most one 
multiplication and two subtractions. 

This method was used in the program NETOPT [I] for finding sensitivities with 
respect to elements. Similar steps were also used to derive sensitivity of group delay, 
available in the same program. Additional details are in [2). 

2. Iterative methods 

Modern analog simulators are based on a few fundamental discoveries which were 
made some 20 years ago: 
(a) sparse matrix theory, 
(b) formulations resulting in systems of algebraic-differential equations, 
[cj stiffly stable integration methods for systems of algebraic-differential equations. 
All three subjects are dealt with in [2]. 

Simulation can be only as accurate as a e its models and accurate semiconductor 
models are quite complicated. As a result, classical simulators are excellent for networks 
with hundreds but not for networks with many thousands of transistors. 

Parts of large networks are often idle, but sparse matrix solutions must go through 
the whole solution process at every step. Attempts to overcome this problem, called 
latency, resulted in the development of iterative methods [3,4]. Although many 



rnodif~cations are possible, the principles have been known for many years under the 
names Gauss-Jordan and Gauss-Seidel. They can be easily explained on an example: 

or in matrix form 

As a preprocessing step modify the equations into the form 

For iteration use known values on the right and obtain new values on the left. This is 
repented until convergence is reached. 

The steps can be described mathematically by first partitioning the matrix k into 

where L is lower triangular, D diagonal and U upper triangular portion of A. With this 
notation the Gauss-Jordan iteration becomes 

All diagonal entrie: of D must clearly be nonzero. Convergence of the system will 
depend on the rnatrir 

A proof exists that convergence is guaranteed if MGJ has all eigenvalues less than one in 

absolute value. A sufficient condition, which is easier to understand, states that the 
matrix A has to be strictly diagonally dominant, 

It means that the sum of absolute values of all nondiagonal entries in each row must be 
smailer that the absolute value of the diagonal entry. We note that this condition is 
automatically satisfied for a resistive network in nodal formulation. 

The second, Gauss-Seidel method, is better. When any of the equations is solved, 
the result is substituted immediately into all equations below. The method can be 
expressed as 



On tile right we can d?fine the matrix 

M,=(L-~D)-~u 

Its eiger~values must again be less than 1 in absolute values to guarantee converger?r:e. 
This method converges faster than Gauss-Jordan. In fact, if the original A matrix can be 
reordered into a lower triangular form, then the solution is obtained in one iteration. 

Relaxation can also be applied to nonlinear equations. h such case we have ~ W O  

iterrlt~ve loops: the external one uses relaxation, the internal one solves a single non1ine;tr 
ec1~1;ltlon. In the Gauss-Jacobi method we operate in the internal loop on the j t h  eqilat~on 

k  k + l  k  f,(~~-.-*,-~r, r,,, - - - x A = o  (2.8) 

Only ,K, ctii~r~ges, all other variables are held fixed, equal to the result of the previous 

external loop. The Gauss-Seidel iteration operates on 

k + l  . . . k+l k . . . Xk&o fl(xl J1+l (2.9) 

Only onc variable, x;, is changed in the inner iteration, the others are kept fixed. '4s in 

tlic linear case, the solution of the j t h  equation, x:+', is used immediately in the next 

equation. 

Motfels of nonlinearities are usually such that each equation of the system can be 
written in the form 
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his means that a capacitor to ground appears at every node. The derivatives are 
repl;lcrd, f;.~r instance, by the backward Euler formula 

which transforms the equations into a system of algebraic equations; they can be s o l ~ ~ e d  
by one of the above methods [5] .  

Many additional considerations are needed for practical application. Relaxation 
iterations will be faster if each equation has only a few terms. This will be the case if 
there is no feedback and the signal processes in one direction from a node to the next one. 
MOS realization may have such form. Bipolar transistors will increase interconnections 
and as a result relaxation methods do not work well for bipolar networks. Inductors are 
always a problem. To get a system of algebraic-differential equations, inductors must be 
entered in impedance form. The inductance appears in the matrix on the main diagonal, 
but the its value may be very small. In order to keep this term dominant against the topo- 
logical units which appear in the same row, the step size (which divides L) must be kept 
small. 



Waveform relaxation is another method which attempts a rapid solution of large 
networks. Instead of stepping forward with small trme steps for all equations, waveform 
relaxation integrates each equation over an interval. Let all nodes have a capacitance .o 
ground and let ail nodes have zero initial voltages. The derivative of the voltage, due to 
the presence of the grounded capacitor, is replaced by the Euler backward formula and 
the res~ilting nonlinear equation is solved. The integration is performed and the 
waveform is stored. Since the equation is nonlinear, we can use the Newton-Raphson 
iteration and drive it to convergence in each step. The same is done for the second equa- 
tlon, but the first variable already has a waveform, and its values are used. As one goes 
through the system, more and more waveforms are available from the previous solutions. 
The method is thus a modification of the Gauss-Seidel iterative scheme. It has some 
advantages as well as some disadvantages. Since the waveforms have to be stored, the 
requirements on storage grow rapidly. On the other hand, each equation can select natur- 
:illy its step size and can exploit latency. The time steps time can diffe; for each equation 
and  interpolation of the results must be used. 

M a n y  rnodif?cations of the aknve schemes can be devised. For instance, one does 
nor have to work with one equation, but rather with small subnetworks. Each such sec- 
tion can be ~ntegrated as an analog network, with LU decomposition and step control. 
Re1ax;itiorr IS used only for the coupling of the subnetworks. Rearrangement of the equa- 
tion\ :~ccr) id~ng to the progress of the signal will also be useful; in fact, all the comments 
v:e rii:lde aboi t apply to waveform relaxation as well. 

3.  Switch level simulation 

Log~c  rletworks are usually large and their size prevents the use of classical simula- 
tors. In such case the only possibility is to simplify the transistor models to the extent 
that fundnmerltal functions of the network can be tested, but all details are eliminated. 
Any number of such simplifications can be invented and programmed, but only after the 
whole work has been done can one be sure that the results correspond to the expecta'ions. 

We will introduce one simplification which proved useful. Let every node of the 
network have a capacitance to ground. This was already the case in relaxation methods. 
Suppose now that we model the MOS transistors by several levels of constant current, as 
sketched in Fig. 1. With these limitations the network consists of a number of cvrrent 
sources delivering constant currents. As a result, nodal voltages are known to be piece- 
wise linear segments. The step size is not controlled by numerical integration but by 
simple evaluation of the next change of current level. Each change of current Bevel 
results in a point which can be connected to the previous point by a straight line. Princi- 
ples of the method can be found in [6,7,8]. 

4. Functional analog simulation 

During the development process, the network is first known in its functional 
description, but not in terms of its transistor realization. In this case teqting of the design 
has to be done by functional simulation where the gates are defined by their logic func- 
tions. Certain parameters which depend on technology must also be used. 



Fig 1. Characteristic of a transistor switch. 
(a) Transfer characteristic, 
(b) Output characteristic. 

To use time functions we need to redefine the logic and allow for more than only 
two states of the Boolean algebra. This was done in [9] where it was proved that, at any 
ins an t  of time, the output of an AND gate is defined by 

vMD(t)=min{v(i)t 1 i=1,2, ... n) 3.1; 

and the output of an OR gate by 

vOR(t)=max{v(i)t li=1,2, ... n) 

The NOT operation is defined by 

where V, corresponds to logic level zero and Vh to logic level one. They also correspond 

to the lowest and highest voltage used in the system realization. 

Fig 2. Input lines for three-input gate. 
(a) output for AND operation, 
@) output for OR operation 



We can select  he t;pe of curves of the tlme dorna~r  response and plecewise linear 
Tegments ,ire clearly 'he s~mplest .  As an example consider Fig. 2 where the thin lines 
i~prcsont  three input signals of some gate. If the gate is an AND gate, then the output, 
according to (3.1), will be the lower bold line. It the gate is an OR gate, we get the upper 
hotd l ~ n e ,  compare with (4.2). The simulator moves in jumps from one intersection to the 
other one, connecting the points with straight lines. 

For complete definit~on w e  must also consider the delay through the gate and limits 
on speeds ot  s~gna l s ,  gl ten by technology. Details are in 193. 

5 .  Switched networks 

Switched networks have found two main applications: In communications as 
sa~itcl~cd-capacitor networks and in electronically regulated power supplies, in various 
controllers etc. . 

Analysis of switched-capacitor networks is based on a very restricted set of ele- 
ments: capacitors, ideal switches, independent or voltage controlled voltage sources. 
T;lls restr~ction allows us the use charges and voltages as network variables. Time 
ciorn:tin responses can be obtained without numerical integration. It is also possible to 
iinii1yj.c such networks in frequency domain. The theory is fairly complicated and for 
clctarls the reader is referred to [2,10]. Some important remarks are in order. It is a corn- 
n l o n  pr:~ctice to derive z-domain transfer functions. This can be done in a very structured 
way by using simplifications published in [Ill. It should also be noted that the networks 
do not  behave as digital networks, but rather as a mixture of analog and digital networks. 
Results obtained in the z-domain reflect actual responses only approximately because 

sinx 
they are multiplied by a function of the type -. 

X 

If all elements are allowed, the situation becomes much more complicated. For time 
domain ana1ys.i~ w e  must use numerical integration. The switching itself must be care- 
fully ccmsitiered, because Dirac impulses can occur. If the switching is periodic, fre- 
quency domain methods are available [12,13]. If internally controlled switches, like 
diodes or thyristors, are in the network, then only time domain integration remains as an 
option. Analysis and design of such networks was considered in detail in [14,15]. 
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Computer 
Simulation 

Circuit Diagram with 
node numbers 

Equation formulation for 
bC performance 

KCL @ node 1 

O = G I ( V l  - V 3 ) + .  . . 

KCL @ node 3 

6xlo3 =G1(V3-V1) .  

etc 
If N nodes, then N linear 
simultaneous equations 
"nodal equations" 
in N unknown nodal voltages 

Solve (by Gaussian Elimination, 
LU Factorisation) to find 
VI,V2,. . .  .Vn 

Similar approach if nonlinear circuit, 
but iterations needed to move from 
'guessed' answer to correct one. 

r -  

1 

- 

M E N . .  

= 

- 
N x N  
nodal 
conductance matrix 

- 

RESULTS 
OF 
SlMULA llON 

Circuit Design: 

- -  

a .  

AC 

DC performance 

- 

v 

- 

performance A ~ i m e  
; response 

A 
I 

Q 1 2 1  1050 1 
I 1 A - 

etc Simulator 
"Netlist" prepared e.g. SPICE 
by hand or as the -- 

output of a "schematic 
capture" package 

I 
(e.g., MINNIE) 

Equati~n focmulation for 
AC performance 
First DC conditions provide small- Equation formulation for 
signal parameters for nonlinear Transient performance 
devices (e.g., gm, rbe, ro ). 

More complex that for DC or 
Ren  formulate complex nodal AC simulation 
equations: 

KCL @.node 1 For each timepoint, it 
involves the solution of a 

O=jwC2(V1 - V 4 ) + . . . . .  /hear fesistlve circuit 

if N nodes, then we obtain 
N linear simultaneous 
equations in N complex 
voltages 

Select first frequency of interest 

Solve (by Gaussian Elimination, 
LU Factorisation) to find 
Vl,V2,. . . .Vn 

then 

c -  

I 

. -  

Select second frequency af 
interest 

repeat for all frequencies . . 

= 

I - frequency I 

- 

V 

. - 

,. 

N x N complex 
nodal 
admittance matnx 

- 

7 -  
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Interaction 

The use of a netlist to describe a circuit is e,xtrernely error-prone, and even a 
correct netlist cannot readily be inteipreted by a human designer. 

The human designer is used to sketch~ng cir3u1t diagrams on paper so thc 
MlNNlE interface was developed to allow the 3es1gner to use the same 
method of circuit description when describing a circuit to a simulato,. 

MINNIE, as well as allowing "circuit capture", offers a valuable 
post-processing facility. This post-processor takes the results 01 sirnuiaiion 
and presents them, not only as ordinary graphs (which can easily be 
measured and resized, for example), but in a variety of innovative a d  
effective ways. 

The following illus~rations were taken directly from the screen of the MINNIE 
display. 

MINNIE is jesiyned to be easily interfaced to any simulation package. 
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Computer-Aided Circuit Design: 
Se.nsitivity Analysis 

DC performance 
AC performance 

Natilst 
Transient performance 

Sensitivity a performance 
Analysis a component value 

Sensitivity analysis is carried out by numerical techniques similar to those used for the simulation 
of circuit performance. Sensitivity values can provide the circuit designer with useful information. 

Sensitivity analysis is orten carried out by the Transpose Circuit technique. For linear 
circuits this involves the analysis/simulation of two circuits: 

Circuit 1 is the actual circuit of interest (See Figure A below) 

Circuit 2 (the Transpose Circuit) has the same topology as Circuit 1 but each component now 
has an admittance matrix which is the transpose of the matrix describing the corresponding 
component in Circuit 1. Thus, a resistor in Circuit 1 appears as the same resistor in Circuit 2 
(similarly for L and C) but a transistor in Circuit 1 will be replaced, in Circuit 2, by a device 
described by the transpose of the Y-matrix of the transistor from Circuit 1. 

The excitation of Circuit 2 must be appropriately arranged (see Fgure B below) 

Following the analysis of the two circuits, simple products of a voltage from Circuit 1 and the 
corresponding voltage from Circuit 2 provide the sensitivities of interest. 
[see Brayton, R.K. and Spence, R. Sensitivity a d  Optimization, Elsevier, 19801 

Figure A Figure B 

Shown at right is one possible graphical presentation 
of the results of a sensitivity analysis canied out in the 
trequency domain. Circles superimposed on component 
symbols indicate the magnitude of the sensitivity of (say) 
voltage gain to changes in those components; Animation 
causes the display to change as the frequency range 
(shown at right) is scanned. If any frequency bust be 
examined in detail, the frequen%can be c h a @ d  by 
moving the mouse on the scroll-bar. 



Computer-Aided Circuit Desian: 
~ptirni'sation (Automated Design) 

Describe circuit and 
perform a simulation 

Place specifitions on the performance(s) Designer specifies relative importance 
of achieving the targets set far each 
performance 

(1) discrepancy between desired and 
Same circuit, but with actual performance 
new component values (2) the sens~tivity of performances to 
giving better circuit changes in components 
performance 

and calculates the required adjustments 
tp component values to reduce the 
discrepancy between desired and actual 
performance. 

Problems 
Many optimisation algorithms exist, but are not easy to use. They can be made easy to use by 
the provision of a good interface between the human designer and the algorithm. 

Solutions 

CAD systems are being developed which provide a good interface between designer and 
algorithm, and which often contain other aids to design. 

CoCo 

One such system is called CoCo, for the control and observation of circuit optimisation. 

CoCo also contains two expert advisory systems, one giving advice about algorithms, the 
other advice about cir;cuits (e.g., "Transistor T23 is getting too hotw). 

Cockpit 

MINNIE 

MOUSE 

Advisory system 
1 I (algorithms) I 
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Automated Analog Design 

Over the last 5 years, attempts have been made to fully automate the process 
of analogue circuit design. Systems which do so have been called "Analog 
Compilers". The input to an analog coiiipiler comprises (1 ) specifications on 
the performance of the circuit required (" I need an amplifier with a gain of 63 
dB, a slew-rate of . . .) and (2) details of the technology of the fabrication 
process (e.g., GaAs MESFETS, Silicon bipolar, . . . ). The out put from the 
compiler is a layout which can be sent to the foundry. 

1s an analog compiler proposed and demonstrated by Imperial College, 
London. It contains five interacting modules concerned w~th  Circuit 
Generation and Correction, Layout and Extraction, Optimisation (see notes), 
Tolerance Design (see notes) and Behavioural Modelling. 

Circuit c. 
Close interaction occurs 
between modules which 
comprise the CHIPAIDE 
analog compiler 
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Abstract 
In Be  'hear future engineering &sign, wnventiondly canid out mmudly. will be anhmced by automated design 
Whniques md supported by advice tmdmd by knowledge-bwd expm systems. To be effetive within such an 
environment, the designer must develop insight into a vuiety of fmctiond relationships md constraints. By 
dcuiled reference to a novel exemplar design s y s m  we dvocate virudiution u m efficient muns of acquiring 
such insight. 

1 Introduction 
To say that engineering design is a complex activity is an understatement. Whether the artifact 
being designed is an oil-rig, a doll or a hi-fi amplifier, the designer is faced with a multitude of 
choices that must be made, trade-offs that need to be decided and factors that must be 
accounted for at different levels in the design. 

Broadly speaking, design is camed out in two stages. The first is usuaIIy the proposal, by the 
designer, of the architecture or structure of the artifact which is most llkely, in the designer's 
extrapolation, to be able to satisfy the requirements placed on its performance by a customer. 
In this paper we are concerned with the subsequent stage in which values of parameters of the 
constituent parts of thestructure are adjusted to try to deliver a performance satisfying the 
market's requirements. A running illustration will refer to the design of electronic circuits, 
though the concepts are believed to be widely generalisable to other fields of engineering 
design. 

An electronic circuit is an interconnection of components and, for decades, has been visualised 
in the form of a circuit diagram. Ln a modern computer-aided design (CAD) system such as the 
one described in this paper, the circuit diagram is sketched on a workstation screen, md values 
assigned to the components, by means of a mouse (Figure 1). 

F i r e  1 Detail of the diagram of an eledmnic cirarn drawn on a workstation screen 
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In general all components influence all of the many voltages and m m n t s  - collectively known 
as responses - in the circuit, as suggested diagrammatically in Figure 2. Normally, such 
detail is not of p r i m  interest: rather, it is the integrated effects of these responses, known as 
the performances of the circuit, to which .the customer has referred in placing 
specifications on the circuit and which are of concern to rhe designer. Performances might 
include the amplificration of the hi-fi, the output power and the level of unwanted noise. 

Quality 

wl/ 

// 
Responses 

Parameters 
(some adlustablel 

Figure 2 The relationships involved in engineering design. 

Often, many satisfactory amplifiers can be designed that will satisfy the customer's 
specifications, in which case the question arises as to which is 'best' in some respect. Thus,  
an attempt might be made to minimise the amplification of the hi-fi, or maximise its ourput 
power, or min~mise the level of unwanted noise. In the usual situation wherein the best of all 
worlds cannot be achieved, measures of importance (weights) have to be assigned to the 
manner in which the various performances'conmbute to sornc overall measure of the quality 
of the designed artifact (Figure 2). 

The responses, and hence the performance and ultimately the quality of the artifact, can be 
varied by adjusting the values of certain components designated as designable variables. It 
is the task of varying the designable components in order to maxirnise the quality of the artifact 
that is the activity of engineering design, and which is exceedingly difficult even for an 
experienccd designer. Contributory difficulties include, for example, trade-off effects where 
increasing a component value will degrade one performance while enhancing another. 

Automated Design and Knowledge-based Advice 

Before considering the potential of visualisation to ameliorate such difficulties, two important 
and mxdt advances in CAD must first be explained. One is the potential o f f 4  by numerical 
algorithms [I] capable of undertaking the automated design of an object. Such an algorithm 
senses (Figure 3) the existing quality of the &act, computes - from its mathematical model of 
the artifact - a better combination of component values, and assigns those values to the 
components: iterative application can result in a considerable improvement in artifact quality. 
The other advance takes the form of an advisory system, based on a knowledge-base, 
which, like an experienced technician, relieves the master designer of tedious attention to 
design details. 

Of course, effective use of specialist tools for automated design entails numerical knowledge 
which the efigineer m l y  possesses. A second, expert system to encapsulate the mathematical 
knowledge and numerical skills to run these CAD tools is implied. 

Customer's Requirements 

For the algorithm to be able to carry out automated design it must, in effect, be told what 



performances me q u i d  frwm ahe utifwt, and their relative importance. Again, visualisation 
is alt tdy inhenna in the mnvcntimal manner in which these rquircmnts kire stated (e.g., 
upper and lower bounds on perfcmnance es in Rgure 4) but is now additiondly paovided by 
the 'meter' metaphor (Figure 5) as well as a new slider bar presentation (Figure 6) of the 
relative weights placed on particular perfcxmmes. 

' / Adjust 

Figure 3 The automation of Engineering Design 

Priorities 

The designer can express his or her concern w i l  performance in three essentially different 
ways. Certain performances are viewed as hard constraints ("these have got to be 
achieved"), others as soft objectives ("get as near to this ideal as possible"): both can be 
handled by an automated design algorithm. The third category is that of alarm which are 
indirectly activated by the knowledge-based sysum acting as an intelligent assistant, drawing 
the designer's attention to violations of good or common-sense design practice. 'Phe designer 
has the discretion to ignore or take account of these warnings. 

m 
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Flgplre 4 Spscifmtlon of upper and Figure 5 Use of the ' m e t  metaphor to 
Wer  Lmits of ped- represent performance requlrments 



Fgure 6 The selection of retatbe weights on performances 

The CoCo Design System 
An exemplar system called CoCo - for the Control and Observation of Circuit Optimisation - 
has been built [2] to suppon the designer of analogue electronic circuits by providing both 
automated deslgn and advice [3] from two knowledge sources: one regarding electrical 
expertise and the other expertise with regard to the numerical aspects of automated design. It is 
relevant to th~s  paper to remark that CoCo is nor a 'toy' laboratory system: its use by industrial 
designers has requlred extensive software engineering of about 400,000 lines of code in 5 
languages, calling for the investment of person-decades of investment at a total cost probably in 
the reglon of $2m. Only with such a realistic system can the innovations in visualisation 
described later be effectively evaluated in an indusmd setting. 

Perhaps the major focus of the CoCo system has been its concenmtion on providing effective 
interfaces with the human designer, these interfaces having a high graphical content and having 
evolved through careful user studies. Two such interfaces, for describing the designed object 
and expressing performance requirements, have already been illustrated in Fi ures 1.5 and 6. 
However, the interface principally concerned with visualisation is called the e ockpit in view 
of the analogy with an aircraft cockpit: thc designer uses the Cockpit in automatic pilot mode 
until he or she wants to interrupt and take control. In this way, the designer guides the system 
through the problem space until an optimum design for the artifact is found. The primary 
function of the Cockpit is to allow the designer to monitor the automated design process, to 
give an overview of design improvements and facilitate interruption and interaction. 

3 The Cockpit 
The relation between the Cockpit display and the functional description of the process of design 
is aided by comparison of the Cockpit display (Figure 7) with the previous Figure 3. Various 
aspects of the Cockpit display are discussed below. 
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Control Design Varlabtes Electrical Alarms 

Figure 7 Outline Skntch of the Cockpit Display 

The Hierarchy 

The pseudo 3-D display in the Cockpit's main window makes explicit the hierarchical nature 
of the relation between the overall quality of the designed artifact (a single quantity represented 
at the top), the constituent performances specified by the customer (in the middle region) and 
the more detailed responses directly related to the component values (at the bottom). Scrolling, 
and customising the hierarchy by opening and closing branches, allows the designer to focus 
upon global or detailed design issues, an essential facility in engineering design. 

The Sheets 

The primitive elements from which the hierarchical display is constructed &re known as 
sheets, on each of which is displayed one w more circles. Consider, for example, the 
topmost sheet. Since this sheet represents a siilgle, scalar measure of the overall quality of the 
designed circuit, it contains only one circle. The size of the circle is a measure..not of the 
quality of the circuit but, rather, of an inverse measure - the discrepancy between desired and 
already achieved performance: the advantage of this measure is that, as ideal perfomance is 
approached, the size of the circle tends to zero. 

Qualitative and Quantitative Display 

As design proceeds, whether by manual and/or automated adjustment of component values, 
successful steps will be reflected by a reduction in size of the circle. The designer may wish 
merely to be aware of its qualitative variation: alternatively, quantitative detail may be required, 
in which case selection of the 'orientation' button (Figure $a) will cause the view of the sheet to 
be changed from perspective to plan (Figure $b), whereupon further menu selection can 
display either the numerical value of fie objective or i ts history (Figure 8c). If a breakdown of 
the current sources for dissatisfaction in the design are required, the 'open/close' button 
niggers the unfolding of sheets one level lower in the hierarchy, on each of which one or more 



circles can be displayed: for each circle the same facilities as just described are available 
including, of course, the facility to unfold more subshects. The numerical weights relating 
sub-objectives to higher objectives can also be displayed. 

openfcbse orientation 
button 

Figure 8 

(b) 

Sheet functionality 

Objectives, Constraints and Alarms 

Objectives values, encoded as circles, are not the only information displayed on the sheets. As 
discussed earlier, design requirements take three forms, hard constraints, soft objectives and 
al,vms, all of which are typically relevant in a given design. The approach taken is to display 
all three on the sheets, though in a prioritised order. If a constraint is violated at a particular 
level of the hierarchy a rectangle appears at that and d l  parent levels, and suppresses any 
objective displays until the constraint is satisfied. With this arrangement a consuaint violation 
can be traced down the hierarchy to see where the problem has arisen. Alarms carry the lowest 
priority since the designer can exercise discretion over conformance to the rules they represent. 
They are indicated on the sheet on which they occur, without suppressing either constraint or 
objective symbols. Since a sheet on which an alann has appeared may have been folded away 
or scrolled out of sight, its activation is indicated in the Electrical Alarms window on the lower 
right of the Cockpit (Figure 7). 

Sheet Geography 

In passing, we note that the objective circles embody a visualisation technique first introduced 
by Sir Edward Playfair [ r i ]  in 1801, and more recently [ 5 ,  61 in 1970 and 1977 with added 
interaction and dynamics. 

As one proceeds down the hierarchy it is likely that the objectives are associated with specific 
locations in the circuit being designed. Such spatial significance can also be preserved by 
displaying the objective circles on a stylised & a m  of the circuit. 

Designable Components 

In the case of automated design, the designer must be kept aware of the manner in which 
components are being adjusted and the role they play in design improvement. It is for this 
reason that the lower central window of the Cockpit displays (Figure 7), as bars, the 
permissible ranges, initial values, current values and (as indicated by the number of 
s u p e h p o s d  chevrons), the rate of change of values of each designable component. Thus, if 
the designer notices (or is alerted by an alarm) that a component value is frequently stuck 
against one of its bounds, he or she map decide to re-run the autqmated design with a dfferent 
bound, or one less design variable, or a structural circuit change. As for the sheets, pull-down 
menus allow the examination of the history of a d.esignable component and many other details 
of interest. 

The bars representing the values of designable varjables are not provided simply for 
observation during optirnisation: they could pennit the adjustment of design variables through 
manual interaction. 

Sensitivity Information 

One of the aim of the circuit designer is to build up insight into the functional relation bctwmn 



the adjustable xmiponents and the performances of the circuit, ranging from detailed responses 
to the overall quality. Again by the use of b a s ,  and with identical interrogation facilities, 
information regarding the sensitivity of the overall quality to the designable variables is 
displayed immediately below the bars displaying their values. Knowledge of such sensitivities 
can ~ i g n ~ c a n t l y  assist the designer in managing both automated and manual design. 

Control Facilities 

Facilities are provided which allow the designer to interact with the deveIopment of the design 
via controls that would ordinarily be found on a video recorder. 'Stop' and 'Go' buttons 
switch the system from automatic pilot mode to manual controI. Fast forward and rewind 
buttons enable design progress to be reviewed. Other buttons allow the designer to move 
through the process step by step in either direction. 

4 Evaluation 

Evaluation of the effectiveness of all the visualisation mechanisms associated with the CoCo 
system will take an appreciable time to plan and execute, simply because a fair evaluation is 
only possible through the use of the CoCo system by real circuit designers engaged in the 
design of real industrial circuits. Structured evaluations of the basic system for automated 
design, involving the recording of deigners' voiced thoughts and glans as a design proceeds, 
have helped our modelling of the cognitive processes involved, but indusmal evaluation of thc 
Cockpit is still in the planning stage. In parallel, however, and based on our own 
observations, we have initiated the implementation of a Supercard-based experimental facility 
to enable off-line experiments involving subjects to explore what we believe to be fundamental 
aspects of Cockpit use. 

5 Future Developments 
We envisage a convergence between the visualisation techniques and user interface styles 
employed in the monitoring of automatic processes and plants and those used for 
computer-aided drafting and simulation in design, and a rich field for investigation. 

We also anticipate the emergence of interfaces, similar to the Cockpit, which facilitate the 
definition of a design problem as it is articulated by the designer: the benefits of visualisation 
in such an activity appear attractive 
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erance ana vsis and 
L 

by Robert Spence 
imperial College of Science and Technology 

An unwelcome factor in the design of electronic circuits is the clrcult to  achieve 100% rnanuiactunng 

variation in component values resulting from the tolerances 
yield ~mmedidtely stimulates a nu~nber 
of questions. Prominent among these 

associated with manufactured components. The corresponding are the followinn: 
variations in circuit pel-forrnanc? can often be great enough t o  cause 

" 

the specifications of a circuit to be violated. Although appropriate the manuiacturing veld be In- 
creased by changing the nominal values 

corrective action is not easy t o  establish, with suitable software of the components, t he~ r  tolerances re- 
improvements can be obtained through tolerance design. main~ng fixed? 

Since the cost of a component typl- 
cally decreases as the tolerance in- 
creases, is there some optimum i i lo ice  

Problems effects of component tol-rances I< of tolerances which, although leading to  
called tolerance des~gn. less than 1000/0 ~ i e l d ,  nevenhdess mini- 

mises the cost of acceptable circuits? 
Specifications for \he performance of an Which specifications are seriously 
electronic sircult required in juantlty limiting the manufacturing yieM? Whlch 
are recelved from a customer . . . A trial ~~~~i~~ a knoLviedge of the u,lderlying should the customer be perwaded to  
circuit is  designed . . . A simulation of cause, the fal lure of a mass-produced relax? 
the circuit reveals that, w ~ t h  thc chosen 
component values, the c;rcu~t's per- 
formance satisfies the specifications . 
Mass product~on begins . . . Soon, mea- 
Wremerits on sample circults reveal 
that some violate the sperif~cationi 
they will ttieretore be unacceptable to 
the customer . . More extenswe mea- 
wrements reveai that only about 55%) 
of the circuits pass the  spec^' ,~catrons. - 

A typical scer-iario? The underlying 
cause of the unacceptable c~rcuits is 
not hard to  find the variat~ons In com- 
Pnen r  values induced by the foler- 
mces associated with all manuiactclred 
components Component variations 
within these tolerances cause corre- 
iponding variat~ons I ~ I  c i rcu~t  per- 
hmance, sorr1et1me5 to the extent tihat 

specifications are vmlated. 
.'- The appropriate corrective action is, 
by contrast, not easy to  establish. For 
mmple ,  the scenario described above, 

""gh and ~ i g .  Successful applications of tolerance design 
-cceptable. may even turn out *o be , integrated current tw~tch emitter follower for which useful reduct~oni In po\*er 
qtimum in some sense! Often, how- dis,tpation and worst-case delay were cbratned 
Cvert a first trial design i.5 not optimum, b A saIlen-#ey filter whose performance varlabll~ty was reduced 

some redesign 1s required. Design r An integrated transversal M:er whose manr~incturing yield was increased 
with a view to  rninimlsing the unwanted d A h~phpass filter who* un~t  manufacturrng for t  war reduced 
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The YieM was 65%. Then the .,,4 
Owas redestgned a d  again fi@O - 

were manufactured: the ylc.l(* ,,,, 
found to  have tncreawd t o  74 . ,, 
improvement that agreed clowlb wtth 
predictton [3] 

The clrcutt shown tn Ftg ?d IS a hah 
pass filter The cost of each component 
IS lnverseiy proportiorlal to  Its tolerance 
By means of an ~terdtlve algorrthm the 
actual cost to  the customer of ear 
ttsfactory clrcult was rn~nlmtsed r -  , 
timum destgn belng one whlch ti 
sltghtly less than 100% y~e ld  The co,, 
of this exerctse was essentially that 01 

undertaking 600 analyses of the ctr 
cult [4] 

fig. 2 C i i t  mrth drranced componmbr W e  conclude from the exarnlnattt,, 
a II~_=mzn e c r a ~ r  conralntng h*o tderancecl components of these four examples that worth\\h~lc 
b T-e :&an= -Ion In component parameter space, defined by the tolerances d the improvements appear to  be obtz n;.i+ 

tho c m p o - r t c  tri Ftg. 2a through tolerance design 

Software requirements 

Fig. 3 Thc c u w s  specifications 
a S:-:?ca:iorri : r  :he pmormance or the clrcult oi Fig 2 2  

T-c  -+$on o- zcc~ tab i i ~ r y  In co:n?onent parameter space 

e I; r rt2is1Se :o redmgn the clrcolt 
:O ik.:: :-~e ;..;-omance spread o\er 
:he r z - j ac tu -+ :  c~rcuirs is reduced? 

C- 2.1 :he i:--?onertj ~n the clrcult 
A ~ I C -  i \ c ~ d d  I: >e +corom~cal to rnea- 
sure e r n r e  r.:+;i5le ~ r c l u s ~ o n  In the 
- n a n ~ - r c ~ r e d  ; rc,J!t 5% irh a \ ie.... to 
Taxi-  ic,z the . eid7 
7 ,hes i  .-re J U ~ :  5 ~ C H .  01 the questlonj c 
:hat L c-~gne. -2;. asL, and ior v h~cl-, 
r i e  E-sbrors ;.? cbi9en cruc~al  to 
r c o n i  7 1 ~  o i  : rcJlt ~nanufacture In 
nhat -o;icws Y +  s ~ a l 1  show ho\v the 
znswt--s ix in  :e o o t a t d  bv su~tablv 
gestF-- i ~ t ~  r-? 

Capabilities , 

=or t h t  -,:,me?: .*e >half Ignore the de- 
:ails ;.- rs~eran,? c-gn and how it 15 

caiilr: c--: an: 'rj: exarnlne some ex- 
~ ~ p l i i  c i  ~ u c ; i + i i . ~ I  tolerance deslgn. 
-. 7ew :t?-ple: ..L*'I help ro set the later 
ZSCC. - .C-  of ; + E ~  methods in con- 
-")I( 

The clrcult shown in Fig l a  is an inte- 
grated current switch ernltrer iollower. 
W ~ t h  ~ t s  original component ~,alues it 
was designed by a very exper~enced 
tntegrated-c~rcu~t designer. Neverthe- 
less, iollowing the automated cho~ce of 
new norn~nal component values, the 
power d~ssipat~on had been redlice? by 

Again, before plunging into the de!dll\ 
of tolerance des~gn, we cons~der \vtial 
requirements the actual c i rcu~t de,~gner 
(or h15 computer-aided deslgn spec~aliqr 
might place upon any methods that a r t  

available 
If the underly~ng theorv o 

method IS easy to  follow the 11, i 

that. the method will be put to pract~i,,l 
use is cons~derably enhanced idti1 
tlonally the task of software producttov 
should be kept as simple as po.,ihie 
Furthermore, tf exlstlng trted and tecteti 

28% a n d  the worst-case time delay by 
30% both very worthwh~le Improve- 
ments The cost of this des~gn exerctse 
was approx~mately twlce the cost of 67 
analbses of the clrcult [I] 

The circuit shown in Fig 16 is a 
Sallen-Key filter It was required that the 
Q-factor should not only 11e between 10 
and 40, but should also e x h ~ b ~ t  a mini- 

m u m  var~ability bet\,een manufactured 
samples Four tteratrons of a var iab~l~ty 
reductron' a!gor~thm resulted In a very 
substant~al reductton of the varlance of 

Q C21 
The clrcult shown in Fig l c  1s an inte- 

grated transversal filter r n ~ o l v t t ~ g  coeffl- 
clents determmed by capacttors The 
orig~nal des~gn was put Into rnanufac- 
ture and 600 sample5 were produced 

software can be explo~ted t l  en 
much the better W h ~ l e  ~t IS a1.o dh..~ 
able that the actual cornput< 
effort ~nvolved In toleranre d r -  
should be low, the state of t b  art I. 

such that t h ~ s  cost IS not t r ~ v i ~ '  ro,[u 
nately, ongolng research IS ?ttemplirc., 
t o  reduce t h ~ s  cost [4] 

Concepts, representations a n d  
terminology 

For the newcomer t o  the held of to ,  
ance design It 1s necessary to i n z ~ o d u i ~  
some key concepts, to  d~scuss the re[)- 
resentarlo1 of iolerance-based eneits 
and to  d 4 n e  the .erminology cornrrior 
to thts field 

Parameter space 
As an a ~ d  to exposition, we shall (r.tZ 

as an ~llustratlve ?xamp!e the r r ~ \  t s i l  

stmple case of r ctrcult containlns o i l !  
rwo toieranced com~onent5,  slnce the 
concepts thereby illustrated generai~se 
.nrhout restrlctlon, to  Lay sw 0 1  cis 
Cult 

The clrcust shown ti? Fig Za can b(. 
represented by a s~ngle pant ~n p r -  
ameter space (Ftg 2b) whose axe, L ) ~  
and pi are associated with the par 
ameter values descr~brng the r\\o cot 
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:,,. ,nt? Tor example p, m e  be the 
,,*fitante charaacrwng a resetor, and 
p, mtght be the capacttance value 
charactensang a capacitor Wrth each 
p'3rametcr will be aswclnted a nomcnal 
\slue (Py and py), the two nomtnal 
\aluec together descrcbrng the nomtna! 
, ,rtuit represented by the po~n t  N 

jh )  In the real~stic case of toier- 
, ( I  component< a tolerance range 

, , 1,i \YI!I be associated with each par- 
~rnerer thereb) deiln~r~g a tolerance 
reqion R, wcthin which the p a n t  rep- 
re.entlng any manufactured verston of 
the clrcuit must Ite (Fig 2b) 

YOU cons~der the spec~ilcations rni- 
r)o<ed by the customer on the per- 
; !-rnance of the crrcuit. The 

.iratlons are not formulated in the 
-::en1 ot the parameter space we 

i u \ e  lust d~scusjed. but rather in an 
outpur space or peoorrnance space. For 
r\an>p!e, limits may be placed on the 
10.5 o i  a filter as a funct~on of fre- 
quency, or the rlse tlme of a switch 
f ii:. 3ai 

Ir; order to see whether and how the 
.:rlleter tolerances most easily visual- 

i n  par;imc.ter space (f ~g 26) cause 
. ;. i i r cu~ t  to fail the speclilcations ex- 
pr?>wed In output space (Fig. 3a), some 
rnapptng from one space to the other 
niuyt take place. For reasons which iv i l  
gradually becorne apparent, we con- 
sider the specificat~ons to be trani- 
lorrned from output space to parameter 
-:>ace (Fig. 3bi, thereby defining a regloll 

. iceptab~l~ty R, l i  the po~nt  descr~b- 
- ,I c ~ r c u ~ t  i~es within R, ,  the c~rcuit's 

:)vriormance will satisfy the spec~ii- 
cr!ic.)r-1s. if i t  docs not, the clrcult w~l l  
hale tailed one or inore of the speciti- 
catrons Normally, thd shape of R, 1s 
qulte irregular, w ~ t h  discontinu~ties and 
both concave and convex zdges 

Becorc. going further, it is  tmportant to 
that i;.e acti~al transformat~on of 

>pecif~cations from output space to 
.ir,~meter space i s  no( a trivial task- 

~ndeed, ~f ~t were tolerance des~gn 
i\ould pose few problems and would be 
an Inexperislve process to Implement 
on a computer 

It \ \e cisplay both R ;  and R, In par- 
ameter space (Fig 4a) we may find that 
Qi does not 11e completely within R, In 

i r th case any manufactured circurrs 
lre\ented by pornts with~r) the cross- 

 arched area w ~ l l  fad the spec~ficat~ons 
and the manufacturrng y~eld (that frac- 
tion of mass-prgduced circuits passing 
the spec~ticat~onsl wtll be less than 
100",1 For the case in whlch a very 
large number of coptes of the same cir- 
cuit are manufactured, and where there 

an equal likel~hood of a parameter 
,111s on any values wtthln tts toler- 

c range, the expected rnanufac- 
' Ins y~eld IS s~mply the ratlo of two 

1 
tolerance 

Frg. 4 Design centring and tolerance asstgnmcnt 
a The relative locat~ons oi the tolerance regson and the reglon or acceptab~lin determ~ne 

the manufacturlng y~eld 
b A centring of R- w~th~n R, Increases the manufacturlng yreld 
c ,~ghter tolerances Increase the yield, but also increase the cost of each clrcur 
d n t\ p cal relat~on oetk (:en the tolerance of a component and ~ t s  cost 
e The unit cost of th~s circulr may be less than that of Fig 4c desprte h e  l o ~ e r  aleid 

areas the area of R a  that lies wlthtn R, 
d~\ ided by the area of R,. For d~fferent 
probab~l~ty dens~ty d~stributcons of the 
components, different 'we~ght~ngs' will 
apply 

Design improvement 
A s~mple means of rncreasir~ the 

manuiacturing yield Y is suggested by 
Fig. l a :  it is to adjust the nominal par- 
ameter values, while leaving their toler- 
ances fixed, so that RT is more 'centrally 
located' within R, (Fig. 46). Sljch an ad- 
justment o f  nominal parameters to  in- 
crease manufacturing yrekl is called 
&s~gn centring. 

Having centred the clrcult, and 
achieved a greater yield, the q~lestion of 
parameter tolerances may ari*. l i  these 
are open to choice, the desigier wtll be 
aware that a tightening of tolerances 
(Fig. 4c) will lead to 100?& manufac- 
turing yield, although at a hlgner cost to 
the customer since the cost of a com; 
ponent is typically an inverse functron 
[Fig. 4d) of its tolerance. Indeed. for thts 
very reason, i t  may be more eco- 
nomical (Fig. 4e) to  wden the parameter 
tolerances (i.e. increase 1 ,  and 1,) so 
that the cost ot ttw r e d u d  yield is 
more than offset by &.reduced cost of 
the cornpwgts.  k is  not chfficult to 
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appreciate that tllere may exist an opti- 
m u m  set o f  parameter tolerances which 
ensures that the unit cost of a satisfac- 
ton circuit is m i n i n n d  The choice of 
paranwter tolerances with a view to re- 
ducing circuit cost is called tolerance 
ass~pnrnenr. 

For convenience, the activities - of 
design centring (variable nominal, fixed 
tolerance) and tolerance assignment 
(variable tolerance, fixed nominal) have 
been separately idenrified and dis- 
cussed, whereas they could be regarded 
as eitrernes of  a combined process in  
which bo th  nominals and tolerances are 
simultaneously adjusted 

The last aspect of tolerance design to 

be introduced here is icdriabi/i(y re- 
duoron The tolerance region RTI in  
Fig 3 represents an initial design. The 
contours are those of constant circuit 
penorrnanct.. Clearly, the circuit per- 
iormance variability (from one manu- 

factured sample to  anorher) IS r e d u c a  
if nominal parameter value5 are adjust- 
ed (with fixed tolerance) to  produce 
the new design represented by R T 2  

- 

- Appmchcs to falerance design 

Broadly speaking. the past few years 
have seen the evolution of t w o  prin- 
cipal approaches .to tolerance deign. 
reflecting two  quite d ih ren t  ways oi 
discovering the .whereabouts of Ri i n  
parameter space or, more preciseiy, the 
relative locations of R,  and R ,  

, The deferministic approach attempts 
t o  construct a polygonal approximation 
to  R ,  by locating points on  its bouod- 
ary (Fig. 6) .  Knowledge oof this approx- 
imation then allows the most 
appropriate design centre (i.e. nominal 
circuit) and set of parameter tolerances 
to be selected. ' 

' 
In the srari.stical eiplorarion approach, 

I I contours of constant I 
circu~t performance 

the acludl ctrcutt nlanulacturing pro- 
ce.2 is stinulatcd by  n~aking .3 random 
.;eiec!ion oi component values and pre- 
dliting. by naearls of a crrcuit rtmulation 
package, the performance or each re- 
sciting circu~t. The outcome is the Ioca- 
tion of 'pass' and 'fall' circuits within the 
tolerance region RT (Ftg. 7). Knowledge 
or their relattve numbers allows the 
\ geld to  be estimated, and knowledge of 
the~r iocafron allows conclucions to  be 
drdwn concerning desirable. adjust- 
nlrnts to  nominal parameter \slues and 
tolerances Thus, in  Fig 7. it e m s  rea- 
sonable to  move RT in a 'north-easterly 
d~rection to increase the yield 

Statistical exploration 

The determir~istic approach has b w n  
\ridely reported in the litr.carurc, hut 
~c-iers frorn the IimitaGbri that it5 com- 
putational cost increases \ e n  raptd!y 
\\hen more than about ti\,? or SIX corn- 
ponents are subject to tolerances. This 
limitation i j  a very sc\.ere one and we 
therefore concerri ourielves exclusi\ely 
ai:h the stat~stical cxplora~ion ap- 
proach. The advantaper. oi this r p -  
p:oach include the follo\\ing 

the computational eti~cienc! \kith 
uhrch it handles large circb~ts 

the opportunity i t  offers to mahe 
u w  of existing circuit anal!;sis .oitivare 

the ease with \vhicli it can be 
understood, and the relative itraighrror- 
\\zrdness ot its soft\\are implernenta- 
tion 

It: abiiity to  handle unusually 
s h a p ~ d  R , s .  rucl-I as  th0i.e shoivn in 
F I ~ s .  8a and h 

i I Tolerance analysis 

Y 
The first st p i r i  any attenipr at toler- 

Fig$ 5 Adjustmen1 of nominal component values can reduce the vanabllity of the per ance desigii using the stall-rical opt1 
f o m n c e  of a mass-produced circuit misation approach I, a tolerance 

afialysis Its primary objecti\t 13 to h t t -  
mate the manufacturing ) ield although 
\\e shall see later that much adcl,tional 
and valuable dectgn intormation can be 
denved from the results that are there- 
b\ generated 

The Monte Carlo method ot toler- 
ance analysi, srrnulates the actuai 
manufacturing process by select~ng at 
random, possible component \ a l w s  
and computtng the circuits per- 
torrnance A simple comparison wth 
the specifications then e s t a b l i s k  
whether each 'sample circuit IS a pass' 
or a 'fad (Fig 9a) Typtcally, MO samples 
might b e  analysed, although the actual 
number may vary widely Simply by ob- 
serving the f ract~on ot the samples 
labelled 'pass' the yield can be estr- 
mated Thus, 11 150 out of MO sample 
circuits passed- the spectficatrons, the 

Fig 6 A polygonal approximation to the region of acceptability yield estimate Y is 50% 
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With some circu~t simulation pa&- 
age (for example ASTAP) a Monte Carfo 
facility is already povided, and is usu- .- . 

optirnisd with regard to  computa- 
h n a l  cost. Otherwise, if w l y  a circuit 

package without this facility 
is avai!able, it 15 a straightfonvard 
1nat:er to implement a 'bolt-on' pack- 
age to provide a write Carlo facil~ty 
(t'ig. 9h). 

The srnal!er the number of Monte 
Carlo samples, the greater the possible 
error In estimating the y~eld by thls 
method. The accuracy of a yield esti- 
mate can be quan-&ed by establishrng. 
theoretically, the I~kellhood that the 
actual y~eld Y wrll I e  wtween two partl- 
cular l~mlts 

where a2 is k n o ~ r  as the variance of 
yield estimate ? E IS ! i s  IS common) 

wlected, to be 2. :5en there i s  a prob- 
ability of 95% tha: the trL:e yield_ Y lies 
k tween  the limits ): - 2 0  and Y + 2a 

information (1 or 0) concerning whedher Aware of the design guidelines that 
the sample's pcformance was c l a r s M  r w c h  histograms may provide, Norman 
as 'pass' or 'fair. From the information. EIias (a pioneer of the statistical sam- 
and for a particular parameter pi ,  tyo pling approach to  tolerance design) sug- 
histograms can now be plotted h w ~ n g  gested that =me measure of the 
the densi tk  of passes and fails to a overlap between the 'pass' and 'fail' his- 
bpse of the parameter value (Fig. 10a). tograms associated with a given par- 
for ease of discussion the histograms ameter pl 'is a direct measure of the 
are shown as continuous curves, even influence of parameter p, on circuit 
though in practice the pi-axis will be yield . . . The more sensitive the circuit 
divided into a number of class intervals yield i s  to any particular component, 
.so that the histograms are discrete in the less should be the overlap between 
nature. values of that parameter in passing and 

An immediate reaction to the pair of failing circuits' [ S ] .  Once a Monte Carlo 
histograms shown in Fig. 1Da might be analysis has been carried out, it is a 
that a greater proportion of- 'pass' cir- relatively straightionvard task to com- 
cuits is likely to be manufactured if the pute, for every parameter within the cir- 
nominal value of p, is reduced some- curt, the corresponding value of the 
what; to a value in the vicinity of the overlap, so that the designefs attention 
point X. Alternatively, rf both upper and can be drawn to those components 
lower limits to p, can be adjusted inde- with small overlap. 
pendently, then the yield might be in- If a particular parameter exhiblts a 
creased if the upper limit is 5et to the small overlap, what steps should be 
valile Z, arbitrarily chosen as the value taken by the designer? Ellas describes a 
of pi for which the histograms intersect.. number of ways of explo~ting the Infor- 

1 
Since the value of s 18 glven by I I 

Parameter hrstogr~ms 
Let us assun,? that a Monte Carlo 

"alysts has been carried out for a partl- 
cular clrcutt, and :ha( a database has Fig. 8 Regions of acceptability can bk t  on unuwal shapes 
been created, stolng for each clrcuit a A more complex reglon of acceprablllty 
ample the parareter values and the b A reglon of acceptab~l~ty cornpowd of separate pans 

Gl - v, 0 2  = 
N o 'pass 
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0 foil 

pi o 

0 .  O 0  

where N IS the n ~ i b e r  ot !Monte Cario 
samples, we see ebzt followrng a Monte 
Carlo analysrs, the ueld estimate and 1:s 

95% confidence tmits can be com- 
puted 

From the a b o i i  equatlon for the 

vanance halve the aZ confidence we s f i  [hat interval, for example, four tlmes to 
as many sample< nust be a~alysed a, 
approx~inately tour tlrnes the cost That 
i s  the bad news T-e good news IS tha: 
the equation 1s ndependent ot the 
number oi  compc-ents w1th111 the clr- 
cult Thus, ior Lev/ large clrcuit 
exactly the same number of samples 

p2 

are requ~red to probide the same 95% 
confidence l ~ m ~ t s  r l r  a given estrmated 
yteld !the cocr oi z a ~ h  clrcult analys~s 
~ l l l  ot covrse rncr<a>e) 

. "1 

Fig 7 The result of testtng a random selectroo of simulated manufactured ctrcultr 
Tolerance sensitib ity 

A Monte Carlo ardl\$s can prov~de fa r  

more useful ~ntomation than just a 
yleld estlmate h the results of the 
analysrs are s to re  we can eas~ly and 
cheaply obta~n -3rne de- of how 
nominal values ard tolerances can be 
adjusted to  tmproie the desrgn, as well 
as some tnslg.lr Into the trade-otf 
between cnd~vrdurl spec~ficat~ons and 

manufacturrng \ leld 

19, pi ,@ 
a PI b 9 



0 'pass' 
'fail' 

controller 

circuit simulator 

15 c ~ l \ o  ~ r r ~ i i g l ~ t i o r v a r c ~  to  ~r~ i l ) l ( ; ;~ icv~t  
soitwarr [8] 

Imagtnc. (Ftg 1 l a )  [hat a Monic Caro 
arlalysi5 of the origtnal ctrcurt de<lgn has 
already becn carried our, and that 'pass' 
and 'fall' samples have bccn id<,iittfied 
A strnple calcuiaiion will estahltsh the 

location. In parameter 5paccL, o i  ,:x 
centre of gravity P of thi l  'pa \ \ '  sarnplc~s 
ant) the centre of gravtty F of t11t~ 'fall' 
san7pie:i (Ftg 11b) The line PF I \  iaken 
as thc direct1011 in which the nomirial 
crrcuit N should be moved. tn tl'c. dii-ec- 
tion F -. P ,  such a directlor) stLems tntu-- 
tt~vely snttsfying, but cannot hi, proved 
to  be optimal in the general c a c  Jhe 

Fig. 9 Monte Carlo analysis best pulnt along FP at whrch to relocate 
a lhe re5ult of a Monte Carlo analysis the nominal circuit 1s i iot 5 0  obv,ous 
b An exlstlng c~rcuit anal\:ih pdrkage b e ~ n g  controlled by new softwar: ;s carry out a 

h?or~tf, Cdrlo anaiy~ls Sat~sfactory results have in fact been 
obraineci by reic>catinc: N at P /FIE 'I : t i  

Fig. 10 The use of Elia, plots 
a Hi>tograir15 , i ~ i ~ ~ i i r ~ g  the I~~elihood of a 'pa.< or 'tail' c~rcuit being associated iv~th a given 

\ , i h ~ r ~  of a ctrniponent parz~eter 
b Pos>it;le org;ln:sat;on of a tolerance-tighter~rig scheme 

r *. - 
UI 

mailon contained withir, the h~s to -  
g r ~ i r n  For exairiple, he desir~bes a 
r~et l icrd o i  tolerance assignment 
(althougti, to be prpctse. ~t could onlb 
lead to a tightening of tolerance limits) 
in \i,hictl the upper and lo~ver !imirs on 

p,  d t i j ~ l i t r d  to the value5 ior w h ~ c h  
p ,,,,, = p ,:,, in other words, the values 
i r i r  \vilic h ttie li~stograms intersect An 
exainplt. s l iowir~g old and new ranges 
for a paiarneter i s  shown In Fig. 106. 
Althougli Ellas used a statlst~cally based 
proot that such a scheme ivould always 
in( rearc the manufacturtng y~eld, it was 
as5unii.d that the ltrn~ts on ;nly -one 
parameter were adjusted. all other par- 
arncter lhmlts rernain;ng itxed There is 
therefore no assurance that the applica- 
tlon of the technique simultaneously t o  
more than one parameter tviII lead to a 
yield Increase. In any case, simulta- 
neous application of the tolerance- 
l~ghtening algorithm to  a number o i  
parameters may result in 'overkrll', In 
the sense that the increased cost 

% 
& 

'pass' .- 
yl C 

a5sociated with the new Itcnits IS d~spro- 
portionately higher than the savings 
that accrue from the yield increase 

Ellas has also shown 161 how the 
concept5 dlscLlssed above cdn be ap- 
plied to the selection of cornporienti 
beiore manufacture, t h ~ s  wlth a vtew to  
Increasing the manufacturing \,reid 

0 Q 

Q -0 'falt'/: 
>. Z - - - - 0' : 
.- - .- 'pass' 
n 0 

D 
e 
a 

pa tolcronce 

a b old tderance 

S[~~(- i r~cat ion wnr i t iv i ty 
li, during the Morite Carl? andlys~s, 

a t d  lor each sample, the value o i  all 
ctvcuit responses oi l  which specifl- 
c tior* are placed are saved, it is a 
st arghtforward matter to explore the 9 
trade-off between specifications and the 
rnarluiacturtng yield. 

'For details of the basis of thi5 algo- 
rrthm the reader is referred to  the liter- 
ature [7] 

Design cen t r i ng  

A popular, efiective and easily under- 
stood techntque for design centring is 

There i s  no  ajsurance that this ad- 
jilstmerlt of the n o r ~ i ~ n a l  corrbponent 
values :while keeping thc tolerances 
fixed) \~,III ICSU!~ i r i  an ~ncrcascbd yleld 
rhereiore, artei selectiiig t!ie new 

a n a l y s ~ ~  must l ~ e  performed tc: see ~f the 
nr iv y~t.ld fxstimati. cxci,cdb t i)(% pre- 
v1ou3 one l i  11 ducs, the neiv nolnlnal 
~x j in t  rnay be acccpted l i  thi, yii.ld esrl- 
mate 12 sttll not 10Oi%,, an add~tiona! 
step of design centring may bc under- 
taken Thus, the centres-of-giavit;! 
method ol deslgri centring 1s e>5c.ritlaliy 
Iterative 

An examplt of the progress of A 

destgn centring exerciscJ IS shown in 
Frg 11ci. lri five iterations, each involv- 
ing a Monti- Carlo analysis using 100 
samplrs, the vield e'stlmatc IS seer) to 
~ricreasc. frorn 65'Zl to 93'X Such an 
exerclsc is rnonitorcd by the designer, 
~ v l i o  decides when to terminate the 
progress, a decis~on normally afiected 
s~gnlficantly by economlc consider- 
ations. In this examp!?, a spcx-ial'tech- 
nique, allowing 'old' Monte Carlo 
samples to  be 're-used', reduced the 
number of circuit analyses reclulred 
from 500 to 217 [ 8 ] .  

One extremely Important advantage 
of the centres-oi-gravtty method IS that 
the number of samples requ~rcd for 
each Monte Carlo andlysis appears to 
be ~ndependerit of the cornplcxcty of 
the clrcult: ~n most cases, the yteld estt- 
mate has appeaied to  have achieved a 
value close to  the rnarirrtum after about 
four, five or six iterations. 

Another advantage of the algorithm 
is that it is not restricted to  a particular 
class of circuit. nonlinear circuits are 
just as easily handled as ltnear ones In 
fact, the bas~c requirement is some 
means of comput ing from the par- 
ameter values p, assoctated with a cir- 
lcuit, the performance F of that ctrcuit 
(Fig. 12a). Then ,the only additional soft- 

? 
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wape that is required is a parametric ad- 
,justment supe~sor (Fig. 12b). Its 
,function is, f rom a knowledge of 
nominal parameter values and tok r -  
mces, t o  generate' the p, associated 
with each sampl$ of a Monte Carlo 

and t o  store information as to  
&ether the resulting circuit per- 
fomance f, when compared with s p e  
cifications, is f w n d  t o  be acceptable or  
not. Thereupon the supewisor chooses 
new nominal parameter values accord- 
ing t o  the  centres-of-gravity algor~thm. 
The philosophy of  a 'bolt-on' supervisor 
is particularly .attractive to those de- 
signers who have invested a great deal 
of tlme, money and effort in becoming 

in the use ot a particular package 
(for exampk SPICE) and do  not w ~ s h  t o  
amend i t  in any way, but who do wish 
to exploit the advantages offered by 
design centring. 

One key factor or design centring has 
not yet been mentioned, and is assocr- 
ated with the iact that the Monte Carlo 
analysis performed at each iteration 
provides only an est~mate of y~eld, not 
its actual value. Thus (he poss~bil~ty 
exists that the choice of a new nom~nal  
point may increase th? yreld esrlma~e 
but cause a decrease In the actual y~e ld !  
There is therefore a need ro compute 
some measure oi contidence in the cor- 
rect ranking oi two  yreld estlrnates. 
such methods are ava~lable [ 8 ] .  i Y '  atu- 
rally, the designer is always anxlous to  
pay for as small a rrumber ot clrcult 
analyses as possible, In w h ~ c h  case 11 is 
Important to  be aware of a techr~ique 
known as correlared sampl~ng [ 9 ]  l i  the 
sample polnts in the new tolerance 
region have the same relat~vc spatial lo- 
cation as in  the previous tolerance 
regton, then the confidence In the cor- 
rect ranking or the two ylelc! estimates 
will be higher than i t  a new rantiom 
sampling of the new tuleran:.e region 
were employed 

Tolerance assignment 

The choice or component tolerances 
must take Into account the cost at each 
Component Orten the cost 18 inversely 
proportional to  the tolerance, In w h ~ c h  
case the cost ot an entlre c ~ i c u ~ t  can be 
expressed in the form 

Cost = A + .z 
where r, IS the tolerance associated with 
the rth component However, i f  the 
manufacturing vteld is less than 100'K 
this cost has t o  be recovered from the 
"le of only the arcc,ptable circu~ts 
Snce they are a traction Y of the total 

C ~ m ~ u t e r - ~ i d e d  Eng ineer ing  Journa l  

Fig. 11 A design cmtring technique 
a The result of a Monte Carlo arel!~src : r  : rlrcur 
b ldent~ilcat~on of the centres-oi-yra\*~r r r  :he T.L-S and - i ! r  ctrcults oi F!x. l l a  
c A new tolerance reglon obtalnd b\ r-,:*mni .r :he w., nom~nal des~gn the centre of 

gravity o i  the 'pass' clrcults is- Fig - - r  
d A typ~cal outcome of a SIX-itwallon :&q cex-'5 erer: -+ 

the clrcult cost C for each sz:~siac:.-. 
circuit is 

The task of tolerance as6gnmtnr :: I: 

mlnlnllse C by the cho~ce  0 7  i u ~ : x . e  
component tolerances, und,r :he : :r- 
d ~ t ~ o n  that the nominal value5 2re i . : t :  

Other real~st~c cost models are 2 . 1  - 

able. but ~n every case t I S  ,-cce>;i-. 
when attempting co  rnlnlml? C r :  
have a\,a~lable some estlmate or Y 

As 1s the case for design cwtrb-:; 2 

number o m  algor~thms are a ~ 2 1 l a b 1  :: 
the des~gner w ~ t h ,  :ulera-;e J:Gnlent. The one select her, -1; 

i l lustrat~on 1s chosen to acqbaint I-e 
&vice w t h  a new ,class of a!2orir-.-c 
vhtb~in the stat~stical explora:lon L- 

p o a c h  
8 .  

I ,he existence of this new class a-- 
from our ab~l i tv [l] to  compute. ar <+-A 

li rle (-0.1. the . tlrfferential st.nst!,. :. 
(7 'i ot C I ~ C L J I ~  performance F HII: -T 

spect to  each par.1rnett.r pi This an :. 
leads to the pos\ibiliry o i  -epl+.-; 
many ot thtx co5tly circuit anal.= 
clernandt.cl b \  a Monte Carlc, an,,. + 

hc 1 n u (  - . .npler calcuratron i o r  ex- 
a-#:+ b \  u in?, r truncated Taylor 
.<+-ei app-:\l,natlon to :he clr: u ~ t  re- 
>:,:-* f, 

,,,.-G.d . . A; i the change In parameter 
p,  --lo\.\.lc:<e o i  the value F ,  oi F at 
(I-* 2olnt ,- parameter space 15 suiil- 
i l t - r  10 alb:~\ an approximate but inex- 
p-:..~. ca.:';lation or f ar po~ntq I r i  the 
i r l - e z ~ a ~ e  Licinlt). For this rect>on a 

i+*-+.:,\it\ x sed '  approach to tolerance 
ck-3- ha. emerged. and \viII now be 
tlr-5i:rred - [he context o i  an enective 
w:vA or ~alerance asslgnrnent. 

Lms~de :  a c!rcutt contalnlng t\vo tol- 
erz-ced ccirnponents. l h e ~ r  tolerances 
dcGr=. .in i imponen t  space (Fig. 1.3~1, a 
t i svznce - 3 i o n  K T .  Assuming, as we 
d; 'ir torrance a~signmrnt.  that the 
n:i- \ z'ues or all p2rametrrs are 
ilk-: R ,  ,- equl\alently definrrl by a 
\I-&+ p r :  n roler,?nce y,rte iF~g 13b) 

.'. :n tb: ~ r ~ i t l a l  cho~ce 01 101~rdncc>>, 
t r  - \ e l d  ' must Crst he estirri.rtrd In 
.o--xr l o  izrermlne t k  cost C' trom 
k 3 -  ? Thy 1s ach~ev rd  bv  a corlven- 
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tlonal i\i\onte Carlo an,?lysls Tl ic eHect 
on C o i  dltterent roniblnatlon< of toler 
ante\ 1s then examried In the following 
&Nay A new polnt A In tolerance space 
15 5t.lected randomly altllough at a pre- 
scribed dlstance from the orlglnal polnt 
1F1g 13c) This tolfrance perturbation 
A!, trom the origlnal polnt defines a 
new tolerance region RTl,, In parameter 
space (Fig 13d) Assumlng that R, and 
R,,,,  do not differ wldely, the truncated 
Taylor serles approxlmatlon can be used 
to predlct the balue of F at any point 
w~ th in  RT,,, The procedure adopted 1s 
first to  ensure tllat the sensltivlty 
(? f l i p , )  - as well as F - -  1s computed 
for each of the Mont; Carlo samples 
wlthln R, Then wlthln KT(,, the same 
geograplhcal di5posltlon ot sample 
point\ 1s chocen that \vas ~ c e d  tor R ,  

thus \~mpll(ylr lg the cdlculat~on of the 
estimated F values \\,ltIiln R7(,,, u ~ r n g  
the truncated Taylor serles appro*- 
[matlor- A sub5equent comparison wlth 
the speclflcatJons allows the y~c ld  Y, 
and cost C, assoc~ated wlth the neb\ 
point A In tolerance space to  be estl- 
mated 

The estlmate of cost 1s carrled out for 
a number of points In tolerance space 
randomly chosen to Ile on a hyper 
sphere centred at the orlglnal point 
(Fig 13e' With this ~nformat~or l  a 

number of methods are avarlable for 
chooclng a nec polnt In tolerance 
space representing a ,iew - and hope 
fully lmproved - cholce of component 
tolerances In the tolerance asslgnmrnt 
exerclse ~llustrated In i l g  Id, the least 
squares method was used to fit a hyper- 

p)ani' l o  I ~ C ,  co\t t5slin;ates In tolerance 
\p.iic' In ,I t i~ rvcr~or i  opposlte t o  the 
,lopt, of t i l l \  l1yperplane a ur i~form l ~ n e  
warctl wa\ then undertaken 
(~nexy:en\li,c~ly, uslng the Taylor serles 
approklmatlon) to determine the 
m~n~niurn-cost polnt Once a cost mrni- 
mum has becn located the tolerances 
are ~ppropr~ate ly  ad lu~ted According 
to the judgment of the des~gner, the 
pruces5 may be repeated until an ac- 
ceptable design 1s obtalned 

For ,lie rnonient, the benefits that 
can accrue from the availab~l~ty of Inex- 
penslvc sensltlvlty ~nformat~on are tem- 
pered by the fact that not many 
simulation packages provlde scnsltlvlty 
informarlon For !his reason, the ap- 
proach of a !bolt-on parameter adlust- 
ment supervisor IS not so attractive 

Industrial application 

,i,tliough research 1s st111 In progress, 
soft\\,are packages ior tolerance deslgn 
are ilnding tlielr itsay Into industrial use, 
In 5on-ie caws. a pac!:age has acquired 
the tlo\\,c-\,er-dld-\\ie-manage-w~rl-iout- 
11,' accolade To our knowlccclge, only 
one coninierclally avr,lIable package 
otters a tolerance devgn faclllty ~t is  

SCADS, expected to be available In the 
summer o i  1981- from I. P.  Sharp for 
bureau use and eventually lor an IBM 
r, ,- 

Fig. 12  The use of an existing circuit simulator for design centring . 
a Representation of a conventional clrcurt slmulatlon pac!;age 
b A .bolt-on' parametrlc adjustment supervisor cause, the responses of selected Monte 

Carlo samples to be generated, stored and used for design centrlng ' 

1 

I I 
Fig. 13 An approach to tolerance assignment 

r c  

Necessarily, we have had to d15cucc 
the toplc o i  tolerance deslgri largely 111 

~solatlon, how would these technlques 
actually be used in practice? LYhlle 
there may be occastons when a full tol- 
erance design exerclse ~nvolvlng a 
number of Iteration, rndy be required, it 
\vlll frequently be the ca,e that the very 
crudest form of deslgn centrlng \wlI be 
u w d  merely to see lf any useful Im- 
provement rs poss~ble For example the 
sltuatlon typitied by the polnt A In 
F I ~  14  and whlch resulted In a con- 
slderable lo55 or production to a con? 
pany could have been brought to the 
embarrassed designers notlce by a 
slngle Monte Carlo exploration lnvolv 
cng about 20 to 50 samples, and a 
usetul redesign could have been 
etfected at what, by comparison, would 
have been a tr~vial cost Even a move to 
a polnt such as 8 whlch IS st111 far from 
the deslgn centre would constitute an 
Improvement 

Throughout thls paper we have men- 
tioned the potential economlc advan- 
tage offered by an improvement in yleld 
or a reduction In unlt cost. But this ad- 
vantage 1s usually imposs~ble to  quan- 
tify beforehand. If a circuit IS already 
well designed, then no improvement 
can be brought about by tolerance 
design, and the major outcome of the 
exercise tviII be a measure of con- 
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fidence that the des~gn  is close t o  opt l -  

,,,urn I ~ I  the  tolerance sense Even if the  
cir,u~t IS n o t  well des~gned any irn- 

provernent may  wel l  be negated by 'le 
computat~onal  cosr o f  carrying ou t  kne 
tole 3nce deslgn lust as for  most orher 
to,,, used b y  the des~gner, the  decision 
when to uSe tolerance deslgn *JIII 
become more  and more Instlncbve as 
experience 18 accumulated 

Smce a too l  can  of ten become m u c h  

more effective If ~t 15 used ~n te rdc t~ve ly ,  

the programming ot the  human-  

cornputel lnteractlon asroclared w:th 

tolerance design 1s of vltal Importance 
For example an a b ~ l ~ t y  to monlror  easily 

the progress of a Monte  Carlo anal)sls 
o r  to effect a comparlsorl 41th an earl lei 

~teratiorl, can help the deslgner :o galn 

ins~ght  In to what 1s happening and  

thereby t o  g u ~ d e  t h e  toleranc- des~gn  
SucO a f a c ~ l ~ t y  can [J] lead t o  cons~der-  

able savlngs In computarional effort 

T h e  fu tu re  

Despite the results that have been de- 

scribed here, and manv other, r e p o ~ e d  
in the I~terature, rescarch in  toierancc 
design is still p roceed~ng A major enort. 

for ex~mple ,  1s b e ~ r l g  directed toivards a 

redrlctlon In the computational eriort 

~nvolved. 
At one tlme, the  number of circuit 

analyses requ~red  was sometimes mea- 
sured in thousancls. hlore recently, the 
number was l i l  the low hundreds Hap- 

pily, methods are no\\, b e c o m ~ n g  ava~ l -  
able involving considerably leis than 

10(9 analyse5, <1Ithough ~t must alwavs 
be  borne in  r n ~ n d  that  the arc i l racy 01 a 

Monte Cario yield esi imate 18 governed 

solely by the ~nurnber o i  samplej, and 

for 'reasonable accur,icy' t h ~ s  number 
would r~ r t r l y  fall tar belo\% 100 

Another, largely unresolved, problem 
is associated i v ~ t h  components tor 
which only a d~screte number or 'pre- 

ferred' values and tolerances are avail- 

able. A c o m m o n  dpproach is t o  Ignore 

such res:rlct~orr> and  rtit,ri, at the corn- 

plel lon of design centring and tolerance 
asslgnrrieilt, to choose the  neare5t' 

vaiues. Naturaily, a new M o n t e  Carlo 
analy51s is requlred to estimate the  

yield. 

Methods o i  iolerance deslgr~ are n o w  
being extended ,ind mod~t ied  t o  sul; the 
~ ; )a rac te r~s t i c  reqiiirenients o i  Inte- 
grated tircults. A n  ~n t roduc t ion  t o  t h ~ s  

direction of research 1s p r o h d e d  b y  
Ref. 10 

TO dig d e e p e r  

Apart i r o m  the Ref~rences provided. 

publicatio:-,r may  be of Interest to 
the reader who . . ~ i h c \  t o  d ig deeper 

in to the subleci O n e  I, a specla1 issue 

of IEE Proreedrnz> Par! C o n  tolerance 

Fig. 14 A badly placed design A i s  too close to the boundary of the region of acceptability 

analysis anc' des~gn  [ I I ]  w h ~ c h  con-  

tarn, 13 ?apeis dealing with var~ous  

aspects of the  subject, - n d  provides an  
additions: source ot reterences The 

other  IS a revlew paper p u b l ~ s h t d  re- 

cent ly  In  t,Te i E E F  Proceed~ngi  L l O ]  

A c k n o w l e d g m e n t s  
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Jones, Nlcos Maratos, Paul Rank~n,  Rari- 

deep S o ~ n  and Er~c W e h r l ~ a h n  ColI?bo- 

rat ion w ~ t h  Ajoke Ilumok,~, Ken 
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p lementa t~o i i  o i  tolerance design rne- 
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"Application of low cost electronic design automation tools 
- the use of mathematical modelling in circuit 

design and simulation". 

I .Q Introduction 

This paper describes the experis~ces of the authors in starting up a business which involves 

Circuit Design, Circuit Prototyping and Testing, Schematic Capture and Printed Circuit Board or 

PC13 design. It is hoped thzt the texh will serve as a guide to assist participants aspir~ng to become 

,:ntiepreneurs in these exciting fields. 

R . L .  Electronics Corporation is a small but innovative company that engages in projects 

ir~vol\~ing circuit design, testing and fabrication, including the design of printed circuit boards. Ti:s 

core business is providing Electronic Engineering Solutions and this has involved designing ana- 

logue circuits and digital circuits, including microprocessor-based circuits. Some .examples of cir- 

cuits include signal conditioning circuits for the Building Automation industry interfacing various 

1 y p a  sol' sensors 10 controllers, the design of Miniature Controllers for Factory and Process Automa- 

tion projects. A l ~ r ~ n  and Enunciator circuits for Process Monitoring stations, Instrumentation cir- 

cuits for testills ~~c~ni-conductor devices, PC-based Data Acquisition Circuits, PC-based Control 

Yircuits, PC-txihctl ('ommunications Circuits and PC-based Instrumentation Circuits. The company 

was formed in l'IS7 and has evolved from a company using traditional Electronic Design Automa- 

~ I I  tools to one that uses some amount of Design Automation. In the 10 years of its existence, 

I ,  blectron~cs has ventured into many aspects of the industry, all involving electron~cs circuit 

design, most of which uses single chip microcomputers. 

The paper will discuss one of the products designed by R.L. Electronics Corporatior., which is 

part of the Home Security and Automation system being marketed by the company. This ~ ro jec t  

was chosen because it was a project that was initiated in 1983 and has undergone numerous 

changes, not only changes in the circuit out also in the use of the tools to design and test the cir- 

cuit. 



2.Q Home Security and Automation System 

m e  Home Security and Automation System developed by the company performs ail the 

functions of any basic d m  system and some additional hnctions such as switching on the living 

room lights, switching on the hot water heater, controlling an automatic gate, has automatic tele- 

phone dialling capability, and so on. It has user prograrnmabla features and can be customised to 

meet a wide range of user requirements. However, this paper will focus on the security functions of 

the unit, and so the attention will be focused on the alarm circuit only. 

A short history ol' the evolution of this alarm circuitry will help illustrate some of the issues 

that entrepreneurs must face when designing such a product (a typical consumer product). 

The first model of the alarm circuit was a simple circuit using some unijunction transistors 

and some triacs. The unit was a Burglar Alarm system and had two zones of operation. It had fixed 

Entry and Exit delays, and could drive a 10 watt siren. The unit was sold for about US$80.00, and 

the cost of production was considered to be US$40.00. The selling price of the unit was very attrac- 

tive. The cost of production was based on the assumption that large volumes of the unit can be sold. 

The strategy was to market low cost alarms and to manufacture them in large volumes. The price 

was attractively low, and the future of the product looked very good. 

The first problem encountered by the company was the fixed Entry and Exit times. To 

change the times, a capacitor had to be changed. Despite the low costs, customers had differing 

view-points as what these times should be and each unit had to be specifically tailored to meet the 

customers specification. To keep costs low, a fair number of units had to be manufactured at once 

and this tied up financial resources, leaving limited funds for marketing. Because, the volumes 

never materialised, only few units at a time were assembled, and so the margins were extremely 

small. Tailoring each unit was not practical because of the additional cost of the labour involved. 

Adjusting the EntryiExit times usually involved making several trips to the customers premises 

after the unit was installed and changing the specific.capacitor. A newer design allowing simple 

trimming of a potentiometer did not help resolve the problem. Infact, the margins became smaller 

and the venture soon became unprofitable. 



It soon became clear that the market for alarms in ~ a l a ~ s i a  was not large and the concept of 

high volume production was not yet feasible. Around about this time, some Taiwan manufactured 

alarms were brought into the market by some competitors. The cost of these alarms were about half 

the c ~ s t  of R.L,. Electronics' alarms. The Taiwan units were also more professionally packagei and 

offered better features. 

The company immediately planned to design a competitive alarm unit offering similar fea- 

tures. By now it was already clear that large volume production was not feasible. As a result the 

proJccted cost of the new unit was very much higher than the Taiwanese unit. The new design also 

had too many components, making the printed circuit board much more complex. Because of the 

number of components involved, a prototype had to be developed, simulated and tested. To do this 

the company would have to invest in test equipment such as oscilloscopes, pulse generators and 

m~lltimeters. The  cost of these equipment was also high at that time. It was anticipated that the 

entire project from start to finish would take about 8 months. Also because of the large number of 

components, the reliability of the product was in question and so further testing would be required. 

After much thought? the company decided that it was too ambitious for such a small compa 

ny to consider high volume production, especially since financial resources were limited. So 7 dif- 

k r en t  strategy was adopted - to enter the higher alarm market and offer a "relatively" low cost 

microprocessor based alarm. This was more of a "niche" market catering for the wealthier custom- 

ers. Such a strategy will provide the necessay-y business experience, and then the capital to venture 

lqto, perhaps, h ~ g h  volume production later. So a new alarm system was developed based on Intel's 

8748 single chip microcomputer. This chip was chosen because of its relatively low cost and the 

large number of electronic component shops stocking the item in Malaysia. The chip also had a 

bu~lt-in EPROM and this provided the flexibility of altering programs. The  use of a single chip 

rnicrocotnpi~ter also reduced the number of components, allowed the development of better user- 

~nterface features, allowed customising the system to meet individual user demands, and allowed 

incorporation of additional features such as the automatic switching of lights, auto-dialing and so 

on. The customising feature of the alarm made the unit attractive to the customers. The EPROM 



inside the 8748 microconp~ter  chip made the customising feature easy to undertake. The system 

was also designed around a standard off the shelf housing to reduce the packaging costs. 

The next task was to develop the product. At that time (1985), the cos: of microprocessor 

development tools were very expensive and unaffordable. Program development had to be dore in 

machine language. The programs were written on a piece of paper, and the chips then programmed 

and tested. To avoid comp~ications and difficulties in debugging, the program to be developea must 

be simple. To do this, a subset of the complete instruction set for the 8748 chip was defined and all 

programming had to be done using these simple instructions only. This helped create a range of 

sof t~ar ' :  modules such as EntryIExit timing modules, Alarm On Module and so on. These modules 

soor  bccxne time tested modl-~les and the continuous use of these prevented future crrors and 

wastage of' resources. 

Appendix 5 provides a data sheet for the 8748 single chip microcomputer, and the instruc- 

tion subset. The entire program for the alarm system was initially developed using these few in- 

structions only. In the early stages, most of the other instruction sets were not used. Much later on 

after the product had been field tested, and when additional features needed to be added on, the 

other instruction sets were used. By then some amount of development tools were available an(, 

these helped speed up the debugging process. 

Appendix 1 provides the circuit for the alarm unit. It can be seen that the circuit was a very 

simple circuit and had few components only. Much of the sophisticated features of the alarm were 

carried by the single chip microcomputer and the programs written for the chip. 

The  first 8748-based alarm system was developed in about 6 weeks. Because there were 

fewer components, the printed circuit. board designed was the single-sided type, and this reduced 

the artwork costs and subsequently the printed circuit board or PCB costs itself. In low volumes (10 

pcs or  so) the price of the PCB was about U S 3 . 5 0 .  The  new 8748 based alarm unit was priced at 

about US$200.00 each. 

Today, the company still markets this product as the Home Security and Automation sys- 

tem. Additional features have been added-on to the basic alarm circuit. The  company has also 

entered the low cost alarm market but instead of designing its own unit, is marketing an imported 



upi t .  

Apperidix 2 discusses so;;.e additional issues that a new entrepreneur must consider when 

5rtering a business venture. 



3.0 'Traditional Tools for Circuit Design 

In the early stages, most of the circuits designed were done manually. The process involves 

desrgning the circuit on a piece of paper, build~ng it on a protoboard or breatlboard and then testing 

the clrcult C'hanges were made a5 and w:icn necessary and after the final crrcu~t was made, a hard- 

wi:ecl vcrsion of the circuit was bclilt. This prototype circuit was norrnally field tested in an actual 

a i)pl ica~ion siluation. For example, i n  the case of the alarm systems, several alarm systems were 

hard-wired and tlelivercd to customers premises. The  customers were ~ i s \ ~ a l l y  given disrc,~lnts to 

cncou;agc 1hc.n to cooperate Subsequent unlts were deslgned partly In PCB form and partly bard- 

wired After extensive testing, the final printed circuit boards were designed anti fabricated. 13e- 

t,ausc o f  thc h~gl l  cost o f  "*lbricati~g the printed circuit boards. printed circuit board layouts hat: ro 

hc do l~c  rigt~t ihc l'irst lime. As a result. the design of the printed circuir board #as ;J long and elabo 

riitc process. 'l'ypicnlly, i t  would take about 2 to 4 months to design a sophisiicaiecl i!o~iole-sided 

prinlcd circuit board 

T ~ - ; ~ d ; ~ i o - ~ a l l y ,  the most important tool ir ariy circuit design project would be tilt: oscilloscope. 

Altlio~~gll. m~~lt imeters  may suffice in  so!ne cases, the oscilloscope al!ows the iesignei. to look out 

for unexpected situations such as oscillations and rloise. 

Most srnall busrnesss today still use the traditiolial method in designing circuits. It is still a 

cost cl't'ectivc systern anti is effective for  most circuit designs. The time taken to desig~l tile circuits 

~niiy be a little tedious ancl long, but when funds are l i r~ i t ed ,  there is no other alternative. A new 

entrepreneur would probably have to start o;f' his iirst ventwe using this traditional method. 



4.0 Modern Tools for Circuit Design 

The wide availability of computers and software has helped autoniate some of the desigtr 

processes in circuit design and development. These tools called Electronic Design Automatinn rools 

can undertake Schematic Capture, PC& Layout Design and  circuit Si~nulat ion.  No longer is i t  

necessary to build a new circuit on a breadboard and test it uslng 0s.-illoscopes anti function gerier;i- 

tors. Infact, an entire circuit can be designed and tested withou: having to touch a single con ip r ;  

nent. The.: automation tools can even convert a scl i~inat ic  diagram into a printed circuit boar-(I 

layout automaticaily 

The  use of design automation tools have had a great impact on reducing the de\~elol~mc,r~ 

cycle of new products. There are less errors in the products developed and all aspects 01' the dca,;,!: 

can be rnodelled and studied. In circuit design, Electronic Design Automation tools have signil'lc;tir~ 

ly rcduccd the lead times for circuit prototyping. It has also reduced the chances cf errors, gr.catl! 

':nproved the accuracy of documentation, and has significantly reduced the documentation rinlc 

Malf~inctions in circuit design can be detected early and wor-st case performance char-acteristics can 

be deduced. Circuits can be tested under many different circumstance and under varying degree n i  

conditions without having to build and rebuild the circuit. There is no danger of damaging ari! 

components during the early stages of the design. Modelling different circuits helps the designer 

chose a circuit design before building his prototype. Jt also helps determine the correct tolerances 

for components. 

Because of limited financial resources, a new entrepreneur would have to start his business 

by employing the traditional methods of circuit design. Subsequently, he can start investing in the 

electronic design automation tools. This can be done in stages and on a critical need basis. There FL:-c 

certain kinds of electronic designs that are too complex tb2t it would be impossible to do using the 

traditional method, or  the amount of investment in specialised instruments will supercede the cost 

of investing in electronic design automation tools. This includes designing high speed digital circuit 

and also high frequency analogue circuits. In such cases, the entrepreneur may have to opt for the 

Design Automation tools from the beginning. 



1, m:i! nor be \.z I S C  f i ) i -  a ne\\ ci~ir-tpr-cneur to ~nl~l~c'dl;~tc' l) '  I I I \ L Y , ~  111 S ~ L . C . L I ~ I I I \  .Lc  ,,gi! ~ ! i ! : ,  

r:i;ltlcln tonl<, H e  would need to he farnili:lr. with the various c>p8>s of tools rirld thc bcnef'its ihcy \\ $ 1 .  

bring to hi5  bus~ncss. Some tools may be too iiit'ficult i0 use that the dzsigner wlli prekr !c go! 0;us .k  

r i i  the traditional ~~ ie thod  of designing. 



1 tic ilc~cloprncnt o f  any procli~ct that in\jolvcs the use and i j e i ~ n  of  electrori~c c~rci~itr! \\ I ~ I  

I I I \ ; O I \ , ~ ~  l l ~ c  t;~llowlng stages 

I . clcl'in~rig the f  unction^ ancl specifications of ttie prodilct, 
2 concel,t~~al dc\igrr and flow-charting, 
7 .  clcc~tling o n  thc type o f  comnonents to bc u$cc!. 
3 ~,r-eat lrrg t!re acta:il circirit. 
5 ~~roto17o;1i-i11ng, 
h Icsl in)?, ; ~nd  clcbirgging. 
'7 \,r-~iitcil c ~ r c ~ ~ i l  ho;lrtl dcsign, 
X I;tt,r!c;trion ; ~ r i t i  ;tssc.rnt~ly of printed circuit board. 
0 lcs1111g ; t ~ r i l  cIel3~1gg11rg tlic prototype systcrn. ;tricl 

I0 I ) ; I C ~ ; I F , I I I ~  

l r r  tlcc1t1i:lg oli tl~c: toois l i i l t l  would he ri:quired, the entrul~r(:rieur rotliiy 11;~s the c1i01i.c 0 1  

:Icc.~il~rrg I~ctwc!.~~ it wiclc rangc of' "low cost" e lec t r~nic  design automat~on tools 

;oriic of' the fllectronic Ilcsign Autoiii:ition tools that woi~ld be req~!ired In a projccr 111 \o l \  

i l l :  c,ir-ctri! ilcs~grl ir~cluclcs Schcmat~c  C';il~ture, f'rinted Circuit Ijoarcl o r  ('('13 l a y o ~ ~ t .  ariil ( ' I I ~ L I I I  

< 3 ' . i ~ r ~ r u l a t ~ o r ~ .  (;ericr;tlly, most low cost circuit :;imulatiori tools cai: cithcr perf'orni bri;ilog ;'ir-c~rlr 

\ir~:t~l;~fiori or I>igit;il r'ircuit simulatio~i. but not both s i r n ~ ~ l t a r i e o ~ ~ ~ l y .  l d t ~ l  rcccrltly, t icrc arc so~iic 

new sollw;tre piickagcs that car1 undertake [nixed circuit simulations. 'ome s~rnulaticln packages 

evcrl strpport certain rn~~roproccssors .  and can ~~ntler take simulation hitsed on the progrcim wr ittcn 

lor- the processor. ':'he tocis that a;(: available are  numerous and they vary in  terrns of prices ;iiiiI 

:>crforiit;~nce capab~l~tres  between one vendor and the other Because of the f lexrk~l~ty of the PC, I't5 

' c ~ ~ I I I L c I ~  low p~ ice .  anti the wlde range of support available, a PC-based solutlon w ~ l l  offer the nlo$r 

cost effective solr~tion. Increasingly. :here are also tools being offered for the lvlackingtosh cornput 

Prqjects ~nvolving microprocessors will require additional tools such as simulators, emulators 

and softw,are development tools. Popular single chip ~nicrocornputers such as the 8x5 1 have many 

third party vendors offering a full range of low cost deveiopment tools (such as high language 

support eg.  BASIC, C-language), ernl~lators,  cross-covpilers and even simulators. Some of these 

cools even include a programmer. Appendix 3 provides a list of vendors offering low cost PC-based 



microprocessor development toolz. 

'The word "low cost" has come to mean a lot of cjifferent things to a lot of different people 

Packages ianging from a few hundred US dollars to tens of thousands of US dollars are considered 

low cost. 1'0 be fair, the prices of Electronic Design Alltornation tools used to be in the hundreds of 

thousands to millions of US dollars. These tools could run on mini-computers and on  mainframes 

only. Infact, the idea of the PC based engineering ~vorkstation is a relatively new idea. Years ago. 

workstations were based on nnini-computers. Only recently w i t h  the introduction o f  the more 

powcrful 80386 and 80486 based PCs, has the gap betwecn thc I'C arid the ~ninicornputer hecn 

reduced to the point that there is :~ov: no c i e ~  creF::ite boundary between what constitules a min i  

and what constitues a PC'. So wnat is "iow rosLU? -'o be practical. "low cost" is whatever you yottrscli 

can afford Most of the tools tnentioned above are classified as low m:.t anci 1:;e ~ro,>ably af'fordab;e 

in  the west, b u t  in tlic east they are still far too expensive. This w i ~ ;  b~ especlaiiy so lor an  ei-rPrc- 

j-xenair i l l  a tlcveloplng country entering the business world. It would also .~ot  :ie practical to expect 

prices to come down any lower than they already are. The entrepre~r::l!r c;!; only koiw to  develop 

h i  h~lsincss to a point that these tools can become affordable. Furthermore, rxckages Lhat arc very 

l o w  111 COSI may not be very user friendly and so will reqi~irc  much time and effort t o  iise. :;or 

~:x:irnl?lc. t l~e rc  are circuit simulation tools that require the user to draw a circuit on a paper and 

tral1st;ltc tiic circ~. i t  into a series of codes and these codes are then fed into the computer. Such 

tools may ne very d; f f icu l t  to use, they are succumb to errors and may not be of any use to the 

entrepreneur. But s t~ id~ 'n ts  studying mathematical modelling may find them beneficial. h designer 

o n  the other !;.and, W O L I ~ U  prefer to input his circuit in schematic form (say, by using a schematic 

cdiio..) : z ~ d  ihe sokware package will then simulate this circuit. 

A designer can on a single PC-based work station undertake the following tasks : design a id  

cIra:t his cntire circuit using a Schematic Capture software; Simulate and 'Test his design using a 

Tircvit Siinulat.i;on software, and perform timing analysis of his circuit; develop a program for any 

microprocessor, on the PC using Assembler, or C-langcage or any other high level language; Sirnu- 

late and Test his program using a Simulator software; cross-con~pile into the specific microproces- 

sor, down-load the code and program the chip (in the case of a single chip microcomputer); design 



i l ~ c  ! ' ( ' I {  I;i\.ciii~. \cricl the l;iyout to thc ventlor in a d ~ s k  or v i a  a rnodcrn: and photo-plot ~i5ing a 

:jcr.l~cr or 1111oto plotter ;~nd  send the film to the P(_B nianilfactl~rcr for fabr~cat ion.  fie can then 

~ ~ o c c e t l  1 0  tlocurncr~t Iris work  and write the project report uhlng the sarrie PC'. He can also use a 

rliccharl~cal cli-nf'tir~y \oftware package such as A U T O C A D  to design the casing or packaging and 

I I ; I ~ I ~ ' ~   HI^ tiic ~)r-ojct.t 

'l 'hc ;irnourit 01' funds that the entrepreneur has, will determine the kind of tools that he can 

:if loicl. :icing tariiil i ; ~ r  wit11 all the different tools available and the costs will help the entrepreneur 

I I I  tlccitling I I C  t ( j ( , l  to p ~ ~ r c h a c .  but gctring to know all thc various tools and their capabilities is 

I I I I I ; ~ ~ ~ ~ .  ' i ' t ~ c r ~ '  ;lie far too t1r;iny tools having different le\lels of capabiliti.:~ and limitations. 

Ilowc\~cr-. Illere ;ire o r n c  g~~iilclincs tlra~ a n  eritrcpreneilr c?n follow. 

1 1 1  ~d~%~l t i l ' y i~ lg  t.lcctronic design automatioil tools, it is preferable to choose venoors who have 

11cc11 i r ~  r l~c l>l~srnc<s ('or a long time, and offer a range of product:, that can be upgraded as anti when 

,-. 
tlrc f ' ~ ~ ~ a r l c ~ a l  resources ;\re available. 1 he vendor can start with a lowpr and affordable system and 

il~crl ; IS  I I I C  I I C C I I  ;irises and fi31ancial resources become available, move on to more .so?histic~ted 

!~Icc:iro~~ic c:esig~~ tools !t is also to an entrepreneurs advantage to chosc tools that ran be integrated 

1 0  work  togert~cr. k'or cxainplc, thc scherliatic drawn by the Schematic Capture software, shol!ld be 

e ; ~ s ~ l y  r-c;~rl h y  the ('ircuit Sirnillation software. Similarly, the PCB layout software can read the 

ccl~c:n;~lrc witl~out having to translate the software and make changes to the original schematic file. 

One ( j l ' the  ways to ensure this is by selecting a vendor that offers the entire range of design tools. 

Ih11 in  rnosl case\ this may be too expensive. Furthermore, the vendors who specialise in simulation 

softw;ire offer better features than those who offer the integrated versions. 

There are also vendors who offer a scaled down version of their design software free of 

charge. 'l'hese tools will not accept more than 30 or so components but otherwise it is a fiilly func- 

tioning system. New entrepreneurs may take advantage of these tools to help them get started and 

to become familiarised with the use of electronic design tools. 



Appendix 4 provides a list of vendors supplying electronic design automation tools b ~ t  it 

should be noted that the list is not a comprehensive list of vendors. These are merely some of the 

tools that the authors are familiar with. 

One of the ways an entrepreneur can optimise the use of his funds is to tailor his designs to 

that of the Electronic Design Automation Tools that he can afford. The entrepreneur should ensure 

that the project can be tailored so that its success will not depend largely on the availability of 

expensive Electronic Design Automation tools that are beyond his reach. One way of tailoring his 

designs is to make use of a limited selection of components. Although in general most entrepre- 

neurs undertaking circuit design would like to have the freedom to chose whatever components 

they so desire, in practice this may not be beneficial. 

There is a tendency for new entrepreneurs, especially those in the technical field to opt for 

designing and developing their own tools. For example, an entrepreneur might want to build his 

own development board based on some information available in magazines and data sheets - this 

generally diverts the entrepreneur from his original objectives and in the end he would have uti- 

lised all his financial resources and time in undertaking this board, but the original goal is yet to be 

achievd. 

In the short term, investing in an electronic desim tool .may not shortened the development 

cycle. Infact the development cycle may become longer. The designer has to still go through the 

learning curve. There is still a lot of effort required by the designer in learning all the features, 

creating all the necessary libraries, and learning to model his circuit correctly. Using the traditiond 

method, stray capacitance and residual resistance effects are already present during the bread- 

boarding, but in circuit modelling, unless the designer includes these in his design, the design tool 

will completely ignore these effects. An inexperienced circuit designer who attempts to design 

sophisticated circuits using mathematical modelling software packages, may design unreliable cir- 

cuits. In ensuring efficient use of electronic design automation tools, the designer must build a 

collection of commonly used c@cuits (based on the actual performance of these.circuits), have 2 

check list to ensure that all relevant data are entered, and to make sure that the libraries of compo- 



nents are correct. For example, the h1~s:gner undertaking PCB design will still need to know the 

thicknesses of PCB track widths for different current values. Most low cost PC-based design tools 

will not automatically deduce this. Track widths, non-standard component hole spacing, via sizes, 

spacing between tracks for different voltage levels, and so on must still be deduced by the designer. 

The autoplacement and autorouting feature of PCB design software will not take into account 

proper placement and routing tn terms of noise. The software will be mainly concerned with opti- 

mum spacing and so will route the PCB accordingly. The designer must take control and ensure 

that sensitive circuits are properly placed, and tracks are appropriately routed. In simulation soft- 

ware, matl~ematical modelling provides idealistic performance characteristics ignoring the real 

situation of parasitic capacitance and inductance, not to mention noise and glitches, The designer 

must ensure these are ta'ten into account, and should be aware that the software package will not 

automatically take these into account. 

Like all other tools in life, if not used properly electronic design automation tools will create 

more problems and will be a waste of financial resources and time. 



6.0 Other Tools 

Besides electronic design tools, there are also PC-based instruments that offer a one-stop 

station to test prototype circuits. These instruments are used after the circuit is actually fabricated, 

to test and verify the actual operations of the circuit. Such instruments include PC-based osciilo- 

scopes, multirneters, function generators and logic analyzers. These tools come in the f'3rn; of a 

plug-in card and software. For example the PC-based oscilloscope comprises of a plug-in high speed 

data acquisition card and the software provided collects the data and presents in graphical fclrm, so 

as to model the functions of the oscilloscope. The PC-based function generators are used to gener- 

ate all sorts of signals which are then injected into the circuit to be tested. At strategic points of t?!e 

circuit, the signals are measured and displayed by the PC-based oscilloscope. 

Some advantages of such instruments are its lower cost and flexibility of use. These tools 

form part of the engineering workstation and so the workbench is not cluttered with instruments. 

Data collected can be stored and usea later for reference or further analysis. The data can be ea:;ilj 

ported to other statistical packages for further in-depth analysis. The data collected can also be used 

during the documentation stage for fast and accurate documentation. 

The real time data collected can be easily compared wiih data collected during the simula- 

tion stage. This real time data can be processed mathematically lsing different modelling software 

to see the effects of such processing activities. For example, the data can be processed by some filter 

models lo see the effect of such filters. The processed data can then be graphically presented on the 

monltor for viewing. This would be as if an actual variable filter circuit had been added on to the 

circuit being tested. These features will help identify potential problems of a circuit and enhance 

~ ; - e  reliaoility of the circuit. It will also help shorten the development cycle for prototype circuits. 

?C-based test instruments, such pulse generators, function generators, multimeters and 

oscilloscopes, are tools that can be incorporated onto an engineering workstation to further improve 

L ~ P _  productivity and efficiency of designing and developing circuits. 



7 "  
I . V  Conc lu s ion  

i t  cannot  be a rgued  that  the  use  of sophist icated Elec t ron ic  Design A~i ton ia t ion  

tools  will  he lp  i m p r o v e  t he  ? r o d ~ c t i v i i y ,  e f f i c i ency  and t h e  accu racy  wi th  which  new 

protlucts can  be deve lop-d ,  especial ly  products  involv ing  e lec t ron ic  c i r cu i t s .  The  use of 

r n a t h e ~ n : ~ ~ i ~ a l  inode l l ing  no t  on ly  in c i r c u i t  d e s i g n s ,  bu t  a l so  in t he  deve lopmen t  and 

testing of' ~n ic roprocessor  based systems,  has significantly reduced the development time 

I o r  ( l ~ c s e  products  7 . h ~  cniall enti.ep;eneb~r can take  advantage  of the  avai labi l i ty  of low 

cocr I)('-b;iscd clesign au ton~a t ion  tools .  :?ealising the  limitations of the low cost tools and 

1;ihirlg srcps lo g~iicle engineering designs so 2s to work within these limitations will lead 

10 ol)tilllili\\ urrl rxation of trlese t o ( i l ~ .  



.L\PPENDIX 1 : C I R C U I T  D I A G R A b l  FOR T H E  ALARM SYSTEM 

The diagram below shows the complete schematic of the Alarm system. It centers around 

the 8748 single chip microcomputer, some driver chips and some buffers. The circuit itself is simpie 

and the entire operation is centred around the program for the 8748 chip. Today the design of 

a project can be done on the IBM compatible PC using some relatively low cost Electronic 

Automat~on tools. 
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APPENDIX 2 : ISSUES FACED BY A NEW ENTREPRENEUR 

Before even attempting to undertake any circuit design, the entrepreneur must already 

hade identified the marketing prospects for the product under consideration. It would be advanta- 

gous to look at similar products already available in the market, particularly in relation to the costs 

and the features in the products. It may be easier and cheaper to just import the product and 

market it. The risks are small and the effort involved may be minimal. Technical people tend to get 

caught up in the novelty and the challenge of designing something but the marketing aspects of the 

product are often neglected. Entrepreneurs must always be vary of this - ones own perception of the 

market alone is not enough, opinions of others must be sought and then a decision made on the 

viability of the project. Usually secondary data available in local trade journals and in the Govern- 

ment Statistics department (such as importlexport figures) may help put things in the right per- 

spective, and help with the decision making.  he idea of getting entrapped into undertaking a chal- 

lenging project that has absolutely no market potential is a very serious possibility for any new 

entrepreneur. 

Having decided on the market potential, a hopeful entrepreneur must then decide on how 

much capital is available. In most countries, government funds may be available but generally these 

are never accessible to new entrepreneurs entering the industry f i r  the first time. These funds are 

generally for relatively established entrepreneurs with some sort of a track record and are seeking 

to expand their business. The new entrepreneur will generally have to rely on his own source of 

funds. Keeping in mind the limited source of funds, the entrepreneur must now decide on the type 

tools that would be necessary to undertake the project. The cost and availability of the tools will 

affect the ultimate cost and completion times for the project. 

The entrepreneur should keep a diary of the events and work involved, particularly the 

amount of labour hours involved in a particular project. This will help ascertain the cost of the item 

.!hen it is ready to be marketed. The data collected will also help the entrepreneur to evaluate the 

worthiness of the business that ht: has engaged in, Simple economic principle of "opportunity" cost 

is useful in considering starting a business especially if the intent is purely to make money. Neglect- 



ing this aspect will result in a young entrepreneur wasting his talents and investing his limited 

financial resources and labour in a venture that may take his entire youth, and result in a product 

that would have been obsoleted by the time it is completed. 

The notion that an item can be developed and sold in large volumes must be dispelled from 

the begining. Consider the market - most items involving electronics in any developing countries 

(especially home security systems) will definitely face a small market by virtue of the people's poor 

purchasing power. Dispelling high volume production will also help avoid falling into the trap of 

volume pricing a new product, and then ending up selling small volumes at small margins. The idea 

of large volume production carries with it many other complexities that a small entrepreneur will 

have to consider, especially in terms of the capital required. Next forget the so-called government 

assistance programs and the small businessman loans that are frequently mentioned. They are not 

easy to obtain, and nobody will consider giving a loan to a person with just an idea in mind. Elec- 

tronics is a complex thing to many bankers and if they cannot see a prototype, they will not finance 

the project. Generally, most loans will require collateral, and without such collateral most loans will 

be difficult to come by. Such assistance programmes and schemes are .generally 'wel!-intended, but 

the realities of the business world and the risks involved prevents even the most dynamic bank 

from divesting its funds to an unknown entrepreneur. The new entrepreneur, must think small, 

and his business plan must not assume any assistance from outside sources. A more appropriate 

scheme for a new entrepreneur would be to build a small range of affordable (probably "niche" 

products) that can be easily assembled and sold on an order basis. These products must not be 

products that are already being manufactured on a large scale such as television sets, cassette 

retarders, and so on. These companies already enjoy large scale production, and by sheer economies 

of scale they can price their products very competitively. Go for the products that will not be re- 

quired in large volumes as these products will not be attractive to the large electronic manufactur- 

ers. The security system mentioned is one such product. 

Also go for products that can be expanded to meet future requirements. The basic designs 

can also be considered for future products. Designing circuits is very simple - any electronic OF 



hobby magazine will offer ideas But the key thing is to have the circuit time tested - that is, able to 

withstand voltage spikes, surges, variations in the domestic power supply, and noise factors. A cir- 

cuit which has lasted through the years without much problem will generally not give much prob- 

lems. Never under estimate the operations of a circuit - no matter how simple it may be. The most 

problems in circuit design have been with simple circuits. The more simpler the circuit the greater 

the potential for problems. This is probably due to the human-nature of being cautious when a 

complicated circuit is being designed but being complacent whenever a simple circuit is designed. 

Ensure that all the necessary safety measures and protection circuits are included, such as the 

reverse diode for inductive circuits, the spike clamping diode, the surge arrester and so on are 

included in the circuit. Since production is of low volume, the additignal cents spent on these 

components will not significantly bite into the profits to be, earned. Later if and when high volume 

production is considered, the high capital invested will allow some additional advanced tools to be 

used to further simulate and deduce optimum design and so reduce components. 

The first consideration that any aspiring entrepreneur would have to face is what compo- 

nents to use in any circuit design. Whatever component that is stocked and is available at the local. 

electronic outlet should preferably be used in the designs. A list of such items should be made and 

used as a reference whenever a new design is being considered. Stocking components is an expen- ' 

sive affair and this should be avoided. Secondly, using components readily available by local shops 

will help develop a healthy relationship between the entrepreneur and the supplier, and this may 

result in certain business advantages such as extended credit terms and discounts. 

Before embarking on the circuit design, thapackaging of the product has to be considered. 

Because of the low volume production, a standard off-the-shelf casing should be considered. A 

survey of local shops will generally help identify a suitable and attractive casing. The size and 

dimensions of the casing will help determine the PCB size of the circuit to be designed. 

The next task is the design of the circuit itself. Once the circuit has been designed and 

tested, the products can be assembled and marketed. The most important item in any business is 

the marketing aspect. Brochures must be made, severai demonstration units set-up and some 

- advertisements must be inserted into the daily newspapers on a regular basis. Product pricing must 



take into consideration the advertising and promotion costs, the transportation costs, the sales-. 

mm's commissions anr9 the networking costs. A certain percentige for future product development 

should also be factored into the cost of the product. 

Having developed and marked his product, the entrepreneur should realise that this only 

the begining. 



APPENDIX 3 : Microprocessor Development Systems 

There are quite a number of vendors providing powerful development tools for debugging 

; microprocessor based systems. Some of these include in-circuit emulators, source level debuggers 

and performance analyzers. Most of these are PC-based syqtems and they provide a complete 

debugging environment for both the hardware and the software on the microprocessor based-srs- 

tems. These tools support high language compilers such as C, PL/M, Pascal, and BASIC. The fea- 

tures offered by these include trace, multiple breakpoints, program performance analysis, real-time 

trace without stopping the processor, single-stepping, and some even offer built-in logic analyzers. 

In-circuit emulators comprise of a unit with a plug in pod. The pod replaces the microproces- 

sor in the application circuit and the entire unit then takes the role of the microprocessor. The 

device allows the designer to execute programs and view the status of registers, bus, inputs and 

outputs. Programs can be executed line by line. Some even provide 'timing analysis to indicate the 

running times of the programs. Programs can be written in Assembler or High Level Languages and 

compiled before running. Most units allow the user 'the flexibility of using third party Assemblers 31 

Compilers. 

Some examples of vendors who provide such development systems are provided below 

1. Nohau Corporation, 
51 East Campbell Avenue, 
Suite 107E, 
Campbell, 
CA 95008 
U.S.A. 
Telephone Number : 408-866- 1820 

2. Orion Instruments, Inc. 
180 Independence Drive, 
Menlo Park, 
California 94025 
U.S.A. 
Telephone Number : 415-327-8800 
Fax Number : 415-327-9881 



3. Micro Amps Ltd, 
66 Smithbrook Kilns, 
Cranleigh, 
Surrey, 
GU6 8JJ 
United Kingdom 
Telephone Number : 0483-268999 
Fax Number : 0483-268397 

4. Applied Microsystems 
3333 Bowers Avenue, 
Suite 220, 
Santa Clara, 
CA 95054 
U.S.A. 
Telephone Number : 408-727-5433 
FAX Number : 408-727-901 1 

5. Sunrise Electronics, Inc., 
524 S . Vermont Ave., 
Glendora, 
CA 91740 
U.S.A. 
Telephone Number : 8 18-914-1926 

6. Step Engineering 
661, E. ~ r q u e s  Ave., 
P.O. Box 3166, 
Sunnyvale, 
CA 94088, 
U.S.A. 
Telephone Number : 408-733-7837 
Fax Number : 408-773-1073 

7. Huntsville Microsystems, Inc. 
P.O. Box 12415 
Huntsville, 
AL 35815 
U.S.A. 
Telephone Number : 205-88 1-6006 
Fax Number : 205-882-6701 

8. Advanced Microcomputer System, Inc., 
1321 N.W. 65th Place, 
Ft. Lauderdale, 
Florida 33309 
U.S.A. 
Telephone Number : 305-975-95 15 
Fax Number : 3057975-9698 



9. Oasys 
230 Second Avenue, 
Walthm, 
MA 02 154 
U.S.A. 
Telephone Number : 6 17-890-7889 

0. MetalLink Corporation 
325 E. Elliot Rd., Suite 23, 
Chandler, 
Arizone 85225 
U.S.A. 
Telephone Number : 602-926-0797 
Fax Number : 602-926-1 198 

Some of the above companies also offer Compilers, Assmblers, Simulators, and High Level 

Language editors. 

Vendors offering cross assemblers are listed below : 

I .  Enertec Inc., 
19 Jenkins Ave., 
Box 1312, 
Lansdale, 
PA 19446 
1J.S.A. 
Telephone Number : 215-362-0966 



APPENDK 4 : Electronic Design Autsmsatjion Tools 

These include Scbemtic Design tso%s, PCB Layout Tools, Digital Circuit Sirnulatican and 

J b J o g u e  Gkcuit ShuIation Tools. Some examples of naJ-bas& electronic design automation tools L 

are p f c v ~ d e d  

Schematic Capture Software 

These are tools used to design and draft circuits on the X. They enable the designer to 

design electronic circuits faster and more accurately, using the sophisticated graphicd features of 

Lhe PC. Other features inchde a library of component9,.diRerent levels of hierarchy, pop-up menus 

for easy user interface, automatic check for electrical rules, cross reference p m ,  bill sf materials, 

pHotting and printing capabilities, and so on. A Pist of vendors providing such solutions has been 

provided below : 

8 .  BROTEL SCHEMATIC 
Technopark, 
Dowsings Point, 
Hobart, 
Australia 
G.P.O. Box 204, 
Hobart 700 1 
Telephone Number : 802-73-0100 
Fax Number : 802-73-0944 

:J ORCAD 
3 175, N. W. Aloclek Drive, 
Hillsborca, 
Oregon U.S.A. 97124 
U.S.A. 
Telephone Number : 503-690-988 1 
Fax Number : 503-690-9891 

3. Tango Schematic Capture 
Accel Technologies, Inc . 
6825 Flanders Drive, 
San Diego, 
CA 92121 
U.S.A. 
Telephone Number : 619-554-1000 
Fax Number : 619-554-1019 



4. Easy-PC (Schematic and PCB Layout) 
Number One Systems Limited, 
Harding Way, 
St. Bvw, 
Huntingdon, 
Cambs, 

(7 England, 
PE14 4W68 
Telephone Number : 0480-6 1778 

5. $-CAD 
Cadarn EDA Headqiarters, 
1290 Parkmoor Avenue, 
San~ Jose, 
CA 95126, 
U.S.A. 
Telephone Number : 408-971-1300 
Fax Number : 408-279-3752 

Circuit Simulation Software 

Usually vendors provide either digital or analogue circuit simulation software only. Some of 

these tools will allow the schematics captured by the software above to be simulated. Most of these 

packages also incorporate a schematic editor. Features include check for glitches, predicting circuit 

board performance for propagation delays and timing measurements, worst case analysis, Monte 

Cxlo Analysis and so on. Some vendors who provide such tools are listed below. 

1. ORCAD (Digital Simulation only) 
3 175, N. W. Aloclek Drive, 
Hillsboro, 
Oregon U.S.A. 97124 
U.S.A. 
Telephone Number : 503-690-9881 
Fax Number : 503-690-989 1 

2. Intusoft (Analogue Simulation) 
P.O. Box 710, 
San Pedro, 
CA 90733-0710 
U.S.A. 
Telephone Number : 3 10-833-07 10 
Fax Number : 3 10-833-9658 



3.  MicroSim Corporation (Analogue and Mixed Signal) 
20. Fairbanks, 
Irvine, 
C:A 927 18 
[J.S.A. 
Telephone Number : 7 14-770-3022 

4. P-CAD 
Cadam EDA Headquarters, 
1290 Parkmoor Avenue, 
San Jose, 
CA 95 126, 
U.S.A.  
Telephone Number : 408-97 1-1300 
Fax Number : 408-2'19-3752 

SUSIE - The real time digital simulation and design 
verification tool. 

Introduction 

S U S I E  is a universal  e lec t ronic  breadboard that  s imulates  any schematic logic 

design on personal computers and workstations. 

SUSIE includes logic simulators and test vestor generators thereby making it a 

conlplete design verification environment. 

It eliminates breadbording and the need for Test  Equipment,  thereby making it  a 

highly efficient  and versa t i le .  Tes t  cos t  and des ign t ime  is greatly reduced 

'Three important features that make a simulator a practical design verification 

tool : 

I .  Interactive operation; Recompilation wastes valuable time. 

2. Easy to use test vector generation; especially when it 
comes to entering thousands of design stimulators ( test 
vectors). 

3. End to end solution; A complete set of current libraries 
must be available including PLD's and processors. 



Susie has all of the above and more. 

* Real time interactive simulation. 
Susie is interactive and without visible compilations. You 
can toggle switches, move jumpers, load and modify ROM, 
RAM, single step MPU programs, overide output signals. 

* Built in logic analyzer 

* Built in programmable test vector generator. 
A graphics oriented test vector editor. 

* Accurate to 10 pico seconds. 

* Automatic error detection of timing violations and bus 
conflicts. 

* Equivalent capacity from 10,000 gates and above. 

* Simulation speeds in excess of 2,000,000 gates per second. 

* Component libraries for TTL, CMOS, ECL, GaAs, PLD, FPGA, 
ASIC, etc. 

* IC modelling of custom devices. 

* Supports JEDEC and hex files. 

* Supports all popular schematic capture software. 

* SUSIE ha three modes of verifiaction: 

-) timing driven functional simulator. 

b) unit propagation based glitch detector. 

c) High precision timing simulator. 



THE INTUSOFT (ANALOGUE) SIMULATION SYSTEM 

ICAPS is a complete simulation system and includes 4 program modules each 

performing a different function. 

1) Spice Net - Schematic Entry 

2) Pre Spice - Model Libraries 

3) Is Spice - SPICE Simulation Libraries 

4) Intu Scope - IsSpice post processing module 

Together these modules provide an integrated simulation system that will allow 

the user to : 

1 > Enter a schematic into a computer. 

2) Access SPICE models form an extensive library of over 1200 parts. 

3 )  Simulate circuits in all disciplines : power, rf, mixed signal, digital, filters, etc. 

4) Perform high speed circuit simulation including Bode plots, frequency response, 

operating points, Fourier analysis, etc. 

5 )  Construct graphs of the outputvoltage and current waveforms. 

6 )  Produce report quality printouts of the results. 

SpiceNet : Schematic Entry 

SpiceNet is a schematic entry program. It is designed to be a direct interface to 

ISpice , the analog and mixed signal simulator. It greatly eases the burden of of creating 

a spice netlist, redy for simulation, directly from the schematic. 

Unlike other schematicpackages, which are  geared for  digital circuitry or P C 5  

layout, SpiceNet supports all facets of the Spice netlist including node numbering, 

component values, spice control statements and models. 

SpiceNet part placement is straightforward, designed to be faster than pencil 2nd 

paper. Most components can be placed on the schematic with a single keystroke. Por 



documentation and circuit debugging, waveforms and node voltagv can be displayed directly on the 

screen. SpiceNet has a direct interface to IsSgice allowing simulation to be performed directly from 

the schematic. 

Isspice : Andog Circuit Simulation 

lsSpice performs several different kinds of analyses: DC includind operxing 

point, transfer function, sensitivity, curve families, input/output impedances, AC includ- 

ing Bode plots , noise and distortion analysis, and non linear Transient including Fouri- 

er analysis. 

IsSpice is completely integrated with SpiceNet, PreSpice and IntuScope allowing 

the simulation process to appear virtually transparent to @e end user. 

IsSpice will accept input from any schematic entry program that produces a 

Berkeley SPICE compatible netlist.The output from IsSpice is an ASCII text file ( same 

syntax as Berkeley Spice 2G.6) that can be viewed with any text editor. 

ReSgice : Model LibrariesIAdvanced Analyses 

PreSpice addds an extensive array of over 1200 SPICE device models. 

The SPICE Device Libraries in PreSpice contain a wide variety of models includ- 

ing diodes, zeners, bjt 's op-amps, comparators, transformers, non-linear magnetics, 

SCR's, power MBsfets, PWM's, SC filters, analog behavioral models, digital logic gates, 

switches, opto-isolators, transmission line models, crystals, etc. 

Models are  stored i n  ASCII Text files that can be viewed and edited. 

BnhScope : Graphical Waveform Processing 

IntuScope is an interactive graphical data processing programe especially de- 

signed to diplay , analyse and manipulate Isspice output data. HntuScope can display 

waveforms from any Berkeley SPICE compatible program, as well as user entered data. 

Bnput format : IntuScspe accepts data files that conforms to the format of Berkeley 

SPJCE 2G.6 . 
- Graph Format : Ability to display and compare data from several files and several analy-- 



sis types on the same graph. Scaling formats include : Semilog, Histogram, Cumulative 

Probability. 

Waveform operations : 

FWS, Peak to  peak,  Mean, maximum, minimum, Square-root ,  Standarad deviation,  

cursor location. 

Add, Subtract, Multiply, Divide using numbers, numbers and waveforms and two wave- 

forms. 

Trigonometric functions, log,  power,  e(x), pblar to  rectangular conversion, group delay, 

gainlphase margin, propagation delay, rise/fall time and convolution 



PCB Layout Software 

These tools have features such as autoplacement of components, automatic routing, multi- 

layer, route optimization to minimize vias and track length, support for photo-plotters, printing and - 
plotting capability, extensive library of components, design rule checking and bill of materials. 

Some examples of vendors providing such solutions are as follows : 

I .  PROTIEL SCHEMATIC 
Technopark, 
Dowsings Point, 
Hobart, 
Australia 
G.P.O. Box 204, 
Hobart 700 1 
Telephone Number : 002-73-0100 
Fax Number : 002-73-0944 

2. ORCAD 
31175, N.W.  Aloclek Drive, 
Hillsboro, 
Oregon U.S.A. 97124 
U.S.A. 
Telephone Number : 503-690-988 1 
Fax Number : 503-690-989 1 

3. Tango PCB 
Accel Technologies, Inc. 
6825 Flanders Drive, 
San Diego, 
CA 92121 
U.S.A. 
Telephone Number : 6 19-554-1000 
Fax Number : 619-554-1019 

4. P-CAD 
Cadam EDA Headquarters, 
1290 Parkmoor Avenue, 
San Jose, 
GA 95 126, 
U.S.A. 
Telephone Number : 408-97 1 - 1300 
Fax Number : 408-279-3752: 

NOTE : THE ABOVE NAMES OF VENDORS' IS FOR REFERENCES ONLY THERE ARE MANY 
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I Used as wnte strobe to external data rnernoty. 
I 

I ALE I 1 1  Address latch enable. This s~gnal occurs once durrng each cycle and is I 

i I I 

I I / prwram memory. (Actwe low 1 I 

I I 

1 The negative edge of ALE strobes address into edernal data and program 
memory. 

/ Program store enable. Th~s output occurs only during a fetch to external 

ss 5 S~ngle step mput can be used ~n conjunctron wrth ALE to "srngle step" the 

Tabie 2. 

M n e m  Dascription Bytea Cycles 
ACCUMULATOR 

Cddr@!#8t~~BoA 1 1 

- 
m &*R Addma 1 1 

m a n a y b A  
m o ~ , r d a ~ a  w ~ n m s d . l s  2 2 

&)A 
ADOCkR AikirwgMerrRh r 1 

a n y  
ADDCA, QDR M d a t a  1 1 I 

m e m a Y m  
arry 

ADOC A. r data Add mnediate .. 2 
dl carry 

ANL A. R AndregtsterioA 1 1 
ANL A. @R kd- 1 1 

memoytoA 
ANL A. +data And nnmwhte 2 2 

DoA 
ORL A. R Or regrstec to A 1 1 
ORLA @R Ordatamemory 1 1 

t o A  
OCILP.+data O r ~ t e t o  2 2 

A 
XRL A R Exdumveor 1 1 

f w t - b A  
XRL A. OR E~clusrvle u 1 1 

d&tamemocyto 
A 

XRL A. +data Exclrsrve or 2 2 
' m t e  to A 

Instruction Set - 
M=GUYULATOR (- 

syhscyds. 

l m t  A 1 1 
D e a m A  1 1 
C k s r A  1 1 

t I 
o a m r J a q w t A  1 1 

SWAP A Swapnbblesot 1 1 
A 

R L A  Rotate A left 1 1 
RLC A Rotate A len 1 1 

-carry 
RR A Rotate A right 1 1 
RRC A Route A nght 1 1 

m W  

wPVT/ouTPUT 
IN A. P jW port to A 1 2 
OUTL P, A ( W l J t A t o W  1 2 
ANL P, redata And tmmebate 2 2 

OR1 P, +data Ormmdmteto 2 2 
poct 

INS A, BUS Input BUS to A 1 2 
OUTL BUS, A Output A to BUS 1 2 
ANLBUS, +data Andmnrnedmte 2 2 

to BUS 
ORL8US.rd.ta Ormmehteto 2 2 

BUS 
MOVD 19. P Input expandet 1 2 

pwt to A 
L 

i_i processor through each mstructmn 

I 7 

1 
i External access tnput which forces all program memory fetches to reference 

I 

external memory. Useful for emuiabn and debug. (Actwe tngh.) 
Used dunng (1 8V) programming 

XTAL1 I 2 

I 

1 XTAU / 3 

One slde of crystal lnput for ~nternal osc~lbtw. Also input for external source. 
(Non l T L  VIH.) 
Other w of crystal input. 
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Input Port 1 or Data to Accumulat~r 



Intel 8-Bit Embedded Controllers Data Book 1990 
Radio Electronics magazine 
Circuit Cellar magazine 
EDN magazine 
Protel Schematic manual 
Protel AUTOTRAX manual 
SUSlE demonstration disk and literature 
INTUSOFT demonstration disk and literature 
MicroSim literature 
ORCAD demonstration and literature 
P-CAD demonstration disk and literature 



Workshop on Mathematical Modelling for Circuit Design 

Sri Lanka, 1992 

Tolerance Design of Ellectronic 
Circuits 

Robert Spence 

Imperial College 
London 







Specification on Inverter response 

Response of nominal design 

time 

Response of 1000 manufactured inverters 
(few samples shown) 

time 

9 4 



The Desiqnerk ry Questiions; 

Is the yield particularly sensitive to Rhe 
nominal value of any component ? 
Ad it is, which cornponenll(s) is it 
sensitive to ? 

What are the optimum nominal values 
of the components which will llead to 
maximum manufacturing yield, and 
what is the value of the yieAd ? 

Is there a trade-off between tolerance 
.and yield ? Wider tolerance components 
cost less but lead to lower yield, which 
costs more - where is the optimum ? 



The Desiiqner's a Quest 

Mow sensitive is the yie d to the various 
performance specifications ? What is the 
relative difficurty of meeting different 
specifications ? What specification 
changes should I negotiate ? 

Is it possible to redesign my circuit 
economicallly so that the performance 
variability over a satisfactory fraction of 
the manufactured samples is reduced, 
making the circuit more saleable ? 



the components in my circuit, 
which, id  any, would it be economic 
to measure before connection into 
t h e  manudacRured circuit, with a 
view to maximising the 
manufacturing yieiid ? 



Adjustment of nominal parameter 
values 

Siemens integrated filter 

predicted increase in yield 1 1 % 

measured increase in yield 1 1 % 

Design Centering 



Cost Re 
Adjustment of component tolerances 

Example" 
Bandpass filter 

Manufacturing cost reduced from 

4.3 units to 3.5 units 



Adjustment of nominal parameter 
values 

Variability of selectivity reduced 
from 8.6 to 0.1 





i': 8 . .i/ 























N samples randomly selected according to 
the parameter probability density functions. 
For each sample, performance evaluated 
and rated as pass or fail. 

Suppose M samp l~s  satisfy the performance specfications. 
h 

Then, MJN is an estimate of the yield, and denoted by Y 



0 sarnpI o d (continued) 

Monte Carlo analysis, as well as generating N responses and estimating the yie9d; 
can allow a statement of the following form to be made: 

The estimate of yielB is 63% and we can be 95% confidenf 
that the actual yield lies befwgen 51% and 75% 

Bf repeated many times, a Monte Carlo analysis will produce different estimates 
of yield. In the limit of an infinite number of Monte Cario analyses, the probability 
density function of the yield estimates can be shown to be Gaussian, with a standard 
deviation sigma given by 

Since Y is unknown, the estimate of Y is used to calculate the standard deviation 
of the yield estimate 

yield Y 



A 
estimate Y I actual I yield 

- yieldY 2 G  

Characteristics of 
Monte Car Q samp 

- Any parameter distribution 

Predictable accuracy 
; I  

Dimensionally independent 
I I 

accuracy 

Provides valuable tolerance 
sensitivity and design information 

- -Y2 Accuracy proportionall to N 



Monte Carllo analysis results 
sample 

etc. etc. etc. etc. etc. etc. 

Quite costly . . . . 



FAIL histogram 
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Specification Sensitivity 

F 
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F 
max 
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crease in F 
max 

crease in Yield crease in Yield 
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Table 6.1 The advantages 4 disadvantagcs of thc deterministic and statistical 

cxplorrtim ~plproxks. 

Statistical exploration 

Adwrrrt* 

Good Fo% 'wax.? case' 
- a h d l  

~ m b m  of panmeters  
Mlathermtical ngour  

lhsaab&ages 

W y  useful for small 
number (up to  5-8) 
tderanced parameters 

Maximizes only a lower 
bound on yield 

Limiting assumptions a b o u t  
nature of RT, RA and 
probability distriibutions 

bio means of predictimg 
the accuracy d the y d d  
estimate: only a bwer bound 
can be found under certain 
conditions (e-g. if R ,  is convex) 

Adoaniogcs 
Indeptnden t of number of 

t d c r a d  parameters 
No assumptions about the 

nature of RT, RA 
Y d d  accuracy predictable 

Disadoantages 
Expensive to guarantee 

high yk& (e-g. 99%) 
Largely heuristic 

algorithms employed 



Table 6.2 Some criteria to assist the eva)uation of a tolerance k x g n  scheme. 

(1) How general is the method? 
(a) Are assumptions made about R,, RA and 4(p)? 
(b) What is tbt maximum number of toleranced parameters? 
(c) What is the maximum number of design variables? 

(2) What information does it give me', 
(a) Will it do design centring, tolerance assignment,. . . and for what 

aspects of circuit performance? 
(b) Can I easily change the specifications? 
(c) Is it better for worst-case design (c.g. 1.000~) or less than 1 WA y M  
(d) How accurate is the method? 
(e) What are its convergence propertits like? 

(3) Whatdoesitcosttouse? 
(a) How many circuit analyses to'fi'nd bk yjeM or  RA? 
(b) How many circuit analyses (typicaily) to improve the yield*! 

(c) How severe are the computational overheads? 

(4) Ease of impkrnentation 
(a) Are the mat hematics cornp~ehensibk? 
(b) Can the method use an akeady existing circuit analysis package? 



Often, the Tolerance Region RT will not 
fit completely inside the Region of 
Acceptability Fa, so that 100% yield 
cannot be achieved. 

Adjustment of the nominal design (without 
changing tolerances) to ensure the maximum 
yield is referred to as Design Centering. 

Design" I (high yield) 

initial Tolerance 
Region 
(low yield) 











Design Centering by the Centers-of-Gravity Algorithm 

Circuit 

Performance Specifications 

Insertion 
Loss (dB)  

47 

42 45 JU n n 

4 

1.75 

-8.5 

170 350 440 630 650 720 740 760 940 1040 1800 
990 = reference frequency 

Frequency (Hz) 



Design Centering by the Centers-of-Gravity Algorithm 

500-sample Monte Carlo 
analyses of initial and 
final designs I 

100 1 Yield 
! (%) 

i I 
I 

95% confidence 
limits 

40 1 1  number of fresh cirCulit analyses 
I ,  

I I 
1 
I 
1 O/O confidence of correct ranking of iterates 

20 : I  
I i 
i I 99 99 99 95 91 

1 2 3 4 5 6 
iteration number 



Design Centering by the Centers-of-Gravity Algorithm 

Problem: inerease in yield estimate - 
- but does the actual yield increase or decrease ? 

RT(n+l )  

l o o  0 l 

yield 

Common Points Sampling (allows confidence ranking of iterates and 
saves on samples) 

- 95% confidence 

1 yield 

sampling region 
for second iteration 

1 
ra iteration 

Correlated Sampling (allows the confidence ranking of iterates) 

\ sampling for first iteration region 

P i  



SPECIFICATION CAPTURE AND YIELD ENHANCEMENT IN AN 
INTERACTIVE ENVIRONMENT 

Wik de Boer, Paul Jennings and Paul Rankin 

Increasing hlanufacturing Yield 

We describe a new tool for the analogue circuit designer, a tool concerned particularly 
with component tolerances and the unwanted effect these have on the performance of a 
mass-produced circuit. It assists in the redesign of a circuit to increase the 
manufacturing yield md reduce component costs. Like some conventional tools, this 
one simulates the effect of component variations on circuit performance and, by 
checking against peafsmance specifications, estimates the manufacturing yield. 
Unlike others, however, it not only provides the designer with diagnostic information 
regarding especially sensitive parameters and specifications, but will also 
automatically adjust the nominal values sf components in order to maxirnise the yield. 
Any parameter, such as the width of a device or the value of a resistor, may be 
designated as adjustable by the designer. 

A design sequence 1 1 

Since the purpose of this pager 
is to describe a new tool, none 
of the underlying theory, 
already published [I] ,  will be 
referred to. Rather, the 
exposition will be largely in 
3 storyboard' form, illustrating 
typical use of the tool. All 
screen shots are of the 
MINNIE analogue circuit 
design environment as 
supplied by Interactive 
Solutions Ltd. and in general 
commercial use. 

After the display of the 
simulated performance m- 

Mr. de Boer and Mr. J~nnings are with EES Inc. , -1 6 The Grampiaps, Shepherds Bush Road, 
London W6 7LW and Mr. Rankin is with Phi l i~s  Research Laboratories, Redhill, Surrey. 



the designer then uses 
simple icons to attach 
the'pepformance 
specifications, in the 
form of upper and 
lower limits, to the displayed results. 
Component Tolerances 

Component tolerances 
are assigned by s 
from comnonent 

1 -- 
parameter menus, and 
designable parameters 
are identified. A Monte 
Carlo analysis to 
estimate performance 
spread is initiated mJ 
following selection of 
the number of samples 
(simulations) but 
mindful of the fact that 
more simulations means 
more accuracy. The 
result of the Monte W 
Carlo analysis not only 
provides an estimate of 
the yield (here 16% with 
95% confidence that the 
actual yield lies between 
3% and 29%), but also a 
display of all simulated 
performances. The 
specification limits can 
be examined in detail to 
see how many samples 

V . . B l M i  

3 
I,.,, - 16 + /  13 7 

fail each limit. 

Diagnosis 

Diagnostic information, 
showing which parmet  
were principally respon 
fo; the unsatisfactory yield, is 
displayed on the independent 
axis. Further diagnostic 
information which indicates in 
some detail which nominal 
parameter values should be 



adjusted is provided in the form of Bass/Fail plots. These plots show, for each 
parameter taken separately, the distribution of passing and failing circuits in the Monte 
Carlo sample. Thus, for C3 (see below), many more circuits passed the specifications 
when C3 was towards the lower end of its range suggesting, as daes the displayed 
message, that its nominal value might usefully be reduced. 

Std. Dm. = 52% 

L Qvcresse n e r f  M I  L 

Possrr 

Pass/FailqBots can also ind- 
icate whether there is scope 
for increasing a component 
tolerance, thereby lowering 
its cost, or if a tightening of 
the tolerance is necessary to 
improve the yield. 

c a p  o f  c 4  
Tolerance Design 1 8 2 H L  
The suggested new values which, on request, will autamatically be assigned as the 
nominal values of the designable parameters, are displayed in a Table (see above). 
This provides the designer with the opportunity, for what ever reason, to temporarily 
hold one or more designable parameters fixed. After MINNIE has automatically 
made the required adjustments, 
the designer is then free to carry 
out -a second Monte Carlo analysis 
on the new circuit to check its 
estimated yield and, if thought 
appropriate, to repeat the process 
as many times as necessary: three, 
four or five times might be 
typical. In the selected example 
of the bandpass filter, five 
iterations led to an increase in 
estimated yield from l6%.t0 93% 
and, as the display indicates,llb 
a smaller performance spread. 

V.~BIOUTI 
-s 

-10 - 

-a- 

-25 - 

-= - 

Yield = 83 +/- 0 x 0 0 8 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . - - - -  



Higher accuracy in the yield 
estimate can always be obtained 
from a final Monte Carlo analysis 
with a much larger number of 
samples. 

Yield-Specification Trade-off 

If the designer wishes t 
change in the specificat 
the yield, this can be explored by 

O B l F l O  
interactively changing t . . .  . . . . ... . . . . . .  . . ... . . . . 

limits, whereupon the n 
new number of failures 
immediately displayed. 
Indeed, the fact that the partial yields 
with respect to each specification are 
displayed enables the designer to quickly 
ascertain where the yield is being lost 
and to investigate, interactively, any  
potentially conflicting specifications 

Integrated Circuit Design 

As already remarked, the 
designable parameters can include 
the lengths and widths of 
integrated devices. An illustrative 
example is provided by a CMOSB- 
buffer whose transient response to 
a defined input waveform was 
specified; as was the input 
capacitance of the buffer. I 
Tolerances were V O ~  . t u t V ~ r  [VOUT I 

assigned to the 

needed adjusting. 



9 2 %  and a smaller 
spread in response. 
4gain, it would be 
possible to interac- 
tively adjust the 
specifications 
related to the rising 
and falling parts of 
the waveform in 
order to see the 
influence on the 
estimated yield. 

Complex Performance Specifications 

The tool we describe can handle, concurrently, performance specifications within more 
than one domain (DC, AC and Transient) and, within any one domain, specifications 
on a number of properties (e.g., gain magnitude, impedance and current phase in the 
frequency domain). Also, specifications can, if desired, be allowed to vary as a 
function of external parameters such as temperature and power supply voltagp. 

Conclusions 

Failure to take account of component tolerances at the design stage is unfortunately 
commonplace, with the attendant risk of enormously expensive circuit failures. The 
tool described allows the effect of tolerances not only to be taken into consideration, 
but compensated for, at a very early stage in the design. This results in a direct 
reduction in design time, since a comprehensive assessment of the circuit's 
performance with respect to its specifications can be made. Overdesign can be 
eliminated, with consequent reductions in manufacturing costs, since the circuit is 
more robust. The new tool therefore provides a direct means of increasing 
manufacturing profitability. 
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VLSI Design 

Dr Alan Pearmain 

Queen Mary & Westfield College, University of London 

1. Suitable applications for VLSI design 

The range of possible design styles for VLSI design means that Application- 
Specific Integrated Circuits (ASICs) are now suitable for a vast range 3f 

electronic circuit implementation. The term VLSI (Very Large Scale 
Integration) design is often used synonymously with ASIC design, although 
VLSI should only apply to high-density design. No exact definition exists, but 
definitions that have been proposed are that VLSl is design in a technology 
with minimum feature size of <2pm, or that it is design with more than 
100,000 transistors on a chip. The first definition incorporates virtually all 
current ASIC design whereas the second would be more restrictive. 

The areas where ASIC design is not practical are those where large powers 
must be handled but there are possible design routes with ASICs for almost 
all other app1icat;oqs. 

Common to all ASIC design is the need for Computer-Aided Design (CAD) 
1001s. The level of complexity of the design process makes these essential and 
the fabricator will require output on tape or disk from the CAD system as 
input to the fabrication process. 

The available design style are: full custom, standard cell, gate array or field- 
programmable gate array. The one used will depend on the performancc 
required from the circuit being designed, the anticipated production run for 
the device, the timescale required for delivexy and the capital available. 

ASICs are suitable even for prototype work and field-programmable gate 
arrays are becoming very popular in the development of relatively 
co npiicated prototypes. 

2. Types of VLSI design 

2.1. Full Custom 

In full-custo~n dssign the cesigner has complete freedom to place transistors 
anywhere on the chip and to make any interconnections that he requires. The 
design will have a functional block structure with pad cells for connections 
off-chip around the edges. The figure below shows a typical microprocessor 
arrangement- 



The design can use the latest fabrication technology 

The highest signal speeds are possible 

The highest levels of compl~xity are possible. 

Maximum use of silicon area makes the rndrgindl cost ~ I I  volume 
production th? loyitr?st 

I J i s ~ d v a n  tages: 

?'he CAD tc?r>ls required are more e>cvetisive & require cor~sidcrable 
cc)rnputing resources. 

'I'hc> time, take71 to develop a new design nay. be high, in seine cases > 1 
ve~lr. 

Skilled designers are required. 

IIigh hTRE costs. A cornplete set of masks is recluired - at least 9 masks 
cosLing around $15,000 in addition to the design costs. 

An example of a full-custom chip is a memory chip. Her€ performa~ce and 
complexity are essential and the production run is likely to be many million 
parts. Much less complex parts are also likely to be full-cust9rrt I C  the highest 
speeds are required. 

2.2. Semi-custom 

There are a number of design tools that automate the desigr, process by using 
pre-designed and characterised blocks. In some tools the blocks have z high 
level of complexity e.g. a microprocessor core, whilst in others the individual 
blccks are at the level of basic logic gates but ;he tool has intelligence to 
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inte~rconnect these gates to make more complex structures. An example of the 
1 a tter type of tool is the ES2/Cadence SOLO A400 tool. 

The final chip consists of logic blocks with routing pathways between. rhe 
size of the routing channels is automatically adjusted in accordal~ce with the 
requirements of the auto-router. A typical arrangement of a ~ a n d a r d  cell chip 
is sho~vn below. 

Advantages: 

Higher speeds and higher complexity are available than with gate arrays. 

Q Pre-characterised proven cells are used in the design, so design confidence 
is high. 

A high degree of design automation is a-railable, s9 limited extra skills are 
required and the design time can be short - perhaps as short as a week i: 
the design is not very complicated. 

Disadvantages 

A complete set of special masks is required for production, so the mask 
costs are as high as for a full-custom design. 

The prototype turn-round times are likely to be at least 9 weeks (four to 
five weeks is possible if you have a good relationship with the fabricator. 

The CAD tools are still relatively expensive and you require workstation 
coinpu ting power. 

Many moderate volume parts are designed as semi-custom standard cell 
parts. Major electronics manufacturers have their own standard-cell libraries 
that ti~ey have developed in-house for their needs, but standard cell libraries 
are available for purchase, generally at a high cost. 
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2.3. Gate Array 

This is the design technique favoured by smaller electronics companies. TI-e 
cost of producing ASICs of noderate complexity can be very low by this 
technique. Major fabricators such as Hitachi, Texas Instruments or LSI Logic 
procuce standard chips in large volume that consist of a sea of gates. They 

supply software for inputting a design of interconnections bttween gates 
In a kraphical form. This software will include a simulator and generally be 
capable o f  running on a reasonably powerful PC. When the designer is 
satisfied wlth the results of his simulation he ships the disk containing the 
design to the fabricator. The fabricator then adds the interconnection layers to 
the standard array so that the array implements the special logic required by 
the customer 

A typical sirnple gate array will look like that shown below 

The more advanced &rays  do not have separate routing channels but run the 
routing over the gates. Arrays of over 250,000 gates are available ai-td arrays 
as srnall as 200 gates are also available. 

Advantages: 

* Start-up costs are relatively low. 

Rapid design & prototyping are possible. 

There is a high probability of success. 

Few new slulls are required. 

Disadvantages: 

The available complexity is limi tei .  

The device speed is lower than for full-custom or standard cell design. 

142 
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The silicon area used is relatively high and the cost per part for high 
volume is higher than with full-custom or semi-custom techniques. 

Gale arrays have two or more routing layers but it is still not possible to use a 
very high percentage of the available gates in practice. In a sea-of-gates design 
only about 60% of the gates may be usable because of routing problems. 

Some companies will provide ten or so prototype gate arrays for low- 
complexity designs for around $500 and the turn-round time for fabrication 
should be better than two weeks. The design time should only be a few days 
unless i t  is a complex design once the learning curve for the software has been 
overcome 

2.4. Field-Programmable Gate Array 

These are the most recent ASIC introduction. There are two major varieties, 
arrays that are fuse-programmable and arrays that are programmable via a 
ran-volatile memory ,and are therefore re-programrriable. In either case there 
is a special programming board that plugs into a PC and the programming is 
instant once the design is completed. 

111 one manufacturer's offering the design system is priced at $10,000 with the 
2,000 gate parts priced at $63.50 each. The unit cost is therefore high and 
would not be attractive for volume production. The speed is 70MHz. 

A t  a much lower level of complexity programmable logic devices are 
available with up to 258 product terms. 

2.5. Analogue Design 

Most ASIC design software has been aimed at digital design but some cell 
libraries contain a few analogue blocks in a ~ ~ i t i o n  to digital blocks and there 
are some gate arrays that contain analogue elements. With the growth in 
popularity of BiCMOS technology this trend is likely to accelerate. 

There are still very few support tools for custom analogue VLSI design, but 
Cadence, for example, now have such a tool as part of their design system. 
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3. The design cycle 

The standard design cycle for custom ASIC design is: 

Circuit Layout 

Design rulelelectrical 
verification 

Mask making and fabrication 

Testing pr~totype chips 
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'Therc are CAD tools to support almost every step in this process and in a 
good CAD system these tools are well integrated so that there is a minimum 
of cla ta conversion required. 

4. Typical design tools and environments 

At the specification level of design a hardware design and desription 
l'lnguagc (HDDL) is required. Such a language is an extension of a 

language and the one that is probably going to become the 
standard is VHDL. This has Ada as the underlying language structure. Tools 
to support VIIDL that include simulation are just becoming available but they 
gcncrally only support a subset of the language. The language is rich but does 
not support design down to the layout level. VIIDZ, originates from a U.S. 
Dcparlment of Defence initiative. An alternative originating from the U.K. 
Ministry of Defence is EI,I,A, which is sold as a complete system including 
si~nuintor and a support environment. In either case the tools require a 
\.t,ctrkstatior~ such as a SUN, IIewlett Packard or DEC machine. 

A number of tools support schematic capture of logic design. Some, such as 
OJICAU can be used as a capture tool for a number of logic simulators. 
Coniplete design systems such as those sold by Mentor and by Cadence have 
sc l~emai~c  capture and logic simulation closely combined, together with 
grrlyhical techniques for specifying and viewing the results of the simulation. 
A well-known logic simulator that has no built-in graphical front end is HiLo. 
The simulators themselves will run on a variety of workstation and 
n~inicomputer platforms with the graphical pre- and pc,st-processing running 
on major workstations. With the introduction of X-windows interfaces to the 
graphical parts X-terminais of any description can be used, although not all 
vendors have introduced licensing systems to allow this. 

Circuit layout requires good quality graphics with colour to represent the 
diiferent mask layers for full-custoi~t design. If the design system at tcnr~ts  
cl~ecks of the layout against the set of fabrication design rules as the design 
progresses considerable computing power is also required. The lates, systems 
require 16 MByte of RAM and systems of about 20 SpecMarks for reasonable 
performance. 

There are a number of other checking tools available 01- integrate& design 
systems. These check electrical connectivity, the correspondence between the 
logic deslgn and the layout, the testability of the circuit and they will also 
gencx-ate test vectors. 

5. The relationship between design, tools and testing for 
VLSI 

It is very easy to design an integrated circuit that it is impossible to test. There 
may be a million transistors on the chip but only 128 pins to access the 
system. It is therefore vital to consider the testing problem at the beginning of 
the design process. Often extra circuitry is added just for testing. This 



VLSI Desigri A. J. Pearrnain 

approac,h is called built-in self test (BIST). Programs are available both to 
evaluate the degree of testability of a chip and to assist in designing BIST 
structures. 

The eventual test vectors are generally too complex for manual production so 
the logic simulator has extra modules that will produce test patterns These 
will be directly transferred by disk or network to an automatic test€--. 

6. Mathematical modelling in VLSI design 

All the simulation steps require mathematical modelling and the testability 
c3nalysis also requires modelling. 

A current area of research is in formal verification of designs. If a desig- is to 
he used in a safety-critical application ihen the design needs a more formal 
verification process than simulation can provide. Attempts have been made to 
formally prove the correctness of a design mathematically. This is difficult 
and in cases where i t  has been done the layout has not been formally proven 
to implement the design. 

Another algorithm problem arises from the checking of the correctness of the 
layout against a set of design rules. As the minirnurn feature size of 
fabrication processes decreases the number and complexity of the fabrication 
rules increases significantly. This makes i t  difficult to code the rules and 
makes the checking operation slow. 

Analogue deign still has very few aids and this is an area wide open for 
modelling. 
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'The 13pidl y emerging area of I-ligh Speed and Ultr~t High Speed processing that now underpins 
thc tt-ansihrmation of much of' the ideas into ~ O I - k i n g  systc~ns necessitates for e\,olutionary 
changes in both the technology and the strategy that \ t ~ u l d  facilitate the ability.for physical 
mapping of such systems . The systems that a~ -e  mostly affected, and indeed in thc nest decade 
or  so would require an ever increasing processing p n m e r  include real time signal processors 2nd 
image prcxessors, computer vision, telccomrnunications, bion-~edical systems and pessonal super 
con;putcrs, just to name a few. 

Since the invention of the transistor in 1947, and the de\.elopment of thc very first integrated 
circuit at the beginning of 1960, there has been four generation of ICs. Now, we are beginning 
to witness the emergence of the fifth generation of ICs that are characterized by complesitics in 
exce,ss of 1.8 million devices on a single chip. Over the past scvct-a1 years, CMOS tcchnology 
has become the dominant fabrication process for rclati~,cly high performance and cost effective 
VLSI circuits and systems. For esaniple, today's 1nicrop1-ocessors are able to handle some 80 - 
I 0 0  million operations per :;ccond, but the circui11-y that manages con~i~iunications wit11 othci- 
proccssot-s and in particular with the memory, is just tocj SIOIY to keep up \vith this data rate. 
The spcedipou~er limitations that are becon~ing apparent have b1-ought about the need fo1- 
developme~lt o f  other technologics such as Gallium Arsenide and BiCh4OS. 

Thc con~lx)und Gallium Arsenide is rather a different material to silicon. I t  u8as first clis~o\~ered 
in 1926. Ho\vever its potential as a high speed semiconductor nl,as not realized until 1960's. For 
the same poitier consumption, GaAs is about half an order of magnitude fastcr than cn1itte1-- 
coupled logic (ECL), the fastest of the silicon family. The speed advantage is PI-i~narily the result 
of Gallium AI-scnidc's high electron mobility. Other advantages of Gallium Arsenide o\.er 
silicon include its higher temperature tolerance, radiation hardness and optoclectronic properties. 
The last p i n t  permits efficient integration of electronic and optical devices, on the GaAs IC, and 
is somcwhat critical for Ultra High Speed systems of the futurc. Gallium An-scnide has a direct 
bandgap, whereas silicon has an indirect bandgap. This means that energy level transitions in 
silicon, as illustrated in Figure 1, take place with momentum changc. Whereas energy level 
transition, in GaAs, can take place ~ ~ i t h  momentum conservation, allowing photon en~ission. 
Thus, GaAs is both a good emitter, as \x,ell as a good receiver of light. This creates new 
opportunities towards on-chip integrated optical communications since interconnects in Very 
High and LJltra High speed systems have significant influence upon the performance of the 
system. The bandwidth requirements associated with a IJery fast pulse requires the designer to 
ha\'e better appreciation of the imposed constraints. Although at present the capacttance and 
resistance of interconnect including those of contacis are a practical limitation on scaling of 
minimum geometry devices, the resistivity of .the substrate also provides further constraints on 
the propagatiorz of signal. 



Fl'tic p~ .op ; i ga t~ )~ l  or a s~grial 7 n  bath the sem, conducting material such :LS s~licon substrate anc? 
insul;iting rn;~tc~-ial such as Gall'um Arscnide can be described thr-ough the two modes of 

i~pci;llion 

111 Sloit,-~i,a\,c mtxle the PI-opagation of ehe signal is thr:)ugh the bulk of the semiconductor. In 
, 

(his mode thc substrate such as silicon, appears as a lossy medium which subsequently 
;lttcnu:itcs thc sigrlill. Altcrnati\.ely in the dielectric quasi-TEM mode the tr-ansmission of a 
s ~ g n a l  ixcurs through the bulk of the substrate with 1 . c ~  srnall propagation losses ia~hich is 
tyl.'icitl i j l  Gallium Arsenide. Thesc limitations could bc overcome through the i l . ~ c o ~ - ~ ~ - a t i o n  of 
opticiil ~ntcr-connects. Thus, Gallium AI-scnide is erncrgin~g as a possible contender. for Liltr-21 

Hi gli spccd s),src!lls. 

Valence Band 
- 

Crystal wloiner~tu ?? 

Figure 1. Energy Band Structure of GaAs vs. Silicori 

Opticiu interconnect can either take the form of optical fibres or rh~n film paths (c.g. aluminium 
oxide) integrated on the chip carrier as shoivn in Figure 2. Another form is the free-space 
interconnect where focussed or- unfocused light is broadcast over an arm, whole or system. This 
can be utilized to supply a high speed global clock to a VLSI circuit \vlthout the usual routing 
complexity. Here an opaque masking layer ~vould be used to shield parts of the chip from 
unwanted light. 

In the late 1980's US manufacturers of digital Gallium Arsenide circuitry &)wed to the reality of 
a predominantly silicon \t~orld. They !began to introduce G a l s  integrated support circuits which 
had neither quirky power supply requirements nor idiosyncratic input/output voltage le~lels. This 
support circuitry provided the basis for GaAs chips that looked and acted like silicon chips but 
were faster and dissipated some 50% to 75% less power than their silicon ECL counterpart. This 
turning point brought about a significant influence upon the future trend for implementation of 
Ultra High Speed, high performance VLSI systems. 
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Figur-e 2. Optic-al Interconnect 

Paralleling the developments in CMOS technology, some evolving technological changes are 
also beginning to L i e  place in the area of BiCMOS where some of the advantages of the Bipolar 
transistor are being utilized as CMOS speed enhancer. Main advantages of Bipolal- technology 
over MOS, are greater current drive per unit area, low delay sensitivity to load variation (make 
excellent line drivers, and decoders for memory elements and fast on-chip cache), better device 
matching, low sensitivity to process variation and linear performance (sense amplifiers and 
current mirrors). This means that GaAs technology may be utilized for front-end processor 
sections of high-speed single stream processors for digital data (e.g. 1-2 gigasamples/second): 
usually generated by way of very wideband image sensor, detectors or the like. This fast data 
stream can subsequently be subdivided into lower rate parallel streams suitable for processing in 
silicon CMOSIBICMOS subsystems at lower frequencies. Figure 3 illustrates such a concept 
and highlights the critical paths for communications. 

r r o r  D r l r c l l o n  and 
D a l a  Cor r r coon  

C e r a r n l c  SuDslratc 

Figure 3. Partitioning of High Speed Systems 



.-. 
I hc necessity for high civck rates In the "front end" processors is compounded since it is ver;] 
likely rh;tt i 0-20 r~iicrocycles of the processor may be required to preprocess each incoming data 
sample. This means an input data rate of I@ bytes/second might demand a system cIwk rate of 
2 GHz. By mising GaAs and Silicon CMOSiBiCMOS technologies, it becomes possible lo 
c,sploit high system clock rates in a number of systems, including high bandwidth signal and 
i~nage  prcxessors, memories, microprocessors, ~elecornmu~l~ca'ion 

2 Perfornlance Requirements 

The Integrated Circuit performance ivithout further qualification is somewhat subjective. 
I-Iowever for the purpose of comparison it is possible to quantify i t  in terms of the three 
parameters, power dissipation, functiorlal throughput rate, and communications limits. i n  
con~putationally intensive structures usually one has to address the best approach that can be 
pursued to partition a given system. For example, the question that may arise in this process is 
the choice as to whether one creates a very high speed single channel or to take the alternative 
approach of p~rtitioning the system into multiple parallel channels clocked at a lower Srequency. 
The technology suitable for Very High and Ultra High Smed VLSI systems needs to satisfy the 
following criteria: 

*Very low propagation delay possibly less than 100 pslgate; 
*Low gate dissipation in the order of 100pWlgate; 
*Very low dynamic switching energy, i.e. less than 0.1 picojoule; 
*Very high level of integration, greater than 50,000 gates; 
*High prcxess yield. 

F~gure  4 shows the level o i  lntegrat~on In terms of the sw~tchlng cncrgy Sol- a number of  
tcchnologics for a typjcal chip dissipation of 2 Watts. 
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Figure . 4. Switching Energy as a Function of the Nurnber of Gatelchip 



2.1 BiGMOS Technology Adaptation 

For high performance VLSI systems, it is possible to take the advantage of Bipolar transistors 
to enhance the performance of memory components anti I 1 0  drivers. In a Bipolar transistor the 
Base-Emitter VnE varies linearly ~vi th temperature T (which call by kept reasonably constant 
over the chip area), and logarithmically ivi th base width WR, base doping NA, electron mobility 
pI,, and collector cunent  I,. This means uJe can achieve bvsl;of a few millivolts over a 
circuitlchip area. Fur high-speed logic, these are a number of design trade-offs. The design 
compromises centre on the fact that to maintain emitter injection efficiency, the base doping level 
NA must be limited to a fraction of a percent of the emitter doping. The active carrier is the 
minority car-I-ier in the base (i.e. electrons in an NPN transistor). I t  is in fact up to the rather 
rnodest density NA of holes in the base to establish electrical connection from the control 
electrcxle to the active region with small lateral base re2:stance R13. Perfor~nance improves 
strongly as electron transit time through the base is reduced by lowering the basewidth WB. 
However lowering of the basewidth results in high base resistance, unless the emitter strip width 
WE is made very small. Furthermore if the base width is lowered to6 far, i.e. W B <  1000.&, 
with the reasonably modest base doping NA, the numbers of doping atoms in a cube of 
dimension WB o n  each side becornes so srnall (in the order of 100) that simply the Gaussian 
statistical variations in ttiis number can lead to Emitter-Collector punchthrough in a statistically 
significant number of transistors. 

Collector resistance together with Collector-Substrate capacitance also have a dominant effect 
on the propagation d d a y  of a BiCMOS gate. To overcome such performance related issues 
pa-occss enhancement is necessary. It should be noted that BiCMOS flon could add up to five 
ievels to the CMOS core. 

Burled subcollector (high performance NPN device requires heavily-doped sut;collecr~r) 

Topside deep n+ collector contact 

* p- base implant 

Emitter pattern 

Bipolar- trench isolation (provides high density with low mpacita,lce). 

If a BiCMOS is retrofitted into an exrsting CMOsprocess as shown in F~gurc 5, In the atbsence 
of process enhancements, then the above design issues need to be car-efully considered during 
the design phase and included as part of the overall design methodology. 

2.2 CMOS Based BiCMOS Process 

Looking at the technology base i r  is readily recognizable that, a CMOS-based BiCMOS 
process compromises the performance of the NPN transistor, while Bipolar-based BiCMOS 
process compromises CMOS devices. Although a generic BiCMOS process is 
uncompromised, the BiCMOS for VLSI applications tend to be CMOS dominated as the 
result of the need for highest possible CMOS performance and density. Therefore the option 
that one should pursue needs to be based upon an existing, and readily accessible n-well 
CMOS process tharhas been modified by inclusion of a p- base implanted mask to form the 
p - b ~ s e  of the NPN transistor in the n-well. By inclusion of BiCMOS in critical paths of 
VLSI  circuits, a speed enhancement by a factor of 2 and possibly 3 becomes possi tle. 
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Figrlre 5. Structure for BiCMOS Retrofitted to an Existing CMOS Process 

3.0 Summary 

rrz order t o  have  a better-apprectation of the technology base for Very High and Ultra S ~ g h  
speed tcchnolog~es Table I 1s provided. 

Table 2.3 Cornparison Between CMOS, Bipolar and GaAs Technologies 

CMOS Bipolar GaAs 
- 

Low dissipation 
High IJP impedance 

- lo\v drive current 
High Noise Margin 

* Medium s p e d  
-high voltage swi 

High paclilng density 
High delay scnsi tiviv 

to load - Fanout 
1 . 0 ~ ~  output drive 

*grn Vin 
Bidirectional 

* I d d  switching device 
Medium ft  

= Indirect gap 

* Mask level 12 to 16 

High dissipation Medium dissipation 
LDW I/P impedance High I/P impedance 

- h g h  drive current - below ~ z i ~  
Medium Noise Margin Low Noise Margin 
High speed * Very High speed 

-low voltage swing -low voItage swing 
Law pcyclung density High pachng density 
Low delay sensitivity High deIay sensitivity 

to load - Fanout to Fanin and Fanout 
High output drive Low output drive 
gm eVin gm Vin 
Unidirectional Bidirectional possi bie 
Not ideal switching device * Reasonable switching device 
High ft at low current Very high ft 

* Indirect gap * Direct gap 
-good light emitter 

Mask level 12 to 20 Mask le~jel 6 to 16 

The table highlights a number of factors including dissipation, clocking frequency, 
i nteg1-ation density and cost that influence the design base. 
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I Introduction 

The VLSI era has brought about with it the concept of Design Methodology which has for 
some years now facilitated rapid development of complex integrated circuits. With recent 
developments of automatic Computer Aided Design tools it appears that such an approach is 
becoming less important than in the pact. However with the emergence of Very High specd 
VESI technologies where performance is an important aspect of the design criteria, once 
again, design methodology is beginning to feature as an important part of the chip design 
cycle. Design methodology in general can assist to a large degree towards creation of an 
effcctive design environment for designers whereby it becomes possible not only to save 
chip area and time during the manual design cycle, but more importantly to provide a better 
insight to automatic tool designers to create simple and efficient translators and compilers to 
satisfy thc needs of a particular architecture. Thus adequate undersianding of Methodology 
pcrrnits the designers to make correct selection of CAD tools suitable for a particular class 
or classes of architectures. Design methodology usually is described in terms of a class of 
circuits needed to created either directly or through partitioning a given architecture. 

The classical design methods for integrated circuits can be grouped as: 

L>glc Arrays 
Gate- Arrays 
Sea-of-Gates 
Standard Cells 
Semi-Custom 
Full-Custom 
Macr-0 Cells. 

The Macrocell concept being a combination of Semi-Custom and Custom design, rr3st 
suited for complex integrated circuits having optimal ~ r f o r m a n c e ,  has gained rapid 
acceptance. However, the need for global CAD tools places considerable constraint on 
its effcctive implementation. Therefore the full-Custom design approach still is the most 
viable alternative for the design of high performance V t S I  chips. 

2 Design Domains 

The design of an integrated circuit can be described in terms of Behavior, Slructural and 
Pilysical domains. Fundamentally, Behavior Domain describes to the designer as to the 
manner in which a design should function. This is usually presented in terms of an 
algorithm. The Structural Domain highlights the necessary interconnection of modules 
needed to achieve the required behavior. This level of abstarction inverably cab b e  
represented by the Logical Architecture. Finally what actually is needed physically to 
achieve the required structure and hence the behavior is embedded within the scope of 
Physical Domain. This level corresponds to the Physical Architecture commonly referred to 
as the Floor Plan. Usually realiiation of a satisfactory Floor Plan may require several 
iterations through the design domains. It is at this level of the design cycle where the 
communications strategy together with power distribution are highlighted. 



2.1 Structured Design and Floor Planning 

The structured design begins with the concept of hierarchy, in which complex functions are 
divided into less complex and manageable subfunctions. For Very High speed systems, 
sys tem timing has a dramatic influence upon the composition of the Floor Plan. This means 
algorithm transformation and decomposition process must be tightly coupled to both local 
and global communication strategies. The steps involved with algorithm rransformati@n > 

result firstly in  realization of a Logical Architecture from which it becomes possible to 
derive the Physical Archikchue. In composing the Logical Architecture from the behavioral 
description, there is a degree of transparency associated with both clockifig and data 
transfer strategies, and for that matter power distributions is not fully described at this level. 
This means obvious problems with signal skew and noise behavior may not be highlight, 
and hence performance could be significantly degraded if adequate measures are not 
incorporated at this level of abstraction. This means design methodology and a layout style 
for given classes sf logic and technologj become an important part of the dessg:a 
environment. 

2.2 Logic for High Speed Processing 

There are two main approaches towards logic design using the first gencsation GaAs 
MESEEFs as the base technology: 

8 Normalily -off logic. 

The normally-on logic utilize depletion mode MESFETs which are 'ON' devices. When used 
as switching elements they are required to be turned OFF. Thus, a number of circuit 
techniques have been developed over the years to facilitate logic turn-off. The approaches in 
this class of logic include: 

Unbuffered FEr Logic (UFL). 
Buffered F E T  Logic (BFL); 
DMESFET Schottky Diode FET Logic (SDFL); 
Capaci tor-Coupled FET Logic (CCFL); 

* Capacitor-diode FET Logic (CDFL). 

The normally-off logic use enhancement mode MESFET: as the switching element. 
Although several approaches have emerged during the last few years the folloiving strdctures 
have shown the most promise: 

Direct-Coupled FET Logic ( DCFL ) 
Buffered D C E  
Source-Follower FET Logic (SFFL) 
Pseudo-Current-Mode Logic (PCML). 

2.2.1 Normally-On Logic Gates 

Depletion mode devices are basic switching elements for this class of circuits. Since D type 
MESFETs are ON devices then to facilitate turn-off, a negative voltage is needed at the gate. 
This means two supply buses together with a level shifting network are necessary for 
proper circuit operation. For example, the Unbuffered FET logic (UFL) uses depletion mode 
MESFETs together with Schottky diodes to perform a logic function. The basic structure for 
an Unbuffered FET logic together with the transfer characteristics are shown in Figure 1. As 
can be seen there are two basic functional blocks: 



Input logic 

Voltage s h ~  f'ter. 

To ensure that both the  input and output ve'tage levels of the logic gates are compatible, level 
shifting is implemented after the input logic circuitry stage. Schottky diodes Dl and D2 

T together with the pull-down DMESFET, T3, provides the mechanism for this function. Logic 
functions can simply be realized by rndifying t!he input logic circuitry. 

Figure 1. Basic structure for Unbuffered FET logic (UFL) 

During an input transition i.e. logic '0' to logic '1' change, the D type MESFETs, T1 and T2, 
charge and discharge the load capacitance CL The Schottky diode associated with the gate of 
the next stage limits the output swing to approximateIy 0.8V. 

Sizing of the transistors in the gate is influenced by the subthreshold current. For wide 
transistors, the leakage around MESFETs could shunt sufficient load current which reduces 
the magnitude of the VO 'High' level. This in turn will influence the Noise Margin associated 
with the gate. 

As can be observed, during the entire period, there is a static current ID that flows through the 
load device TI,  the level shift diodes Dl  and D2, and the pull-down transistor T3. The UFL 
gate exhibits a good noise margin, and furthermore, gate delays in the order of 100 pS can be 
expected. However the main limitation of UFL is it's sensitivity to load variations. T o  
overcome the influence of load variation that could be considerable, a source follower is 
included as part of the output stage. The modified structure refereed to as a Buffered 
Logic (BFL) gate is shown in Figure 2. 

1 I 

logic driver/voltage shifter 

Figure 2 Basic Gate Structure for Buffered FET Logic 



Typlcal delay of a BFL gate IS in the order of 50 pS . Since the saturation drain-to-source 
current for a depletion type MESFET decreases with increasing temperature, the switching 
point of a BFL gate characteristics vanes typically within the range of +0.3 to +0.4 mV/oC. 
The nolse margin is determined by the Schottky gate turn-on voltage which is typically in the 
order of 0.7V to 0.8V. A Iirnitation that is a characteristic of this class of logic is the need for 
two power supplies. Thus additional complexity in routing of power buses can be expected. 
Gate dissipation for UFL is in the order of 1 - 2 mW, and approximately 5 - 10 mW for B%. 

..$ 

Furthermore due to the complexity of the basic gate structure and dissipation, this class of 
logic is unsuitable for Very Large Scale Integration. 

2.2.2 Normally OFF Logic 

In this class of logic both the depletion mode and the enhancement mode transistors are used. 
This class of logic resemble closely the structure of nMOS logic in which the present 
generation of VLSI designers are most familiar with. Because of the structure of the gate, ratio 
rule which establishes the device size applies. The sizing determines the performance of the 
basic gate both in terms of power-speed product an4 Noise Margin. The enhancement mode 
\%T is utilized as the switching device, while the depletion type device acts as the load. 
Figure 3 illustrates the basic structure for a DCFl, inverter together with the lund of Noise 
Margins that can be expected from such circuits. From the figure it is evident that there is no 
need for level shifting circuitry as was the case for Normally On 1ogic.Also a single power 
supply bus is necessary. The allowable output voltage is limited by the barrier height of the 
Schottky gate diode.This means only small voltage swing is possible from DCFE circuits. 
Thus relatively a small noise margin is characteristic of this class of logic. Changes in Pull- 
Up to Pull-Down ratio o r  the threshold voltage variation for the DCFL inverter results in a 
shift in the VO vs. Vin characteristics which further degrades the noise margin. Therefore, 
determination of the width ratios for the pull-up and pull-down devices is an important aspect 
of the optimization process. 

DCFL, gate dissipates typically about 80 - l 0 p W  with the associated delay of about 10 - 50 
ps. This is considerably less than the "Normally On Logic" families. Thus, the logic appears 
as a suitable contender for Very High Speed vLSI systems. 

VDD 
T 

Figure 3 Direct Coupled FET Logic (DCFL; 

DCFL circuits have weak load drive capability. This implies that the delay associated with a 
gate increases ;vith an increase in both the Fan-out as well as the interconnect line lengths. 
Introduction of supper buffer as shown in Figure 4 can alleviate much of the problem at the 
expense of extfa area. Usually the basic DCFZ gate is used for light load conditions, while the 
supper buffers are used where larger loads are to be driven. 



VDD - 
Figure 4 Inverter with Supper Buffer 

4n  alternative arrangement providing improyed noise margins are the Source FolIower DCFL 
(SDCFL), and Source-Follower FET logic(SFFL) as shown in Figure 5. The two logic family 
have both a power dissipation and switching delay that are comparable with DCFL family, 
however with larger fan-out and noise margins. The improved noise margin in SDCFL is 
brought about as the result of the pull-up transistor (enhancement mode) being able to be 
turned-off, thus permitting the source follower output to pull-down all the way towards zero 
voltage. 

(a) SDCFL 

Figure 5 Structures for SDCFL and SFFL 

An interesting aspect of the three classes of logic namely, DCFL, SDCFL and SF= is that 
they can be merged together within the frame work of the design methodology. This approach 
is shown in Figure 6. 

2.3 Design Methodology for DCFL, SDCFL and SCFL Classes of Logic 

Communication paths between logic blocks including, both signal and power buses have 
significant influence upon the performance of Very high speed VLSI structures. The 
designers of high performance digital systems need to appreciate the bandwidth requirements 
of a high speed signal and the related constraints such as crosstalk, reflection and 
attenuation and distortion when a communication path acts as a transmission line. Fast 
transitions also bring about noise on the power bus. Thus layout methodology has a 
significant influence upon performance. 

The placement of V ~ ~ a n d  GND lines must be placed such as to reduce their self inductance, 
and hence their susceptibility to current transients. from the results of Coplanar Strip Line and 



Coplanar Waveguide models, the inductance of the power buses is reduced by a factor of two 
to three when they are placed in the proximity of one another. 

The new approach referred to as "Ring Notation" exploits this advantage and enables the 
designer to layout the skeleton of a circuit rapidly, paying particular attention to power and 
signal buses between adjacent circuitry. 

Figure 6. Merged Structure 

The layout approach for a basic DCFL inverter using this notation is shown in Figure 7. As 
can be observed translation from the Ring Notation to its equivalent symbolic form cr 
alternatively to mask layout is stmight forward. 

VDD ",E * ""D 

T VDD - GND 
Figure 7. Methodology for Layout of DCFL Inverter 

Since in this technology we use NOR gates only then representation of NOR gates can be 
simplified by eliminating the parallel branches of the inputs. The approach is illustrated in 
Figure 8. . 



UDD 

-- 
I 

Figure 8. DCFL NOR Gate using Ring Notatict:.~ 

By the way of an example Figure 9 illustrates the overall strategy used T . ~ ~ r  lay.>ut an XOR 
gate using tile merged approach for the three classes of logic. 

Figure 9 Methodology for Layout of Merged Logic Classes 

2.4 Electrical ,and Geometrical Equivalence 

During the translation of circuit description into layout, the related issue of "Electrical 
Equivalence" as distinct from "Geometrical Equivalence" must be addressed. The layout 
strategy must take into consideration the signal paths to minimize the skew. For example 
Figure 10, show the struqture for a divide-by-four complementary clock divider. Ehch 
NOR gate is represented b$ its equivalent data flow diagram. Weights in accordance to the 
Fanin(x) and Fanout(y) rquirements are assigned to each path. To reduce the interconnect 
delay and data skew, the data flow diagram can be rearranged such that the lengths of the 
feedback paths are minimized. This task sometimes is achieved by identifying axis of 
symmetry within a functional blwk. 



Figure 10. Data Flow Diagram for Complementary Clock Divider 

The genera: layout strategy a; a higher level of hierarchy is shown in Figure 11. 'There is one 
row of MESFETs on eith-r side of the horizontal pos'er bus. There is the intc1-connect 
channel between each pair of I-orvs of MESFETs. This means individual MESFETs can bc 
siicd for pcrformarice without affecting the pitch of a basic functional block. 

Figure 10 Layout Strategy for a Subsystem 

3 Summary 

The new design methodology and layou1 style for DCFL, SDCFL and SFFL classes of logic 
has shoivn corisiderable promise. The zoncept of h n g  Notation i l l s  been demonstrated to be 
a useful mapping approach for high speed GaAs circuits by considering the influence of 
power and slgnal buses during the layout phase. 

The contributions torvards this program provided by Ms Song Cui and A E~amont-Smith 
from The Centre for Gallium VLSI Technology, Mr E. Bushehn and Mr R. Bayford of 
Middlesex Polytechm.; U.K. is iery r-iuch appreciated. 
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1 Introduction 

One of the major tasks that  needs to  be addressed early on in the design of High Speed and Very 
High Speed VLSI systems is the optirnisation process. The very first step a t  the systems level is the 
realisation of a Floor Plan which by necessity entails some kind of Algorithm Transformation. Before 
mapping a system into either a Gallium Arsenide technology or for that  matter into a high speed 
silicon technology, c a r e f ~ l  consideratio11 must be given to a number of factors, including: 

a regularity 

planarity 

r intercell communication and interaction 

intercell routing 

r clocking 

power distribution & routing 

control 

a chip area 

dissipation 

As a system's complexity ana operational speed increases, its optimisation also changes as a n t ~ b e r  
of different factors begin t o  influence its creation. For High Speed VLSI Systems clever partitioning 
aims a t  reduci& implicit complexity by minimising the amount of interaction between subsys te~s .  
It is crucial that  circuits or subsystems interacting with high frequency, are phys,cally proxima:e, 
otherwise one may pay se rere oenalties for long, high-bandwidth interconnects. 

The steps involved during physical mapping of algorithms usually enables us to highlight: 

r inherent parallelism in the algorithm 

determine maximum throughput 

establish trade off between latency and throughput, that  may lead to pipelining. 

The approach that  can be pursued during the optirnisation process of a Very High Speed VLSI Syster - 
can best be illustrated by examining a typical design cycle. As an example an image pro-cessing sys*,e--. 
for aerospace applications will be considered for such an exercise. 



2 Image Processing 

In order to  realise high speed image post-processing functions as part of an imaging system for an 
aerospace vehicle, our first task is to identify the relevant areas, which include: 

Image registration 

Image enhancement 

Image classification. 

Both image classification and image enhancement are important for aerospace imaging systems. How- 
ever, in the following sections discussion is limited to image registration for the sake of simplicitv. 

2.1 Image registration 

image registration is the aligning of two images of the same scene from different perspectives. The 
change in perspective may be caused by movement of the aerospace vehicle or by virtue of two imaging 
systems mounted on different positions on the same craft. One image sensor may be infrared and the 
other may operate in the visible band, and so the two images may have different pixel resolutions. 

Image registration is performed by the application of image umrping, which is simply transformingan, 
image from one coordinate system to  another. A traditional example of warping is the cartographer's 
transformation of a map of the globe into a flat coordinate system. For example thjs class of processing 
may be implemented by a polynomial evaluator. 

Thus, for smart aerospace vehicles, where real-time registration would be necessary during the link- 
up between two vehicles, a high speed GaAs hardware engine such as a polynomial evaluator could 
be desirable for performing such a task. Furthermore, for irregular shaped objects, such as other 
aerospace craft, the same polynomial evaluator can be used to find the centre of mass of the object, 
as an origin or reference point for registration. 

3 Polynomial Evaluator 

The polynomial evaluator is an example of a type of processing element (PE) that performs a reason- 
ably complex function whilst still being architecturally simple. Although the implementation decided 
upon for this particular application is by no means the only approach nor is it the fastest, however, 
it works reliably, and with minimum chip area. An important aspect of the design methodology is 
the need for b q h  top-down and bottom:up approaches. Top-down design is necessary to allow the 
behavioural description to be realised correctly, and bottom-up design is needed to ensure that the 
algorithm chosen to implement the P E  is such that it can be readily mapped into Gallium Arsenide, 
and furthermore is consistent with the accepted design principles and limitations of the technology. 

The class of logic that was chosen for the implementation of this functional element is Source-Follower 
Direct-Coupled FET Logic (SDCFL). This choice is based upon the favourable physical characteristics 
that this class of logic displays, namely high noise-margins, good temperature stability, and also  goo^ 

fan-out capabilities. The power dissipation and switching delays also are comparable with that of 
simpler DCFL. 



3.1 Behavioural Model 

The general representation of an arbitrary order polynomial is given by, 

The behaviour of the Polynomial Evaluator is very simple t o  d e s ~ i b e .  It requires a set of coefficients 
a,, a,-l, ...., no of an arbitrary order polynomial, and a step size, h,  and then proceeds with an 
execution cycle t o  obtain the next data  point. Such an execution cycle is repeated until no more data 
is required from the polynomial, a t  which time new coefficients and step size is loaded and the process 
is once again repeated. 

3.2 Algorithmic Solution 

As a first step, it is necessary to examine the algorithm and ensure it can be mapped into the appro- 
~ r i a t e  technology; in this case the chosen technology being Gallium Arsenide. 

T h e  general form of a polynomial may be re-written in the nested form: 

As can be seen, in this form, to  evaluate points on the general curve, N multiplications and N addi- 
tions are necessary. The multiply operation is significant as it can consume considerabIe amount of 
chip area and t herefore leads to high dissipation. 

Bowever, by examining the polynomial, it is possible to transform it into a form in which the only 
operation necessary for the evaluation of any point on the curve from the initial starting point is found 
by the simple application of an recursive addition process on the individual bits of both the initial 
point and a set of coefficients. The decomposition of the algorithm, into thc recursive structure, can 
be expressed in the Taylor series form: 

h h 
y(xO + h)  = ~ ( x c )  + ~ $ ( z o )  + T L ( x ~ )  + ... + - - r ~ ( n ) ( ~ o )  

n. (2) 

where: 

20 = some value of ?: for which the derivatives Q , j i ,  ..., y(n) exjst, 

and 

x = the point a t  which evaluation of y is required. 

Equati?? 2 may be re-wri:ten as: 

y(zo + h )  = yfxo) + dl (xo) 

where- 



The polynomial may be reduced to  a recursive set options by iteration of this process, ie. 

+ h )  = d l ( ~ 0 )  + d 2 ( x o )  

This process may be continued until the first derivative is zero. 

The polynomial may then be re-written in the new form, ie. 

y ( x o  + h )  = Y ( X O )  + ~ ( x o )  

dl ( x o  + h )  = d i ( x o )  + d 2 ( x n )  

x 2 ( x 0  + h )  = d 2 ( x o )  + d 3 ( ~ 0 )  

% - ~ ( x o  + h )  = d n - l ( x o )  + d n ( x o )  

d n ( x 0  + h )  = d n ( x 0 )  

where, in  the most general terms: 

h2 hn-3 
d j ( x o  + h )  = d j ( x o )  + h d j ( x o )  + - d j ( z o )  2 + ... + d("-j)  ( x o )  

( n  - j ) !  J 

(8) 

( S j  

If 
2 1  = X O  + . 2 ,  

then given that  

d 3 ( x 0 ) , j  = ~ , I , ~ , Y ( x o ) ,  

it becomes possible to  calculate exactly 

Hence, any point a t  an integral number of h away from x  may be evaluated by the following recursior. 



where 

Figure 1: Block diagram of bit-serial algorithmic solution. 

The system of equations above are significant because they require no multiplications. There is a, 

trade-off though, since the initial conditions expressed in Eqn. 9 are required to be calculated. 

If xo = 0, the problem is significantly reduced, because only the highest order derivative is non-zero, 

this system may be calculated quickly or possibly stored. for retrieval when required. 

It should be noted that the manipulations required to convert an arbitrary polynomial into the form 
that is required by this algorithm are not trivial. This means the coefficients required by the hardware 
may take some time to calculate. 

The possibility is to have coefficients ?re-computed for a number of common polynomials and starting 
values. Approximations may then be made using interpolations for values that are required that do 
not coincide exactly with any stored set of coefficients. It is likely that for evaluations of polynomials 
requiring a large number of points from the same polynomial, significant speed increases in the eval- 
uation would be obtained if the coefficients were calculated at run-time, since the time spent on this 
calculation would be offset by the large number of interpolations necessary if the 'approximate from 
stored values' method used. 

3.3 Functional Specification 

From the recursion relations it is readily observed that the transformed algorithm now requires an 
iterative addition process only. The logical architecture in the mapping process is shown in Fig. 1. 
Basically the required functional blocks to  realise the algorithmare simply adders and registers. The 
adders perform the calculations and the registers,initially store coefficients, and then store intermedi- 
ate vdues as each block is clocked during the execution cycle. 



Cell (i,j) 

Figure 2: PE cell structural layou-:. 

~ v ' i t h  reference to Fig. 1 the ~ o t a t i o n  being irnpiemented is as follows: 

d ( , ~  - j )  = Coefficient ( n  - j ) ,  dl except d ( n )  change as execution cycle is run 
c l ( ? l  - j ) i  = Initial coefficient ( n  - j ) ,  loaded a t  start-up 
y l  = Initial evaluation point. 
C - (7 .  . 

- . a l ly  in 
" -'.. . .  
vo - ihlly out. 

'I'he coefficients d(n  - j ) i ,  d (n )  must be loaded initially into Ihe system. This can be achieved by 
the inclusion of a 2 way multiplexor, so that  when coefficients are being loaded into the system, the 
actd~rs are by-passed a.nd no execlltion cycles take place. With the addition of this requirement, the 
systaern now has two states: Load, and Execute. It is possible to use a,n extra 1-bit signal to realise 
this r.onlro1. 

3.4 Structural Description (Floor Plan) 

A single PE tell consists of the three functional elements, an adder, a register and a diplexor. These 
ele~?cr~ts may be con~ec ted  as shown in Fig. 2 to form the PE cel! for the polynomial evaluator. 

'I'hc approach lerlds itself reaaily to replication and minimum intercell commu.lications and routing. 
A single PE cell may be replicated both horizontally to increase the order of polynomial and vertically 
to  increase the bit size of the results. 

3.5 Physical Description 

The physicad description entails design and layout of the basic eiements of th : PE namely the adder, 
the register and the diplexor. 

3,5.1 The Adder 

For the sake of simplicity, initially a simple ripple-through car<y adder appeared adequate without 
overly i lcreasing the complexity of the cell. 



Figure 3: Generation of sum result. 

Figure 4: Generation of carry result. 

Since the class of logic that  has been decided upon for the implementation of t3e PE is SDCFL GaAs, 
it is necessary to  manipulate the eouation into a form which contains only inverters and NOR gates. 
The OR gate in SDCFI, is of the 'wired-OR' form, and hence can only be used between NOR gates 
and inverters. Following is the logic expressions for the three required results and their transformed 
equivalents. 

-- 
Half-Carry: Hk = A ~ B ~  + A ~ &  = A ~ %  t & B ~  

- - -- 
Sum: Sk = HkCk t HkCk = H k ~ k  + H k C k  

-- -- 
Carry: Ck = A.kBk + HkCk = Akgk  + HkCk 

Figs. 3 and 4 illustrate the logical transformation of two of the three expressions. 

3.5.2 The Register 

The register chosen is by necessity edge triggered device. The data  at the inputs would. be changing 
while the data a t  the output is still needed for the next PE cell to  the right. Therefore transparent 



Figure 5: Register logical representation. 

latches cannot realise this property without plac'ing constraints on the clocking strategy. Thus a ,leg- 
ative edge-triggered 'D' type latch as shown in Fig. ?? was implemented. 

3.5.3 The Diplexor 

The logic equation that desciihes the diplexor, as shown in Fig. 6, is given by: 

The cell and was realised using two SDCFL 'NOR' gates with their outputs in a 'Wired-OR' configu- 
ration. 

3.5.4 The PE Cell 

The PE cell in its entirety consists of the adder, diplexor and latch connected in such a ?Jay so that 
the input to  the latch is selectable between the A input to  the adder, and the S output of the adder. 
Depending on the state~of the control input, LD, either (a) the system passes constant values through 
the latches (latch input = A of adder), ie. loading data coefficients, or (b) the system executes an 
evaluation cycle and produces a result (latch input = S of adder). Since the output of the diplexor is 
the complement of the selected input, it is necessary to  connect the diplexor output to  the input 
of tbe latch in order t o  have the correct value latched. The D input of the latch is connected t o  the 
ortput of the NOR gate adjacent to  the input. This allows the latch to  be operated without the 



Figure 6: Diplexo: logical yepresentation. 

rior~nally required complementary input. The Q outpu, of tne latch is connected to tne B input of 
the ddder, to realise the feedback ?a:h and hence the -ecursive property of the cell 

3.6 Physical Layout 

1,acIi iingle P 1': cell contained the three functional elements, the adder, the D-latt 11 and the diplexor. 
l'he <ltldt>r cell was ~riitially designed uslng the Lrl,ig notation,' ie. a deslgri methodology rnost sultdble 
lor thli cla5s of logic. The floor plan for the implementation of the PE IS shown i.1 Fig. 7. 't 
c.llco~rlpa\scs all the necessary design criteria, includiilg pldcernent of thc Input c~nd ontput s~gnals so 

tll ,\t  the PE cell may be assembled with mirlimum length routing paths between sub c i ~ c u ~ t s  
1 lie R 111g Notatto11 diagrams for tne thlee funcional  elements are shown in Figs. 8, '1 Sc 1 C  

l n  the diagrams, the thick h o r i z o n d  lines represent the power and ground buses. All the buses have 
CND,  VIID and VSS rails, Bus (1) also contains LD and signal, bus (2) has the CYk signal f o ~  
the reg~ster, and bus (3)  has the feed-forward by-pass path for the Ak signal tllroilgh the adder, and 
tile fee ]Sack oath for the 3 output to  the Bk innut through the register. 

In the layout, the adder occupied 5 rows of gates. This was fortunate due to  the fact tha t  the diplexor 
occupied one row, and the D-latch 4 rows. This pernited the Adder to be placed on the left of the 
cell, with the diplexor and the latch placed vertically ( d a t i v e  to each other) to the right of the adder. 
The full cell arrangement is illustrated by Fig. 11. 

Since this placement of devices occupies 5 horizo~ltal rows, it was not possible to stack these cells 
vertically, bccause two rows sha,e a single set of power and ground buses. Therefore i~ is ~equired that 
a n  even number of TOWS of devices be present in order to replicate any block vertically. Hence it was 
necessary t o  layout another PE cell below the first, a i d  an anti-symmetric arrangement with respect 
to the power and ground buses. This ar-angement occupied now a total of 10 rows. 

'n the 2 PE cell arrangement, shown in 9 g .  12, tile clock (clk) and control signals ( L D  and m), as 
well as the feed-f0rward.A signal (to the input of the diplexor), and the feedhacx Q signal ( to  the R ofo 
the adder), are separated from the ' I J S S  and VDD rails. This is due to  the high level of crosstalk and 
capacitive effects w1,ich introduce noise into the supply rails when there are fast switching transients 
on signal lines nearoy. 

The YE will only load coefficient data  when the circuit connected to the input buffer has data available, 
and similarly the PE will only clock an execution cycle when the circuit corlr~ected to the output has 



Figure 7: Adder floor plan block cjiagram. 

~ndicated that  it is ready to receive data. The ~ o ~ i c ~ o r k s ~ ~  circuit di.-,gl a.m of the adder, regisbnr 
unit and the PE cell, together with corresponding sinulation results are shown in Figs. 13, 14 and 15. 

The propagation delay of 2ach cell in a (rlorizontal manner is approximately 2.8ns. In the vertical 
direction, i t  is necessary to examine the propagation delay of the carry signal through each cell. Since 
during each evaluation cycle data  is only moved from one cell to  its immediate right neighbour, the 
horizontal delay is independent of the polynomial order. The vertical delay, however, is a different 
matter. The carry signal must propagate through the entire bit-aepth of the array and allow the adder 
output data to settle in the most significant bit before any clocking of the MSB row can take place. It 
does not appear advantageous to clock the lesser significant bits before the entire arrays adder output 
is stable. 

The estimation of the delay time can now be made. Using the data  obtained from the adder simulation 
plot, the carry signal delay is in the worst case 1200ps. Therefore we must wait ( n  - I )  times this 
long (for n bits deep array), plus the horizontal delay. As the bit depth increases, the horizontal delay 
contributes relatively less to  the overall delay. Note t h a t  this is only the theoretical minimum clock 
delay for an  evaluation cycle, and a data  load cycle will have considerably less delay involved, since 
no carries are required, and furthermore the adder is by-passed resulting in a very fast load cycle 
(compared to  the'execution cycle). The delay (for the exec~ t ion  cycle) is therefore estimated to be 
741200~s (carry prop. delay) = 8.4ns + 142800ps (PE cell prc?. delay) = 11.2ns, giving a theoretical 
clock speed of 9OMHz. 

Although this figure could b e  construed as being fairly slow for a technology such as GaAs, the most 



Figure 8: Addcr cell ring not ation. 



Figure 9: Register cell ring notation. 

I I z/ I I 

Figure 10: Diplexo- cell ring ~~o ta t i on .  



Figure 11: PE cell structural block diagram. 

serious problem occurring here is the time complexity of the array being proportional to the bit-depth 
of the implementation. If this dependency could be removed, or at least reduced, significant savings 
could be made in the propagation delays of the array. One possible method of realising this would 
be t o  substitute the present ripple-through carry adder with a device such as a 4-bit carry lookahead 
adder. This would significantly reduce the time taken for the carry t c  propagate vertically through 
the array, and hence improve the overall performance of the circuit. 
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Figure 12 :  Polynomial evaluator cell 



Figure 13: Adder  an^  simulation^ 



Figure 14: Register and simulation. 
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Figure 15: Block diagram of bit-serial algorithmic solution with PE cell structural layout below. 
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1. INTRODUCTION 

This paper provides a class-room type tutorial to introduce some of the basic concepts involved 
in mathematical modelling. Without sacrificing the depth of engineering concepts involved in 
mathematical models, the following sections seek to highlight the importance of modelling in the 
design and development of both devices and system. The paper is organized as follows: section 2 
presents the identification of a signal using circuit models to detect high impedance(1ow currerat) 
faults. Section 3 discusses the limitations of circuit models, and gives an example of a case where 
electromagnetic field analysis is required. Modelling of a microwave remote sensing system ko 
detect tilts and rotation of a body is described in section 4, wlile in section 5 some microwave 
circuit design-related issues are discussed. In section 6 we develop a circuit model for magnetic 
devices with hysteresis losses. 

2 ELECTRIC POWER SIMULATION 

Symmetrical component theory is used in all asymmetrical fault analysis of power syetem circuits. 
The computer simulation results are used to design the protection system and settings for the net- 
work. However, the m~thematical models for the network assume that the fault currents are much 
greater than the load current. Due to this when the fault currents are very small, the protective 
system fails to detect the fault leading to long-term damage to equipment or loss of generators. 
In Figure l(a) is presented a modified equivalent circuit for line-to-ground fault. The model used 
by commercial power system fault simulation packages is given in Figure l(b). 

(a) High Impedance h u l t  (b) Low Impedance f i d t  

Figure 1. Interconnection of Networks 

Wlat  irs_ significant ia that for high-impedance(1ow fault current) faults, there ia an additional 
voltage or current Bource which appears in the negative sequence network. In other words the p r s  
fault poaitive sequence load currents induu poet fault back emf in the negative eequenu network. 



The currents for the network in Figure 1(a) are 

and for Figure l(b) we obtain a set of equivalents by simply setting Ir, = 0 in (1) - (2). Consider 
now an 1lkV synchronous generator, connected to a 11/132 kV transformer feeding unity power 
factor lOMW load. The relevant data for the system are as follows 

1. Generator: X1 = 0.15 p.u., X2 = 0.1 p.u., Xo = 0.03p.u. all on 10 MVA base. Star point of 
winding solidly earthed. 

2. 11/132 kV 'Ikansformer: X1 = X2 = Xo = 0.1 P.U. on a 10 MVA base. 11 kV winding delta 
connected and 66kV winding star connected with star point solidly earthed. 

3. Feeder: X1 = X2 = 0.05 p.u., Xo = 0.15 p.u. on a lOMVA base. 

Calculate the fault current when a single-phaee-to-earth fault occur8 at the load end of the krmi- 
nal, for fault impedance Zf is equal to (i) 3 R (ii) 3000 R (iii) j3000 R. 

The 3 R, 20 O fault impedances have the following p.u. values: 0.00172 and 1.72. The load 
current is 43.7 A or 1 p.u. 

(1) Fbr a 0.0172 p.u. fault impedance, we may ignore the load current. 

We have ignored the 3Zf term, since Zf < 21. 

(ii) When Zf = 1.72, wemust resort to 1 - 2. 

Comments: When Z = 0.01 72(3 0) ,  the fault current is 3.75 p.u., which is significantly greater 
than the load m e n t ,  and thus may be detected by a convmtional over current relay. The negative 
sequence current in this case is 1.25 p.u. When Zf = 1.72(3000 R), the fault c u r m ~ t  is about 0.6 
p.u., which is insufficient to trigger an overcurrent relay. However, the key to detecting the high 
impedance fault may be the negative sequence current. Prior to the high-impedance fault, Iz = 0, 
the post fault 11411 1.'4p.u. 

In this simple tutorial exercise we have illustrated how circuit modelling of a power system 
subject to a high impedance (low current) fault, could be used to identify .the signal which permits 
us to detect the presence of this elusive faulted state. We have developed a general computer 
package HIGHZ to simulate high impedance faults on multi-busbar power eystems. 



3 ELECTROMAGNETIC SIMULATION 

In thia workshop we have virtually oncentrated on citcuit design baaed on circuit simulatiom. 
Devices and syatema are modelled by reaistora, inductors, capacitors, mltage sources and cumat 
aources. But these circuit elementa are basically modela of the more fundamental electmmagnetie 
phmomena. Maxwell's equations for electromagnetic &Ida, the potential definitions, and the 
concepts of resistance, inductance and capacitance combine to produce the common q d o m  
of circuit analyeie. The aasumptione upon which circuit theory is based are aa follows: 

1. filamentary conductor d&es the cloeed path or circuit 

2. the maximum dimemione of the current are e m d  wmpared to a wavelength 

3. displacement current is wn6ned to capacitors 

4. magnetic flux is contined to inductore 

5. imperfect conductivity ia confined to reaistora 

Under certain conditions the circuit ceasea to obey the lawa of circuit theory (e.g. if the frequency 
is sufficiently high) and we would have to reeort to electromagnetic simulators for analysis and 
design of a device or system. For instance, design of transistore, VLSI procees-fabrication control, 
and eddy current syetems require finite-element models of the electromagnetic phenomena 

An important application of eddy current airnulatom is non-destructive testing. Coneider the 
simple one-dimensional problem shown in Figure 2. 

Voltage P r o k  w 

= 0.2 crn 
= 0.1 cm 
= 0.2 cm 

Figure 2(a) Figure 2(b) 

We are given two teat objects of identical geometry and dimensions. The teat object TO1 is 
in good order. When a current carrying conductor (shown shaded in Figure 2(a)) is impressed on 
it, the voltage picked u p across probee A1 Bl imgiven by 

J 1  J 1  v1 = - - . I = - -  volts (I = lm)  
01 GI 

Given current density Jo and frequency w in the source conductor, Jl may be found from 
V2 J = jwpa  J giving 

j1 = j , , - d / 6 1  ,- jd/61 (12) 

where skin depth 61 = Jz'. Therefore 

Jo V, = - , - d / J ~ , - j d / o t  volts 
01 

(13) 

In test ob*t (r02, a b a l l  O . l c m  thick. region has deteriorated and subsequently its material 
properties have changed. Assuming that the teat object is an electrical conductor, we assume 
that conductivity in this region harr dropped to u2. (Notes: (1) if the tart objects wae magnetic 



makerials, the change will be in magnetic conductivity y (6 )  in geot&d engineering, ~imiPar 
technique in employed to obtain data about the earth's m t .  a1 may be the conductivity of rock, 
end 0 2  conductivity of goid,) For teat object T02, 

where = %-. Thus 

since dl = ds. 

Comparing equatiom (13) and (151, we note that and V2 differ both in magnitude and phase. 
In non-destructive testing, we seek to mtablish (a) that the material or device has deteriorated 
(b) the d u r n  or d2 and E T ~ .  

Let J ,  = lo4 A/rn2,al = IQ?, 0-2 = 0.5 - lo7," = ?r . lo5, p = pa. Then = 0.711 mm, 62 = 
i.006 mm. The magnitudes of VI1 and V2 are /lVl(( = 0.88 pVolt and (IV211 = 3.3 pVolt. 

A comparison of IIV'il and llVzll indicates that there is change in material properties in T02. 
In non-destructive testing, the question is, having meaaurecl V2, can we determine dl and a 2 .  This 
is termed the inverse problem. 

We s h d  briefly illustrate how terhiques commonly employed in adaptive signal processing 
mtiy be applied to solve the inverse problem. The basic ~lystem is shown in Figure 3(a). 

Adaptive 
I Algorithm ] 

Figure :3(a) 

The measured (V2 is compared with that obtained from the mathematical model (e.g. 
finite element algorithm). For the problem defined in Figure 2(b), say d2 = c, dl + ds = d - c. We 
need to obtain az*(orS2) and c. We obtain Q2 from the mathematical model uaing an initial guess 
of SZ0 and Q. In the subsequent iterations we seek to move 6Zi and ci towards their correct values 
by minimizing the error Vz - t;. An intelligent way to move 6zi and c, toward the correct valuea 
is  to use the gradient estimator: 



where 
1 F = (.V2 - q ) l  

where V2 is d&ed by (15). Hence 

BY repeatedly solving for 62(: + 1) and c(i+!), we finally arrive st the correct values of 61 and 
c when F w 0. 

Beg in 

62 

Figure 4. 

The inverse problem is generally more complex than shown in-Figure 2(b). The material change 
may not extend over the full length of the object, but be confined to a limited area eo that a one- 
dimensional analysis is not adequate. For such caaes we have developed our own two-dimensional 
eddy current simulator an an DM-PC compatible. 

4 MODELLING FOR REMOTE SENSING 

A helicopter is one of the many vehicles and wntrol systems driven by electric machinery where 
the position of the rotor w d d  be used to track the state and the trajectory of the vehicle or 
system. In tracking a helicopter, for example, the helicopter body attitude anglea and rotor blade 
tip path plane anglea may be uaed in a nonlinear tracker. Body attitude angles are ueeful in 



tracking both fixed wing aircraft and helicopters. With helicopters, additional information may 
be obtained by using the tip path plane of the rotor blades, which are oriented with respect to 
the helicopter fuselage. The tip mgle is directly related to the main rotor thrust which influences 
the flight of the helicopter. The orientation measurement of the tip path plane provides valuable 
information on the translation motion of the helicopter. When, for instance, the pilot wishes to 
translate forward, he or she will tilt the tip path plane down towards the nose of the helicopter. 
This will result in both a downward motion of the nose and $r forward component of the t h a t .  

Using the Doppler signature, where the scattered field due to the advancing and retarding 
blades may be filtered out, we want to develop a state eatirn~tos to estimate the radius and the 
angle of rotation of the rotor. The rotating blade is modelled tw a homogeneoue cylinder of radius 
r and length 21. For simplicity he we consider the case of pure rotational motion of the cylinder. 
To derive the state estimator we use the Doppler signature of the vibrating sensor. The incident 
field Ui md the magnetic field back ecattered by the cylindrical sensor Uah are given by 

where a1 = (w/c)rN --- pr, w is the signal frequency, r the radius of the cylinder, N the refractive 
index, and c the speed of light. In the above equatiom reg, and are the apparent or equivalent 
radius of the cylinder by which the incident signal is scattered back and the apparent surface angle 
of the cylinder respectively. Pb illustrate the physical meaning of apparent radius and apparent 
surface angle aad to derive the expressions for t h m ,  we comider the following problem. 

Figure 5. Rotation about Z' axis 

Let the original atate of the sensor is specified by the axis X'Y'Z'. When it ia rotated by an angle 
8 about X' axis as shown in Figure 5, the new state it defined by the axis XYZ, where XYZ is 
related to X'Y'Z' by Euler transformation aa given in Equation (26). 

If the radius of the cylinder is r, and its surface angle, which is measured along the cylinder 
surface from the reference position, is 4, then the apparent or equivalent radius re(, by which the 
incident wave is sca thed  W, and the apparent d a c e  angle 4ep are found to be 

re( = r (27) 
de, = d - 8. (28) 



The aeasor(Dopp1er radar) measurea the magnitude and phase of scattered fields. Here in 
deriving the estimator we use only the magnitude and phsae measurements of the scattered mag- 
netic field. We assume that the magnitude measurement A,, and the phase me-at B, 
are corrupted by white noise q l  and q 2  with &ancee ala and a12 respectively. Therefore the 
measurements are given by 

We now proceed to develop an appropriate ~ t a t e  estimator to determine the radius r of the 
rotor, and its angle rotation B wing maximum likelihood criterion. The estimated values of r and 
8, i: and 8 respectivelly, are found to satisfy 

There-ore the state estimator h d s  the approximate values of t*, and 8 using the above two 
equations. We assume that the statistical properties of the noise terms are known. The malylical 
solutions to these equations can also found to be 

Hence we have derived the state estimator which will estimate the rota t i~n and the radius d 
a rotating cylinder from the magneti: field scattered back by it. 

5 MICROWAVE CIRCUIT ANALYSIS AND DESIGN 

Future microwave system requirements will include increased R F  power, higher frequencies, wider 
bandwidth, lower noise levels and smaller higher density packaging at lower cost. Microwave 
systems are used in satellite communications, navigational equipment for ships, radar systems 
and phased-array modules for information transfer systems. GaAs FETs monolithic circuits and 
hybrid circuits are of importance in the state-of-the-art developments of microwave technology. 
Mathematical modelling of computer-aided design helps to improve performance and reduce costs, 
The monolithic approach promises wst effective mass production of very large number of modules 
(lo6), and the hybrid approach also provides small sized models in small quantities but more 
versatile. Both circuits use GaAs devices. Advanceid modelling and computer simulation, mea- 
surement and design optimization are invaluable tools to realize thew technologies. 

For computer aided design, it is essential to obtain accurate device 8-parameter measurements 
from the manufacturer. The parameters depend to a large extent on the test mount used for 
characterization (for example, the Slz value for the transistor may be considerably modified by 
feedback within the test mount). Typical values of the S11, S l z ,  S21 ,  and S22, parameters at 12GH.z 
for 50R characteristic impedance input and output lines are respectively: 0.614L107,0.Q26L -86.6, 
1.218L - 69, 0.85L - 165.8 (500  mount). A low-noiae micruwave amplifier conaista of input to 



circulator, IDW noise interstsse amplifier, PIN attenuator, circulator, high gain interstage amplifier, 
circulator connected to RF output. To design a single state low-noise amplifier (Figure 6) we need 
elhe models of the following circuit elements: 

1 .  p l  lumped 150R resistor 

2. p2 87R, 90' impedance transmission line 

3. p3 50R, 60' impedance transmission line 

4. p4 50R, 130' impedance transmission line 

5. p5 FET device model with S parameters 

~2 

Input PI P5 p3 

p-, 
Output 

Figure 6(a) Low-noise amplifiet 

Figure 6(b) Frequency domain computer simulation result 

6 Modelling Nonlinear Magnetic Devices 

Electronic control circuits are often designed to drive nonlinear devices such as micromotors. In 
order to achieve an efficient circuit, where the losses in the motor are minimized, we need an ac- 
curate model of the nonlinear circuit elements of the motor. Current circuit simulation packages 
are designed to handle linear R, L and C circuit elements or where nonlinearities are introduced, 
rather crude models are employed. For instance, the B-H curve is not only linearised, but the 
hysteresis loss, often very significant in fast switchkg Jrcuits, are ignored. We shall present here 
an elementary circuit model of nonli~lear magnetic devices driven by a sinusoidal source. Work is 
currently underway to develop a more genpralized circuit model. 



When an external field He is applied to a magnetic material, the flux density 

= ~ o H e  + NBe = po[l+ NBe/(poHe)]He = pHe, (25)  

where N is the number of magnetic domains. Differentiating (35) and re-arranging we get 

where p is the reversible permeability and v is the velocity of the domain movement. The magnetic 
Geld H d  due to the domain movement is 

and the resultant field 

where s = [dB/dt - p'dH/dtJ/Ir, the hysteresis coe5cient. Typical values for a ferrite are p = 100, 
p' = 0.01, 3 = 2000. 

For sinusoidally time varying fielde, using d/dt = j w ,  we obtain from (39) 

where 

where p and p' are permeabilities defbied in Figwe 7jaj. Note thet the model azcou-ts for the 
'~ysteresis loss as well. 

Figure 7(a) 

I 

Figure ?(b) 



For circuit malysis, the magnetic device is represented by an impedance hr. 

The w L r  term represents the loss due to hysteresis Lo is the d.c. inductance and R the 
resistance of the winding. The equivalent circuit of the nonlinear magnetic device is shown is 
Figure 7(b). 
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Nonlinear phenomena observed in electrical circuits and previously neglected as deterministic 
noise have now been found to be nonlinearities which could be arialysed both theoretically arid 
numerically. Chaos is a special type of nonlinearity freqrie~ltly encountered in many analog~te 
electrical circuits. In this paper a coherent sclieme to check whether all electrical circuit is chaotic 
~ i s ing  computer simulation techniques is described. Tlie simulation techniques will be useful in the 
design stmag? in tliat circuits positively identified as cliaotic can be redesigned so as to eliminate 
the chaotic behaviour. 

Urit,il very reccnt.ly, linear circuit theory used to be applied for all electrical circuits and an elec- 
trical engineer did not use to tliink n~uclt about possil)le nonlinear cliaracteristics of c i r c ~ ~ i t s  when 
designing eKectrical systems. Even if an electrical system works well initially, due to component 
aging and wear and tear, it niiglit becorne nonlinear a l ~ d  respond unprcdictably. I'hc distortion of 
signals ant! the generat,ion of harmonics in some electrical systems when they hctve been i r i  oper- 
ahion for long are due to such non-linear characteristics. 111 tlte past, srlcli effects were neglected 
as cleter~t~i~list ic electrical noise. 

The  possibilit,~ of nonlinear cliaracteristics sr~ggests tha t  tlie steady s ta te  system rcsponae car 
be cliaotic - i e ,  the system can respond unpredictably. Tile limit set or tlie steady-state response 
of a nori-linear systeiit can eitlier be an equilibrium point, or a periodic solution or a quasi periodic 
solution tjhat is the surn of rnaiiy periodic solutions. Apart  from these lirrlit sets there exists an- 
o t l ~ e r  one - chaos. C l ~ a o s  can be defined as none of tlie above, tha t  is, as bounded steady-state 
behaviour Illat is not an  equilibrium point, not periodic and not quasi-periodic. Tlie fundamental 
nature of a c11aot;c systeni is tlie sensitive dependence on initial conditions: given two distitict 
initial conditions arbitrarily close to one anotlier, the  trajectories emanating from tllese initial 
conditions diverge, a t  a rate cl~aracteristic of tlie system until they become completely uncorre- 
lated. Cliaos is identified in many forms and in many man-made and natural syslenis including 
almost all branches of Engineering. Simple cliaotic electrical systems include randoinly blinking 
neon bulbs, cornputers printing out  streams of random da ta ,  electric n ~ o t o r s  suddenly spinning 
out  of control, etc.  

T o  avoid the nialfunctioning of electrical circuits, it is necessary to predict chaos using either 
laboratory experirnetits, computer simulations or mathematical proofs. If sucli identification in 
tlie early stages of designing is possible, l l ~ e n  the system designer can avoid tlie design parameter 
values for which cliaos is positively identified. Therefore one needs a coherent scheme tha t  allows 
to  foresee and avoid cliaos in electrical circuits. 

To idenlify whellicr a system is cllaotic, a r~urnber o l  analytical melllods are  availalAe [I] [2] 
[3]. IIowever, most practical electrical systeins are so non1ine;rr that i t  is impossible to  s t t ~ d y  them 
analytically. Then,  coniputer simulations provide tlie o ~ i l y  meclianis~n to ar~alyse such systems. 



With the advent of cf-eap bu t  powerful personal computers, i t  has become possible to carry out 
numerically intensive studies on nonlinear systems. In this paper a coherent scheme to anaEyse 
nonlinear systems and Eo identify chaos is presented. Using a third order nonlinear system, which 
roughly simulates a controller for an electrical motor, the method is illustrated. 

2 COMPUTER SIMULATIONS 

2.1 S y s t e m  Definition 

To illustrate the chaos identification method, we use a third order system that  colatairis a dead- 
zone relay element and sirn~llates an electric motor control system. T'he sample system is given in 
Figure 1. T h e  relay element in the system corresponds to  n critrent amplifier that saturates a t  rta 
Amps. The  scheme applies mathematicaI proofs, simulates the third order systerrl using computer 
simulation techniques, and compares the simulation resulls with the characteristics of well known 
chaotic systems. 

Current 
amplifier 

Figure 1. A third order nonlinear systerrl 

Since computer sirnulation n~cthods are essentially numerical, we need to specify the systeni 
dynarnics as a set of first order differential equations. If we denote the states 0,  tile velocity 0 ,  and 
acceleration 0 by X I ,  2 2 ,  and 2 3  respectively and if the reference input is zero, then tlie system 
cqiiations are given by 

where u = 

Any sirr~ulstion ?rogram w ~ i i ~ t ~  can solve first order difierentia~ equation can be used for the 
si~rlulation. We use MATLAB wliich solves first order ODES using the fourth and fifth order, 
variable step-size Itunge-Kutta method. Though the mechanism provided by MATLAB to solve 
the eqr~atioils is very slow, MATLAB is chosen because it can he use< very easily to irnplernent 
the other algoritlirns to analyse the system. Alternatively, one can use any other program which 
would give a faster rnec11anis:n Lo solve the equations, for example RegSirn or N A G ,  and then 
; n p o r t  the solution into MATLAB for further analysis. For the simulations the following values 



are cllosen: c = 3, T = 0.1, k - 15, a = 5, 6 = 10, and r = 0. T h e  MATLAB file which defines P - 
Che svstenl dynamics is given ~ r a  the Appendix. 

2.2 Trajectories 

The variation of t ime waveforms of x 1 [al xz x3IT with time and those of trajectories in the phase 
plane and their dependence on initial conditions are iniportant in determining the behaviour of any 
system. Figure 2 gives the waveforms for a set of initial conditions. They exhibit some anomalous 
chiiracteristics which we would not expect from an electrical motor. When the simulations are 
done for dinrerent sets of initial conditions, i t  is found that  the magnitudes and the  positiosis of 
the pulses and oscillations which cliaracterize the waveforms vary unpredictably when the initial 
conditions are sliglltly perturbed from their original values. 

Figure 2. Waveforms with initial conditions [ -.01 -0.05 -0.1 ] 
(- 2. ,... :,? - . - ~ - j  

I t  is not possible to  predict the steady s ta te  behaviour of the system for a set of given initial 
conditions and the only way to find out the steady s ta te  response is to simulate the system for 
the required initial condition. The  is the fundamental characteristic of any chaotic systern [4] 
151. This beliaviour could be explained from a theoretical point as well. Theoretically the systern 
lam infirlilely many equilibrium points zeq = [alep 0 0IT, where - g  5 x leq  5 $. None of the  
equilibrium points are attracting arid the steady state behaviour of the system cannot be a steady 

Figure 3. 3D trajectory with initia! conditions [-0.5 1.0 0.51 



cycles known as chatter. T h e  spectra of limit cycles have spikes at harmonics of the furidarnentai 
frequency indicating the periodicity. 

IL- 

0 0 . 5  1 1.5  2 2.3 3 3 5  . 1.5 5 

I - ~ c ~ v c ~ ~ c y  i.. r-d/a 

Figure 5 .  BSD of X I  for initial conditions [0 0.04 01 

Poincard map(PM) replaces the flow of a third order continuous system with a second order discrete 
system. I t  ensures tha t  its limit sets correspond to  the limit sets of the underlying flow and bridges 
the gap between continuous and discrete systems [GI. Also the  order reduction resulting from the 
Poincark method is another useful feature. P M  gives the intersection of the trajectory with any 
given plane. T o  obtain the PoincarC map ,  a two dimensional hypersurface C, which divides the 
s ta te  space into two regions, C+ for which the dot product h . (x - x c ) T  > 0 and C-  for which 
he (x - xC)T < 0 ,  where h is the normal vector to the plane C and xc is an  arbitrary point lying 
on  C. If C is chosen properly, then the trajectory under observation will repeatedly pass through 
C crossing frorn C- into C+ etc. as illustrated in Figure 6. 

/ 

XI, z3, z6 ..... are the  intersection points from 

C -  into C.t 
x,, xq ..... are from C+ into C- 

Figure 6. Two sided Poincark rtlail 

Using the sigi. variations in the dot products between successive iterations, i t  is possible to  
extrapolate the point of i?tersection with C and thus abtain the PM.  If the product of the doe 
products is negative, this indicates a n  intersection between the trajectory and the plane in either 



direction. A sample PM on the plane whose normal vector is given by [I' 1 11 and which passes 
through [O 0 O j  is given in Figure 7. 

Figure 7. PkI on plane [I 1 11 througll [O 0 O ]  wiih initial condit,ions /-0.1 '-0.05 -0.11 

I t  is clear from the plot tha t  the attractor has a fine, distinctive structure. The  shape(not the 
values) remains the same for diflerent sets of initial conditions and on diflerent plane. As more 
ai:d rnore points are added, there appear to  be layers wititin layers. The  distorted S shape of the 
at tractor can be compared with tha t  of Dufing's equat,iorl, which is a well known cliaotic system 
[G j .  This  sirnilarit,y across scale is characteristic of c l~aot ic  systems and is known as Jraclnls [4]. 
?'he layers represent the stretching and folding of the at tractor which in C!le electrical ~ y s t e n l  can 
correspond to frictio~r or damping. 

2.5 Dimcnsiorl of the Attractor 

T l ~ c  dirne~lsion of a dynainical system is the number of s ta te  variable tha t  are used to describe 
the dynamics of the system T h e  dimension of a non-chaotic lirnit set is always an integer while 
a s t , r a n g ~  at,t,ractor itas a non-integer dimension. The  s ta te  space definition does not allow non- 
integer values. Ilence an  alternative definition for the dimension of a limit set is needed. There 
are a number of clefinitions of dimcnsion of a strange attractor. Correlation dimension, capacity 
dirnension and ir~formation dirnerision are sorne of therri. We consider correlation dimension which 
is representative of other similar definitions. 

To  calculate the dimension of  an attractor consider the  following problenl: cover the  attractor 
wi th  spherical volume elements each with diameter 6 .  Let N ( c )  be the minimum nuniber of such 
volume elernerlts needed to cover the attractor. Correlation dimension D, which is of probabilistic 
nature is defined as 

where Pi is the relative frequency with which a typical trajectory enters the ith volume element. 
If N points of the trajectory have been collected by simulation and the corresponding correlation 
is defined m 

1 
C(c) = lirn -{ the number of pairs of points jz i ,  z j ) j f j  such tha t  11 (xi - xj) 11 < 6 j I/?) 

N - m  N 2  

i t  can be proved that the correlation dimension is given by 

In C(c)  
D, = lim -. 

(-0 1116 



However, from Figure 3 we can see that  there exists a region of state space enclosing all pos- 
sible equilibrium points which is large enough so that  no trajectory leaves the region: all initial 
conditions outside this region evolve into this region and remain inside for all subsequent tirne. 
This behaviour can be compared with that  of Lorenz attractor [4]. T h e  3D trajectory exhibits 
another feature common t o  many chaotic systems: the trajectories evolve as B random mixture of 
two types of behaviour. T h e  trajectory loops for a while in the region X I  > 0 and then passes over 
to the region X I  < 0 where i t  loops for a while before returning to  the first region. The  nurrnber 
and size of loops between transitions follow no set pattern and they appear t o  be random. This 
behaviour can be compared with that of Lorenz attractor. 

The  systern shrinks towards some final asymptotic structure. The  volume shrinking nature is 
explained by the fact that the system is dissipative. The  divergence of the system is found to  be 
negative and therefore the ensemble of states will constantly decrease in  volume. The dissipative 
nature of the system is observed in Figure 3 as well. 

2.3 Probability D e n s i t y  and Power Spectrum 

Since the waveforms of the system vary randomly in steady state,  i t  is necessary to  analyse Ihe 
probability distribution(PD) of the values of x obtained after successive iterations. Figure 4 shows 
the probability distributioll(subjected to  a scalar factor) that the value of zl lies in a p'&ticblar 
bin ducing a sampling interval. Only the values for which ( 1  xl  ( 1  < 5 are considered. 

Figure 4. P D  of X I  for initial condilions [-I0 5 -21 

When the system is sirnulated for different sets of initial conditions, the PD plots reveal that 
the distribution is either purely random and does not conform t o  any known distr'bution or it 
is very close to  uniform distribution. T h e  uniform distribation is an important feature in that,  
i t  confirms that the equilibrium point can lie anywhere so  that ( 1  z lep 11 < 5. As explained i11 

Section 2.2 this characteristic is expected for this system. The  equiprobable nature or even the 
pure randotn nature of probability distribution suggests that  the system can be chaotic in that  it 
is impossible to  predict its behaviour in steady state. Had the distribution been, say, Gaussia.n, 
as :s  the case in many random processes found in nature, the behaviour of the system could have 
vecn predicted to some reasonable extent. 

A sarnple power spectral density(PSD) of X I  calculated using a 128 point F F T  and Hamming 
window method is g iwn  in Figure 5. T h e  noise-like spectrum is characteristic exhibited by all 
chaotic systems. In addition to the broad-band component, they contain spikes indicating the pre- 
dominant frequencies of the solution. Figure 5 also shows the low amplitude, high frequency limit 



A plot giving the value of D, is given in Figure 8. The slope in the linear region varies between 
1.3 and 1.6. The slopes slightly depend on the value of N. As N increases, i.e., as the attractor 
is clearly defined the slope becomes smoother. Clearly the torrelation dimension D, given by the 
slopes is not an integer and hence this suggeats that the limit set c a i  be chaotic. 

Figure 8. Jo,-elation dimension of the attractsr for initial conditions [0 0.04 01 

Dimension is a lower bound on the number of degrees of freedom of the attractor and the 
number of state variables to describe the dynamics of the system. A correlation dimension of 
1.3 < D, < 1.6 implies that the limit seb has two degrees of freedom and that the motion of the 
attractor can be modelled by a second order system. This observation is consistent with that made 
in the 3L) trajectory plot given in Figure 3. It can be seen in Figure 3 that the trajectories move 
along an arbitrary plane while completing each loop. For that plane one component of the state 
remains constant throughout a loop.  heref fore the trajectory has only two degrees of freedom 
while going around a loop. 

2.6 Liapunov Exponents 

If we denote current state a t  time t given that the initial condition is zo as Xt(xo), the system 
equation can be written as 

Differentiating (9) with1 respect to +o we get 

ax: (ro) - - bf (Rt (xo)) .- BXt (xo) -- 8Xt (ZO) - I .  
8x0 a x t ( x 0 )  BXO f 8x0 

If we dcfine at(xo) = 3Xt(xO)/axo, then equation (10) becomes, 

and this is known as the variational equation [4]. 

If for the third orie- system under considera::zm ml(t),mz(t) and m3(t) are the eigen values 
of QPt ( to ) ,  the Liapunov or the characteristic exponents Ai for i = 1,2 ,3  of zo are given by 



whenever the limit exists. Liapunov exponents indicate the average rate of contraction if Xi < C' 
or expansion if X i  > 0 of the trajectory in a particular subspace near a particular limit set. Let 
Xi be arranged such tha t  XI 2 X2 2 113. 

Using the signs of the Liapunov exponents i t  is possible to  identify the nature of a limit set. 
One of the Liapunov exponents of an autonomous system unless the limit set is an equilibrium 
point is always zero. Sensitive dependence occurs only in an expanding trajectory. Therefore 
chaotic limit sets have a positive exponent. By definition chaotic system is bounded and therefore 
the sum of the exponents has t o  be negative. Hence the necessary but sufficient condition for 
a continuous system to  be chaotic is that it must a t  least be of order three and its Eiapunov 
exponents must satisfy the condition that  A1 > 0,Az = 0,Xg < 0 ayd Xg < --XI [3] [6]. When the 
values of the Liapunov exponents are calculated numerically, they are found to  satisfy the above 
condition. Therefore one could conclude that  the system is chaotic. 

2.7 Sorne  P r a c t i c a l  C o n s i d e r a t i o n s  

Though the methods illustrated above using a third order system as an example positively indi- 
cate that  the system is chaotic, they may not reveal the true nature of the steady state system 
response. By definition a chaotic system is greatly sensitive to  initial conditions. This implies that 
an arbitrarily small error eventually affects the macroscopic beliaviour of the system. Truncation 
and round-off errors are inherent to  any numerical algorithm. Hence numerikal simulation may 
not reflect, the actual behaviour of the system it simulates. This aspect is very important here, 
since the system under consideration is very sensitive to  initial conditions. The  best accuracy with 
which MATLAR can solve the first order ODES over reasonable time is f O . O 1 .  Hence it has to  
be assumed that the system is insensitive t o  variations less than 0.01 in magnitude in the initial 
conditions. Similar arguments will apply for other systems. 

Since digital computers are discrete-time in nature, an integration algorithm models a continuous- 
Lime system by a discrete-time system. Thus the actual syst.em being simulated in not a differentia! 
equation but a difference equation Therefore, even if the computer simulations exhibit chaos, the 
real system which the sirnulatiov represent may not do so in practice. Because of this the results 
obtained are to  be interpreted carefully. Another problem is that  for a given accuracy (or local 
truncation error) a larger step size is taken with the fourth and fifth order Runge-Kutta method 
than with a method utilizing lower order approximations. Therefore the simulations become more 
discrete. 

The  values of different definitions of dimension are used to  predict chaos. IIoweves, i t  is 
impossible for a single number such as, for example, correlation dimension, to  describe the complex 
structure of a limit set. The  rescilt depends on N, the number of points considered and this is finite 
contradicting the or'ginal definition of dimension. Therefore the values obtained as dimensions 
have t o  be used in conjunction with other experimental results in deciding the nature of the !imit 
set. 

3 C O N C L U S I O N S  

Many computer simulation techniques to  identify chaos in an electricid system have been discussed 
in this paper. Using these techniques, i t  should be possible to  test for any exotic limit sets like 
chaos before fabricathg an electrical circuit. Although high computing power is required to  apply 
the above techniques for a circuit of very high order, they provide a coherent tool, particularly 
for analogue circuits, by which one can foresee and eliminate highly non-linear characteristics by 
changing the system parameters. Such techniques also create an awareness among electrical engi- 
neers of the possibility of nonlinear characteristics and chads in cases where such behaviour is not 
expected. 



4 APPENDIX 

f u n c t i o n  xdot=motor( t  , x )  

% # The m-f i l e  m0tor.m # 

% For  t h e  3 D  system exp la ined  i n  S e c t i o n  2 .1 ,  
% t h e  equa t ions  s i m u l a t e  an 
% e l e c t r i c  motor c o n t a i n i n g  r e l a y .  
% r ,  kp, k y ,  T ,  a, b and c should be g l o b a l  v a r i a b l e s  
% a a d  u  are l o c a l  v a r i a b l e s .  

z = kp*(r-~(1)) - kv*x (2 )  ; % inpu t  t o  r e l a y  

% s i m u l a t e  r e l a y  
i f  a b s ( z )  < a ,  u = 0 ; 

e l s e i f  z >= a ,  u  = b ; 
e l s e  u = -b ; 

end 

% d e f i n e  t h e  e q u a t i o n s  
xdo t (1 )  = x(2) ; 
xdot (2 )  = x ( 3 )  ; 
xdot (3 )  = - ( 1 / ~ ) * x ( 3 )  + (c/T)*u ; 

x d o t  = x d o t ( : ) ;  % f o r c e s  xdot  t o  be a column v e c t o r  
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A USTRALIA 

Abstract 

This paper is a review of theoretical work being carried out in Sydney 
which is aimed a t  developing a new foundation for models of circuits arrd 
systems. T h e  work is based on category theory which k a branch of pure 
mathematics which has been shown to be valuable in a wide range of 
applications in mathematics, computer science and physics. One of the 
principal goals is the development of a calculus to  aid in the specification, 
refinement and verification of digital circuits and systems. 

1 Introduction 

Recently category theory has been widely recognised as a valuable tool for mod- 
elling computational systems. Most of the work has been focussed on problems 
in theoretical computer science including concurrency, denotational semantics 
and functional programming (see for example [2]). Among the few examples of 
lower level analyses are the work at Glasgow in hardware design and verifica- 
tion (Sheeran [16] [17] and Murphy [15]: and the work a t  Calgary in hardware 
verification [3]. 

In Sydney we have taken Lhe view that the low and high level work should 
be integrated - if the mathematical models are at the appropriate level of gen- 
erality then circuit modelling techniques should work whether the devices in the 
circuit are elementary semiconductor devices, logic gates, purpose built hard- 
ware (perhaps imp le~e r t i ng  some particularly useful software), or individual 
processors interacting in a parallel processing environment. 

This document reports the development of category theoretic modelling tech- 
niques which work at both the digital circuit (low) level and a t  the digital sys- 
tems (high) level. 



The theory has been used a: the systems level to  model inbrmationsystems' 
specification in consulting vvor1.r with Telecom Australia, and has proved very 
valuable. Applications a t  the low level are now being considered and we are 
working on developing appropriate categorically based d&ign tools to  assist 
hardware specification. 

In the following sections we will review some elementary notions from cate- 
gory theory and then outline: 

e The modelling of combinational circuits in categories with products; the 
modelling of control systems in categories with coproducts; and a for- 
mulation of the'mathematical duality between computation and control 
(Kasangian and Walters [I I]). 

o The theory of distributive categories. Distributive categories have the 
structure required to integrate high level control and low level computation 
(Walters [18] [21] and Cockett [5]). 

e The mathematical notion of imperat ive  program which uses state based 
descriptions in a distributive category to  model digital systems (Walters 
[20] and Khalil and Walters [12]). 

The use of profunctions to provide standard techniques for dealing with 
the complexity of state based descriptions (by data-hiding) and for con- 
structing larger models from given modules (Johnson and Waltess [lo]). 

An example of the use of distributive categories in the specification of 
digital systems (Dampney, Johnson and Monro [6] and Johnson [9]). 

High dimensional models of computation based on n-categories (Johnson 

[TI and [8l> 

The main thrust of the Sydney work, originally pioneered by Walters, is 
the use of carefully controlled state space ~escriptions of circuits and systems, 
using ideas motivated by the inathenlatical treatment of dynamical systems in 
category theory. 

It should be remembered taiat most modern modelling work evolves through 
three phases: 

1. The development, if necessary, of appropriate mathematical theory 

2. The implementation of software tools to assist in calculations in the theoiy 

3. The tuning of the tools Lor the particular application problem domain of 
interest. 

The work reported here falls square1 y in the first phase, although there is now 
work in Sydney on phase 2.  Nevertheless the work has been carried into a 



number of particular application domains (phase 3 and Section 7 reports one 
example of this. 

Special note: In the printed version of this paper not all of the above areas 
have been thoroughly treated but full details are available from the authors. We 
have also excerpted liberally from our previously published works and encourage 
the reader to  refer to them for further details as required. 

2 Category theory 

The standard textbook on category theory is [Id], which cbuld be consulted for 
the many details not presented here. There are several newer books including 
Rarr and Wells [2] and Walters [21] which introduce category theory via its 
applications to  computer science These latter may be more appropriate for 
readers with a background in computing or electrical engineering. 

A category consists of a s e ~  of o b ~ e c t s  and a set of morphtsms  (also called 
arrows) .  A morphism f from the object X to the object Y is written f : X -+ Y. 
Morphisms f : X -+ Y and g : Y -, Z compose associatively to give a morphism 
g o  f : X --+ Z and there are identity morphisms for the composition. 

In particular instances of categories the arrows are often functions of some 
sort: There is the category Se t  whose objects are sets and whose arrows are 
functions, and there are many other examples of categories of mathematical ob- 
jects and appropriate functions including groups with group homomorphisms as 
arrows, topological spaces with continuous maps as arrows, and vector spaces 
with linear maps as arrows. However the abstract definition makes no lim- 
itations on the nature of arrows - they simply must have some associative 
composition and specified identity arrows. Thus t,here are examples where the 
arrows are not functions, incrliding any preordered set with elements as objects 
and an arrow x -t y if a n d  only if  x 5 y; and the category of matrices with 
natural numbers as objects, n x m matrices as arrows m --+ n and with matrix 
multiplication as composition. 

One of the important insights of category. theory is that constructions in 
categories can be defined in terms of so called universal proped ies  which are 
properties principally involving arrows. This shifts the emphasis of the mathe- 
matics from looking at the internal structure of objects to  looking at the arrows 
between objects and it has resulted in much systematization and simplification. 
It seems that the essence of a construction is often captured by a universal 
property rather than by the details of how to build the constructed object. 

Two basic construc~ions in categories are products and coproducts. The 
product of two objects A and B is written A x B and generalizes the notion of 
cartesian product of sets. The p - o ~ u c t  in S e t  is essentially the cartesian prod- 
uct, the product in the category of groups and hdmomorphisms is the pointwise 
product, and the product in a preordered set is the leas: upper bound (if it 
exists). More generally there may be products of families of objects. The co- 



product of A and B is written A + B and generalizes the I36(,Bc3g~ of disjoint 
union (discriminated union) of sets. The universaj properties that are u,wd to 
define products and coproducts are dual whickmearas that, one propeaty c a ~  
be obtained from the other by reversing the  arrows. ~ i i s  shows the precise 
relationship between products Lnd coproducts and allows proofs involving say 
eoproducts to  be dualired to give proofs involving products. we warill see later 
that a similar duality applies between computation and cot~trol. 

Two other dua l  eategorieaE notions are the 4raifi~bB abject, denoted here by 
0, and the s'ernatna8 object, denoted here by I. Initial and terminal object8 
satisfy particnParXy simple u r , i a ~ s a l  properties: Tr, a category 6, arn object 1 is 
terminal when for each object X of @ there is a unique arrow from X to I. In 
fact a terminal object is a special case sf a p~oduce - I satisfaes the universal, 
property of the product of the empty family of objects (and dually for initial 
objects and empty coproduets). See one of'the standard texts for details. 

lit should be noted that the existence of products, cogroducts and other ob- 
jects satisfying universal properties is not guaranteed. Many categories contain 
most of the objects that we could hope for they are finitely comgs'ede (have 
products of finite families a n d  other finite 6imils) and finitely cocompleie (Rave 
coproducts of finite families and other finite coiimtts). Other categoriei contain 
few limits or colirnits. 

Szabcalegories are obtained by taking some of the objects and some of the 
arrows of a category, but of course they must be closed under cornposition and 
have all the necessary identities. The ftill subcategory determined by a collection 
of objects has a objects just those, and as  arrows all arrows between those 
objects. 

computer scientists often consider objects & types: 8 corresponds to an 
empty type and d corresponds to a type containing only one thing. The object 
B + l  (the coproduct of I a n d  6 )  is often calleaB, and corresponc!~ to the Boolean 
type with two elements cal!ed true and f a k e .  There are two can~nical arrows 
I -+ 1 + 1 .which will also be called t rue  and false. Many categories, including 
finitely complete categories, allow the following construction of subtypes if 
F : X -+ k+l is a morphism then there is a subtype (or subobject) o f X  written 
as [Fl  -* X which intuitively is the subtype of X containing those elements a 
of X such that F ( a )  is true. There is also the subtype 19'7 containing those 
elements a of X such that F ( a )  is false. Subtypes of products G : X x Y --+ P + P  
play an important role and may be identified with relalions between X and Y. 

3 Computation and control 

I t  is a remarkable fact that just as products and coproducts are dual, so boo are 
combinational circuits and loop-free control systems (for example loop-free flow 
charts). The precise dual models are very simple, but the important challenge is 
t o  get their specification just right. The surprising thing is that two apparently 



independent aspects of modells of mrnputation obey exactly the s m e ,  but POT 
duality, laws. We will briefly outline the relationship. 

A combinational circuit can be viewed as a Boolean function Bn --I B" for 
=me n. and rn where B = d +- P is a two point set. Let Comb be the full 
subcategory of S e t  determined by the 5" for all natural numbers w. Ht is easy 
to check that this category has all finite products. It is also easy t o  demonstrate 
that any function Bn -+ Bm can be obtained from the function NAND : B2 - 
BP by using the universal property of products. To see that this is just the usual 
completeness of NAND we need to investigate which constructions the universal 
property of products provides. 

The universal property of a product X x Y with projections pl : X x Y -+ X, 
: X x Y -+ Y says that for any object Z and any pairof arrows f : Z + X and 

g : Z -+ Y there is a unique arrow ( f ,  g) : Z -+ X x Y such that  pl o (f, g) = f 
and o ( f ,  p) = 9. From this we can deduce the existence of a number of arrowa 
including for each X ,  A x  : X  --r X x X (f = g = I d x ) ;  for each X and Y, 
twist : Y x X -+ X x Y (f = q 2  and g = ql  where ql and 92 are the projections 
o f Y x X ) ;  andforeach h :  X I - +  X, k :  Y ' - - + Y , a m a p h x k :  X 1 x Y ' - + X x Y  
(f = A o pi and g = k o p ; ) .  These amount in turn to  fanning one wire or bus 
out onto two; crossing a pair of wires or buses; and putting two combinational 
circuits in parallel, and these, together with composition in the category which 
amounts to  putting circuits in series, are the usual operations permitted in 
constructing combinational circuits. 

In other words the decompositions of arrows of Comb into arrows con- 
structed from say NAND by use of the universal property of products, are 
specifications of combinational circuits to  compute the given function. 

The constructions available in tracing the flow of control in a system are 
precisely dual to those provided in constructing circuits. In a circuit two wires 
give two values, a product. In a control system two flows represent alternative 
possibilities, a coproduct. The C for circuits corresponds t o  the 8 : X + X -+ 

X which amounts to "forgetting" which X has control and simply returning 
the value of X (this is what happens when flows of control converge). Finally 
twist : X + Y -+ Y + X is just a cross of flows of control. 

For more details see Kasangian and Walters [ll]. 
We will see in Section 4 how control and computation can be modelled 

together and in Section 5 how the categorical models of circuits and control 
can be extended to clocked non-combinational circuits and flow charts with 
feedback. 

4 Distributive categories 
Section 3 illustrates the modelling of computation in categories with products 
and control in categories with sums. Of course r o s t  hardware has aspects of 
computation and control. In this section we integrate the previous models by 



developing disfributive categories.  Distributive categories have been shown to 
provide a good model a t  all levels, from digital circuit design to  complex software 
systems. 

Distributive categories were so named by Walters [18] who demonstrated 
their importance in modelling datatypes. In an early (1967) note Lawvere [13] 
pointed out the significance of the distributive law in such constructions as 
'if.. . then. .  .else'. Others who have studied distributive categories include 
Arbib and Manes [l] and Cockett [4]. There is an abundance of examples of 
distributive categories since any cartesian-closed category with sums, and hence 
any topos, is a distributive category. 

In a category with (assigned) finite products the following operations exist 
as a consequence of the universal property of products. Given an object X 
and a terminal object I there is a unique arrow !x : X -+ I .  Associated 
with a product X x  Y there are the projection arrows pl : X x  Y --+ X ,  
p2 : X x Y -+ Y. Given an object X there is a diagonal arrow Ax : X -+ X x X .  
Given arrows fi : X1 -+ Yl, f2 : X 2  - Y2 there is the product of the two arrows 
fl x f2 : X I  x X Z  -+ Yl x Y2. Given two objects X ,  Y there is an arrow 
twistXBy : X x Y --+ Y x X. 

The dual operations in  a category with (assigned) finite sums are denoted 
respectively !x : 0 -+ X (0 the initial object); the injections il : X 4 X + Y ,  
i2 : Y -+ X + Y; the codiagonal V : X + X --, X; the sum of two arrows 
fl + f i  : X I  +X2 --+ Yl + Y2, and twistx,y : X + Y  -* Y + X .  

Definition 1 A ca.tegory is distr-ibutive if it has assigned finite sums and prod- 
ucts, and the following arrows are isomorphisms: 

: O - X x 0 and 

V X ~ ( Y + Z ) ( ( ~ X  x il) + (1x x 2 2 ) )  : X x Y -t x Z --+ X x (Y + Z). 

Example 2 The category Se t s  of sets and functions is a distributive category. 

The one-point set {*) is terminal. The empty set is initial. The product of 
two sets is the cartesian product. The sum is the disjoint onion; we denote the 
elements of X + Y $ Z by (z,  0), (y,  1) or ( z , 2 )  depending in which component 
of the sum the element lies. The projections of the product, the diagonal arrow, 
the injections of the sum are the obvious functions suggested by their names. 
The codiagonal function Vx is given by 

V x :  X + X  - X 
( ~ ~ 0 )  - x 
(z., 1) - x 

The function twis txry  : X x  Y -+ Y x X takes (x, y) to  (y, z); the function 
t w i s t x , ~  : X + Y 4 'Y + X takes (x,  0 )  to (x, 1) and (y, 1) to  (y, 0). 



Finally the isomorphism of the distributive law is given by: 

Remark 3 As remarked in Section 2 we denote I + , as B t o  indicate that  
I -+ I is the Boolean algebra of truth values. We will often denote the truth 
value false by 0, and t rue  by I .  

Remark 4 Since 1989 the theory of distributive categories has been developed 
along a number of lines. There are rnany special classes of distributive categories 
that  play roles in particular applications but for our purposes the basic notion 
will (mc?st,ly) suffice. 

5 State based models of digital systems 

In this section we show how st,at.e spaces can be used to  model simple digital 
systems, and in the nex t  s ~ c t i o n  we introduce tools which assist in the modelling 
of much more complex systems. I n  this section we will concentrate on the 
modelling of imperative programs, but these programs include clocked digital 
circuits with devices as built,-in functions and arbitrary flows of control with 
decisions and operations as built-in functions. This section is taken frorn Walters 
PO]. 

Briefly, imperative programming can be seen to be the construction of dy- 
namica;' systems froar: a given set of built-in data  types and functions using 
the operations available in a distributive category. The behaviours of a p r e  
gram are the behaviours (orbits) of the dynamical system. We will present here 
some informal state space models of imperative programs and refer the reader 
t o  Walters [20] and Khalil and Walters [12] for formal definitions. 

We begin by describing a simple special case - i so la ted  imperative programs; 
that  is, imperative programs w i t h  no i n p u t .  

The notion of imperat.ive program is always relative to some given class of 
built-in functions. 

Def in i t ion  5 An t so la ted  ~ m p e r a t z v e  p rogram P in a language with a given 
class of built-in functions is a set A', called the state space of the program, 
and a function f : X 4 X ,  constructed from the built-in functions l~sing only 
the operations of a distributive category - that  is, identities, composition, 
product, sum, and the distributive law. A beraviour of the imperative program 
is an initial state xo 6 X and the sequence of states obtainable from that  state 
by repeated application o f f ;  that  1s tile sequence 



The following example should make clear the intention of this definition. 

Example 6 A program to calculate n! in terms of built-in functions multiply : 
Z x Z -+ Z, subtract-1 : Z -+ Z, and :'Z -+ B . [= I  + I ) .  

Take the state space (= the space of global variables) to be X = Z x Z (Z 
the integers). We will denote an element of X by (p, k ) ;  our intention is that g 
stand for the partial product and k for the decreasing factor. 

Take the initial state to be xo = ( I ,n) ,  n a positive integer. Then the 
function f : X -. X of the imperative program is given by 

( p . k , k - l ) ,  ( k > O )  
k, = { (p, k) ,  i k  5 0) 

The behavior of the program beginning with initial state ( 1 ,  n )  is the sequence 

( 1 , n )  +-+ ( 1  en,  n  - 1 )  C) ( 1  . n  . ( n  - l) ,  n  - 2) w . . . (n! ,O)  -+ (n!, 0) ++. . 

That is, for all sufficiently large m,  we have f m ( l ,  n )  = ( n ! ,  0) which is what is 
meant by saying that the program calculates n!. 

We have not completed the argument. The function f : X + k must be 
expressed in terms of the built-in functions using the operations of a distributive 
category - in fact, the expression of the function in this forpl is  the program. 
But f can be expressed as the following composite: 

where g : Z2 -. z2 1s t3e composite 

The next'two exarnples are not programs, but functions which may be used 
in the construction of programs. 

Exainple 7 Any function g between finite sets may be constructed using the, 
operations available in distributive categories, without using any given func- 
tions, as follows: 



This meram, in particular, that &?y,BmIea~ fsnetios: B b  @ iia avklable, &ad 
.+1838. hence t a t s  may be conskauctal f~em given tmts by Bmlem opera*' 

Fx-maple @ Given two F~nctions /, g : X --+ X and cs tat. -2 : % -. B we e m  
ao~s t ruc t  the f~nce",sm. which takes s $0 f(z) if the & a t  d ( t )  is  satisfied, el* ;k 

z to g42'9, rn follows: 

Q ' X  # 9  I @+.f v 
X-X x X - X x B-+% -6 X--.X $ 2-x 

Of tours, this was used in the program in Example 6. 
Using Examplm 7 and 8 and appropriate data typm, it is clearly grwibla to 

construct the usual C O ~ P ~ P Q !  structures used in j~~ograrnmgling. 

DeGsaition 9 An impemiave program with input sPphaSet C i s  s eet X, the state 
space, and LC each element a E Z: a function fa C, X X comtrncB,edl out of t h ~  
buiit-in haetions using the operations available in a distributive category. 

As a first example let us construct an imperative program, out of &ha aame 
built-in functions as in  Exaniple 6, which allows a positive natural murnhpr to 
be input and which calculates the factorial functson. 

Exmnplie HO Take the state space to be X = z2 x ( I  + I )  2 Z" +? We w B B ~  
ca$l the two  components z2 of the state space the 0-mode and the 1-mode of the 
program. 'rake the alphabet to be C .; (c%ock) ks N, (M the natural numbere). 

By the universal property of sums, a :unction h : % --+ X corresponds to dvm 
fundions ho, hl  : Z a  --+ X .  So we need to ccmstrenct functions fcloeb,~, fe;llock,~, 
fnBa, fn,l (n = I , % ,  3 , .  .). (The index indicates the mode.) The required 
functions are 

The intention is that in 0-mode only the clock input is enabled, and the pro- 
gram computes n!. When the computation is finished control is passed to the 
numerical input. If a number is input the control is passed immediately back 
to the clock input. 

I t  is clear from our experience with Example 6 that these functions can be 
constructed from the built-in functions using.the constructions available in s 
distributive category. 



E x a m p l e  11 Example 7 shows that if the state space X is finite a11 pmible  
functions are available to construct a program. Hence any finite state machine 
can be modelled by an imperative program. No built-in functions are necessary 
- only the operations of a d i s t r ih~~ t ive  category. 

State space models are often avoided because they are unwieldy, principally 
because the calcull~s of state space descriptions Rm not been well understood. 
In this section we describe profunctions and record some of their basic proper- 
ties. Profunctions were introduced by Khalil and Waiters [12] (under the name 
pseudofunctions) to  aid in the development of programs (and this section fol- 
lows closely their development). They capture clearly the calculus of state space 
descriptions, and have been used by Johnson and Walters [lo] to provide a new 
semantics of programming'languages. Software support tools for calculations 
with profunctions are currently being developed. The tools will then be uaed as 
the foundations for a circuit analysis CAE package. 

Definition 12 Let C be a distributive c'ategory. An arrow I#J : X + U + Y - 
X + U + Y  in C is said to idle in 1' i f  C$ o is'= i3, where i3 is the injection of Y 
into X + U + Y .  

A projunction or functional process, 4, from a set X to a ,wt Y ,  denoted 
4 :  X- Y ,  is an function 4 : X + U + Y  -+ X + U + Y  which idlesin Y such 
that for each x E X there exists a natural number n, with q P s ( x )  E Y. 

The set U will be referred to as the set of local s tates  of the profunction 4. 

Proposi t ion 13 (Projunctions yield functions) Let 4 : X - Y be a pro- 
function, then there is a function 3 : X -, Y defined by ?(z) = 4"=(z), the 
function obtained b y  iteratzng 4. 

Propos i t ion  14 (Funcltoas are piofunctlons) For any arrow f : X --+ Y 
i n  Set the arrow j' = V X + Y  o f iz o f + iz) : X + Y  -+ X + Y is  a profunction 
such that 7 = f. 

Propos i t ion  15 (Projunctions compose)  If a : X , -  Y and : Y -A Z 
are profunctions, with local s tales  in  U and V respectively, then 

i s  a profunction from X t o  2, with local s tates  in  W = U + Y + V ,  and with 
the property that: 

Propos i t ion  16 (Case and parallel profuncitons) If 4 : X -c* Y and tj, : 
X' - Y' are profunctions wt th local s tates  U and U' respectively, then 



is a profunction from X + X' to Y + Y' with local states in  W = U + U', 
and with the property that: 

2. 4 h ? + h = b - ' o ( q 5 x $ ) o b  where 

(and bO, b l ,  b2 are distrib7~tzve law arrows) is a profunction froni X x X' 
to Y x Y' with local states in W = ( X  x (U' + Y') )  + (U x (X' + U' + 
Y ' ) )  + [Y x  (X' + U') ) ,  and with the property that: 

C o r o l l a r y  17 ("Universal properiies" for products and coproducts) For 
i = 1 ,  2, . . . , n if 4 ;  : X ,  - X aad $; : X .u Xi are profundions; then there 
ezist profunctions 4 : XI + X2 + . . . + Xn -+ X and II, : X .u XI x X2 x - - .  x X ,  
such that 

Proof .  Take 

P r o p o s i t i o n  18 (Iteralion ~ f ~ r o f u n c t i o n s )  ' Given a profunction p : X .u 
X + Y and a function ord : X '4 IN, such that i f  p ( z )  E X ,  then o r d ( p ( z ) )  < 
ord(z ) ;  then the;-e exists a profunction v .  X --r Y such that 

- v(z) = / L ~ ~  (x), for some m, 5 ord(x) + 7 

Proof .  Let U be the set of loca; states of the profunctions p, and take 

v = ( V x  + ~ U , A  + l y )  o ( lx  + t ~ ~ i s t ~ , ~  + l y )  o p 

where the local states of v are in iV = U + X .  

This collection of results shows that  profunction. admit the constructions 
expected for a calculus of state maces. The adequacy of the calculus of pro- 
functions is further demonstratea by the work ofJohnson and Walters [lo] which 
uses this calculus to  give a state-based semantics for programmifig languages (re- 
solving the disjunction between operational anc. denotational semantics). T h a t  
work is a systems application of a techniqoe which is effective a t  both the sys- 
tems' and circuits' levels. 



'B Modelling information systems 
The theory developed in the preceding sections has been used a t  the systems 
application level with some success. One of the areas that has been investigated 
with particular success is the methodology of designing information system, 
especially using what has been called the Enltty-Relafaonship-AZtSaboie asppmad 
(ERA) (see Dampney, Johnson and Monro [6] and Johnson [9])I). This section 
records informally some observations from that work. 

Designing an information system, like designing a clocked digital circuit, 
is essentially about specifying a universail algebra. However, because of the 
need to specify computation and control the appropriate syniactic cstegoq or 
theory must be a distributive category. In fact, in order to obtain the full query 
language automatically one must take a finitely complete distributive category. 

Next, t o  take the state-based view of the system in operation we need to 
understand the interaction between the s ta t i c  specification and the dyncanaic 
model of the system. This interaction is mot yet fully worked out, but some 
preliminary results appear in [6]. 

The principal issue identified iv  the investigation of the relationship betwees 
the static and dynamic models IS the modelling of constratnts. Often constraints 
have been left implicit in information models Iliowever, when a model or a part 
of a model is to have several instant-iations or "views" for which compliance 
must be checked it is necessary to make the constraints explicit, and important 
changes in the methodology have sesutted from this need. 

Like most aspects of an information system constraints tkemselves can be 
classified as sdaltc or dynarntc. 

A static constraint is a constraint which will never change and which must be 
satisfied for the life of the informatian system. Such constraints, although often 
left implicit in specifications, are frequently apparent as commutat i~e diagrams 
in the static model. This has led to  an important change in information systems 
CASE tools - they are beginning to require the r?ecification of commutative 
diagrams rather than leaving the constraints to  be determined by the perceived 
semantics and added in an ad hoc fash~on 

Of course many constraints are not static. For example constraints which 
require that only certain classes of employee carry out certain tasks must be 
changed with changes in management directives or in industrial awards. Such 
constraints must be modelled as entities in an information model so that they 
can themselves be updated as changes occur. Although there had been attempts 
t o  incorporate these entities in some commercial syslems, they had not been 
successful because of the limitations of the mathematical theory on which the 
models were based, principally :he failure to work in a distributive category and 
the absence of limits. 

The universal properties which are available in distributive categories with 
finite limits are important in specifying constraints because sometimes the en- 
tities required for a constraint are not present in the information system spec- 



ification, simply because they can be calculated by the query language when 
required. Nevertheless, we may need to use these entities to  specify constraints 
a t  the design stage, long befsre the query langtlage is added. 

The work has led to a slogan in information systems specification: All struc- 
tural (as opposed to numeric) constraints should be determined at design time 
by the introduction of limit er ties and the specification of commutative diab- 
grams. 

The immediate future of this work is the development of better CASE toola 
incorporating the category theoretic model, and the quest for a full understand- 
ing of tRe interaction of the static and dynamic models. 

8 Higher dimensional models 
An alternative modelling technique which is used in Sydney is the use of n- 
categories [7] [81. For n = 2 these higher dimensional categories have long 
been used in category theoretic investigations. Recently n-categories for n > 2 
have been found to be valuable in developing coherence theomms and these 
theorems are now recognised as important in transformations of chip designs. 
Coherence theorems were also importavt in the foundations of the work on the 
computation-control duality (see 119. Section 31). However, these models will 
not be treated in detail here. 
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