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ement plantaga’s A pnote seaser employed te measure the distance between i+ d the

belt passing un "erneath. e passing of ~ ~ement bag would indicate a chang . this
distuce. Figure 3 illustates the Setup ""he problem of counting is casy if the t 1gs are
)rmm,J 4G ceme in 2gua spacing. 2ut tegs ceme in random orientation and at random
spacings. fience meastrements have to hv ta,\,r_ and calculations have to be performed
before adding @ bag «» re bag counter. These cculd be performed well by a software driven
ErOCessor. '
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Device Modelling A Peerrmain

For & arge forward bias *rere are
twe exira effects: the ol.mic
resistance of the dicde and high-level
inieci’cn. Th» Tnjection is not
T r..ode:led separately, t-ly by an
ecaivel e ve ue for the olhimic
resistance. Therefcre the equatiorn is

Ve Vy=r 4V,

C

This leaves <.
12 7 de 2ffet i
1S CCAEOT ol e
‘, L 2akn wniu Jer
Yo o rzozez Hias.
This Tas  four
et egions:
- - Regicn T coeys
’ - =Talion given
‘Lo reverse bias of
Az ree diode

-

."egiuu 4 ' v . "-'

The 1 .re 'mis U2 ‘sceterd Tw ere Vp=-3V w BV beir~ the

bree Jouym vl @92 o _erelp=-IDY
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_Ivice Mcde.a'ng

The fourtt region, beyon~ " 27 _e- " v -L age, . .o
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—evice Mcdeiling A.]. Pearmain

The equations that resuli frou. thisy > "¢ e in terms
Pl S 2N

of t 2 zero-bias carvacitance C, ) anc the .. . %
| i u
. Vo g2 0o

‘ Slaget o oo ccuatioro
V =t
D -y -~ 2 - ~ -
; Cp =iy~ 4 Z,(0) 1= =2 | forV, <FCx¢,
aVp TR

T — g ‘ d vl R ' EASR i
Cp=1p,——+—5—| F+ for Vi, 2 FCX ¢,

T 20t = T 2e~ue v~ of Cpis the stored chie e d '2 to injec .
et rearters fes a1 hesecr e due ic L. space clu e

1

Coere’ L 2qul es0 L2t T U partameters:

e

~ 0~

o = ze' - ias vn cepacitarce Zy(0)

T = for . -Llas deoleticrn capacitance coefficient F -

i = s o2 ™D
7y = epno "x lal Qg
M - thepn —-a~ ~ r 2 =fficient

TS .7l o€ 2iceact L 2c ety -7 cdealloeven il nco L CPIC
cere s cee “iHoralele wis ot T ocem € ab e oy ree of 2

NI . (4

[g¥]

5 S T 3 .
The 7 Tused s T2 Trem 2T Dacnieg TN T w7 T ofar T e the
Hbe oo L .l if.0 ofihe L oeters are “.. tte.. s ou.lthere are

The Cr - = Poom -~ 272 weas devele :d 0 De suit~die for compuler

s’ Tetg 3 ome TFoges o oge-’ Tagno @t ysting. Tacc nts for base-
wic  wodu v . sicace, lfeld 2 tep2 tece Lt Tl f8
©pe Jdomor o om0 Dgne ialio- ety offects. There 2 » 40

- - - >
var MRS tc O. 7 iy a2 oo
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f.evice Modelling A.]. Pearmain

The static version of the model is:

.S
« ‘C
Bo- . e
36 3
e - .
=
che sl of erodel s inthe suee featio s 2f 2 Zicdes and cu ent
LOTLOTRICT.
-~ A M ~ - - TN e P ~
s ‘s basea n  Fe Zhiciem ~a Sodges LT moael 13].
\’:”\’ .
I
~ -
1
& .
G !
C
. ‘ r

ccimccele a~ET Largesigrai~~d2" r"aFET
“he parameters reauire 1 s H o0 zL
CGS

CGD

1

Ze ~-vias re'e-so.uscecagicer e

=z

> -.Jas gafe- rair capacitance
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Pevice Modeling 45 Te

3 = Gate junction potential ¢
=C = Forward bias depletion capacitance co¢’ oiont

m = ,uaction grading coefficion® (set 10 0.5)

3" AL ZER "els

L

MOS0 mocls are v hably e most ir o7 hoat Cace C e doo

«eplicate T integra o< cirzuils art o Lans o TOGETg QT2 ofier:

.

different models for \y 58 3Te the 1o 2ty level3.re s,

; -
LD

arts..

Uiree

Fhefevel T model is basicelly the Shichman a sAgeet odel (31 This gives

lwe eguailions:

/ Y
- 7D M _ _ DS |- [, a Y 3
‘s Tt v ('v/(;s "1 j ‘-/1)5‘\' k "“/Ds/ for the
reglon ana
D {/V

_. f : \2 /- ARV EY £ - e e o :
s —2—7:\‘/“ = Vo) (140700 ferhe setwasiom s egion
st T 1’\/"'

fan .+ _F - engtl and wi wiof recha..2iclLel TSOWOT
The v CE parameters the  o» equ - are:
GAN VA = ~dy-~"r 2 parar-er
SP = TAnSTONC u”ance oe . 2ter

NRIDY. = cha n2'lane ' podudicn
2 = Latere” diffusicn ()
= S, urel versic rovertial
VTGO = <r O-ast. 37 c nltage
Some of L. 25e ca. ~e obtained fror .2 aysica vara etere
IRIST = Cabsra’ 245" gdersity
Tl = Thic 2ss 4" oxide layer
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I

~ Ycaf‘ﬂ\"r"‘ e s N
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Device ./ odelling A. . ?Zearmain
Yoo oove Lm0t

i eic the fepletion region charge is r odelled wore eccw, “ely. The < arge

depends on the voltage in the char ael and a m el deveic red oy nv.eyer [4 is

usne .

The ~quoyons tor this o~ dei o -2

W Y A L5
L= — g — DSk _.7 I/ oo g
P F Va : =V Vope v L |
o ,“,x_/ Ll { ‘i ~4E, 5 j ps T /3Y s T Vs 2 20y,

—— = b~ ~
c DS s A -~ - C e bo. - "g .
AN
Thn o e pethsl 0 T ade Ty recec o, el e ows T e
Cooadln Al bl o e g D o2leckic e, rue veldr Lz of chie o2
Ty 7:‘ c T o v A PPV & Fa SR A AR e e . ‘r\].. ~ P RN = W ald .f)rc
leng : BN ‘ reg ‘ = as wWVe0T Yy a ct gec 1278

~wt e toge oo Tk woea'tereoce . e effects. Ther ¢ e therelo
seus U AL L areine JrLLIauL I

DT = Wic . 2ffzci o o~ reshole T ange

[ = Tot~_ 2 svooo L e e~ 2ffcient
[am

l_ X — ..rf,\,\qu'?n.crn'_,\,lg S ]

1SS = “urface stale 7208

L = Zonerta om0 0 U gy

U A = T ansverse < ae ~~e Scient

VL L = I - Adn e e sofcarriers
= 1“3._1'g al Llf Kl 2T

NN = Toef T e T ~ heraesher

Tl o o € azbee fee.. 6 L litie 0 i el UZcETs, le

gl e g e 2 s The f))ef** o ig Tat the moadel st~ 17 bebol ™

it
gin 3y nlmnareacc w72 Yrogosc 2w souogeste.. .t T rot
Ll8BLe 7L T.2 0o To.o.2”tesc gl tlyfewe pe.a ~tters ttan e evel
Zw~eodel. As clevice 2 hs et L0 ™ s ﬂo"r*c" Do le Tk oir UTon

orac ey s v At R N, €. levices has .ecc...2  ~1l...stcor . oo
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Device Modelling A.J. Pear—

substrate voltage the value of G417 A ‘bocy effect) car. be = ~rroinen.
1evel Z ya,ameters require measurements to L€ mace on a ¥ uaioer of ¢4 ricas
with different channel lengths arc wido c. A fall set ¢f  eacu... >nis can
generelly yield ievel 2 or leve 3 parvamsters, Lu  ~2 - @t Jofremre—ired
is ¢ rsiderable.

[ —~
! L N
w0 Y ™
N B N U \.._-:,nu‘.’,"*
e=cheiceo ev e ot =10 0719
. B 5 - - . K- ,
k= »oltz vmasco e =120 32 /7 =20 e )0
) TRV
1 R - v~ . . . T
L] G, D LK e T ET epr .. ¢ .o b) %

(gl ;'u & e e ol
‘,,\)/7'8\, e fus

bipolar transic.c .2, Bell Sysr. Teck.

vey

2. Ebers, |

ey

Froc T T/6. 1772 (0650

and ozl L. Lt oe o

. ~ ; 7\ ) ' "4 ‘f.l( " [ »S' zi l_),

BiGe~ an, B~ Tedges, 3,107 T ge T L of ot
ga.ofield-effact 'r Slorsw ' T v ethe s, TIRTE Dotic -l ate urcfu;zts; NG
235-239 (T~ 5 1I58)

.1 Teper, T, L OS rac Rio el L oo oLt Dol eview.: ' 4763

/- \
\].v larc 72715

f51 1w, S A prifiee CAT Moc’e’p, b DEFTTs, ifzmorcy o, T2 UL
& /31 FEe..ocnccl-_a>eory, Tors’ rofla Ui e eley 120 Maj
J . y y

)<

6, 5aky - T he

and 1's application tc CM 35 oatz celn nm’ljszs o series-cor nected ] JSFET
Surdcture, 1 2mnielr 7 e JIL 0 L 202 3 ol s e ey,
J wvessicy of Caiiforaie, 3e e'2y ] Ie h 2990,

“Mew o, AL Acivule TS T moce [ circuit anclysis

ruam (24

Moty F, Posm o Wiatocb 2o T, Seis conductor cevice mogeliing with © TE,
N CLoaw- 311938

Cohlegel, 7.0, ADiUVcg aphyefldee’™- = -~ c~-Covis quc ~rst s, SE
5=y

©avs. Lilctron Jevices, /8— DI (R S

Scl.'z~ VoA e s ef 2 T L s ey i (Cu o

stucies, T I Trans. Tietvon Devices, B2 o 9 7. [ Teo DI
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7
Departn atof . cala < U0 _goTng
i iy of g 0o
e oo o an O0oa
Detadec model't g of e v L v arzan o 2] e -
icins are arsing. Z'hes oalc oo Caan 2w Lo
wansistors but 2 neso coces to ot 2 oal Tt
AL pEIMIT T eV L0PpMene |, L e ol ol ed appee’ e s
nlies. ""his contrby e, ce cers o ol 2 L
Corenees T reeding.

Theory of linear networke is use” ¢ .y for 27 devgr of fhers L Twoaency
domain. [t many «ases i, ca”  forthe aspine o ~f | fu c*on g Ty calesaom
of sensi*'v.iizs  tnore et 1o changes of L 2 Leczreenis. 2 eo 4 is olie baseu o
the application of ““etleger’s * zorer . caat .ciz an’,T " ztwor T oeosier e

difficult to understand and -~ e ke

2 e; . 1., >samere. t

- ~C "
0 a much sinipler way.
Letthe system equation be auwe L2
Toa= (1.1)
wocansolve i formaliy by 7 .g
S T o
= O
e Misihe st momet L FLv o e Al 3.t L dle Uefo s
- ~ .'; A
= + C (1.3
or T2m o gt the destyetivg of Ty e ey a0 Taith siagt sn m e o art T we
ifte. ntiate (1.15
- T O
I
JamodiTed nodal &+ pwnin tevigh Je AL vec s oz oo dapend oo tie siements
71 we ¢ o simplify
. e 14
a' 4 AN /
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Suppose now that we wish.to get only one outp, = =ik car de either a nodal voltage
a difference of two nodal voltages. "2 define the o nut by

F= ¥ (1.5)

where the vector o selects the desire’ oo’ 0% 0., "1e vector 2. Jzrivative of this func-
tion with respect to iz

0.7 4. P
- = - 'kL('i)
(6] I
i Loy N L et
nsert g from (1.4} we oute!
S r

~ |
.
<
-
&
7N
~S
Nt

"l con be Liecc . leG eTu. .. enn T 7 calcon .S, Canote this

wotore ) S aed o ve

Jhe row vector

(aet__ . -1 (1.8)

N 7

Jostmultiply by 7, take the ¢ mogear 50 ve

A (1.9)

Once “isknown,weuseiiin (LN toge 7" " La
~T nt
c [N a“ . :
= t N\
PP O (.10}
Ui '

soth vectors X aac £% ate ¢ at e by ove LU d2nc om0 iwo forward-back
supstitutions. "“rz .nsitiviy oL . T L 7 v 5 C o2 yeisme t0™e ot 08k one
muitiolicaticn inc . 7o subinll L s

This methed was <2 - "0 ~oor JTITZ T T, for T Uag sensit’sities with
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moditications are possible, the principles Liave been 'mown for meny vears under the
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P (2.1)
e pre,ocessiag steg o0 peeqaailons T o L fo
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¢ d2 T oossihe (o redesign the circuit
so ihit The mi—ormance spread over
che raruractus=e arcuits is reduced?

= (- al the c:~zonents in the circuit
cvhic= wald © e 2coromical to mea-
suse c#ove Sloundle inclusion in the
man.zciaed Ircait with a view to
max:~ &r2 the ceid?

These are just :z r'ewé ot the questions
-hat = o ast. and for whichi
The :~swers @2 cften crucial to the
=conc—ucz of Zrcuit manufacture. in
ahat “oficws we snall show how the

Znswe o 00ta)
DesigrC »0ftw 22

N

Zo: the mamen: we shallignore the de-

tails o tzweeranis cesign and how it is
Zainél oUT. ans rst enamine some ex-
1 iolerance design.
I help 0 set the lacer
Ziscussc™ of omsgm methods in con-

T

zmples of suc
These suzples

ined by suitablhv:

cation: 1 the performance of the circuit of Fig. 2a
20n O 2cczptability in cornponent parameter space

The circuit shown in Fig. 1a is zn inte-
grated current svitch emitter follower.
With its original component values it
was designed by a very experienced
integrated-circuit  designer. Neverthe-
less, following the automated choice of
new nominal component values, the
power dissipation had been reducec by
28%, and. the worst-case time delay by
30%. both very worthyhile improve-
ments. The cost of this design exzrcis2
was approximately twice the cost of &7
analyses of the circuit [ 1].

Tihe <ircuit shown in Fig. 1b is a
Callen-iey filter. It was required that the
Q-factor should not only lie between 10
and <G, bu? should also exhibit a mini-
mum varizbillty betvieen manufactured
samples. Tour iterations of a ‘variability
reduction” algorithm resulted in a very
substantial reduction of the variance of
Q2] ‘

The circuit shown in Fig. Tc is an inte-
greied transversal filter involving coeffi-
cients determin by capacitcrs. The
original cesign was put into manufac-
ture and 600 samples -2 produced.

T oo
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e
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oco S ooirt dsed, ol
. noTlgn Lol Lizhoid
s - Yo yir . The coy
T e was @ tially that of
~aing 600 znalyses of the ar
“ "
N VI nation
frgp ¢ = S v e
vty L L o tainable
ro o~ lerance -

Agzin, beforz plunging inco the details
of tolerance design, we consider what
requirements the zctua: circuit designer
(or his Lomputer-ain xo desigr: <pecialist
wight place upon .y methods that are
~ i

dle.
Lo unduiiying :
i vt foilo, e maane
et od will e o Dte e ¢ cal
nse o ronsidert oy enhanced. Aodr-
wially, che < Fsoftwzie production
Coould Beokept oo simpic as possible
Furthesmore. i ~xisiing ties and tested
software can be oxploited, then
much e better. While it is alo desir
#0le thac the actual. computer:
effors involved in  tolerance de- .
should be low, the siate of the art i»
such that this cost is ~o7 trivial. Fortu-
nziely, ongoing rese rch is attempling
to reduce thix cost (41,

ard

For the newcomer to the field o tok
ance design it is necessary to introducy
some ey concepts, to discuss the rep-
resentation of tolerance-based effects
znd 1o define the terminology common
o this field.

Parameter space

As an aid to exposition, we shall use
as an illustrative example the trivialiv
simple case of ¢ circuit containing onl
two toleranced components, since the
concepts thereby illustrated generaiise.
without restriction, to any size of cir-
cuit.

The civcuit shown in Fig. 2a can be
represenied by a single point in par-
ameter space. (Fig. 2b), whose aves p,
and p; are associated with the par
iies describing the two com
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iU to i the specine ticns T
U owe 3 outpt soace (g, Ca), Lome
~vapp w from one spice to the other
muse @ place, ior reasons which will
gradually be.om: apparent, we con-
sder the  specifications ¢ ve  irans-
< .aed om outpu space (o parameter
~ace {rig 3b), tnereby defining a region
iceeplaeoility R If the point describ-
+¢reuit hes within R, the circuit’s
seitonnace wili satisiy  the  specifi-
conons: if it does not, the circuit will
nave jailled one or more of the specifi-
cations. Normally, the shape of R s
quue irregular, with discontinuities and
both concave and convex adges.
Betore going further, it is important to
e that wne actual transformation of
» specification. from output space to
carameter space is not a trivial task:
indeed, if it were, tolerance design
would pose few problems and would be
ar inexpénsive process to. implement
0i1 3 computer.
£ we display both R and R, in par-
ameter space (Tig, 4a) we may find that
R; does not lie completely within R ;, in
“uch case any manufactured circuits
woresented by points within the cross-
natched area will fail the specificziions
and the manufacturing yield (thi r frac-
tor: of mass-prgducad circi s passing
the snecifications) Wil he less than

100%.. for the case in which 1 very
large number of ¢ “-sof - - cir
Cutt are » nufaciu .o, T s there
> an equal likelhoo of | netes
NG on Aany values v N S loiei-
e range, » _ec ufac-

Ceang yield is ¢f ply 4 o2 ratio of twe

Compuier-iiges Engineering Journsl

- - . < - .

a &The relative focations of th olerance region and the iegioi oi acceptabilin determine
the manufacturing yield

A ‘centring’ of Ry within R increcs2s the rnanufaciurir
Vighter tolerances increase the yield, but afso increase . <. ¢ 2 hcircun
A typical relation petvszen the tolerzrice of - ~omponer - -~
The unit cost of this circuit may be less t i of Fig. 4c 'er et

>

b QN o

lower sietd

areas: the area of R that fies within R
divided by :the aiea of R-. For different
probability dersity distributions of the

ving <~ -~ the arcuit, and
acirieved 2 e er yield, the guestion of

parzreter tc erances may arise. If these

components, different ‘weightings’ will  ae 0 110 chicice,  » Cesigner will be
apoly. zwere “h "', g of tolerances
(Fig. ) wi to 1% manufac-
Design improvement turing iUl at a higher cost to
/v simple means of ‘ncreasing the e customer tin > $2 cost of a com-
ronufacor, yel T Y Lo pes 2 By te . s ypC . ooers lunclion
Tt it otcoe st the - nar T (Sigo 4 ) of s i v 2g, for rhis
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is also straightforward ment in
software (8]
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neasen. noy, space, of
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.ere i3 'neirzfore a need to compute
soine measure of confidence in the cor-
cect raniin. of o yield estimates:
such meihocs ar2 available [8]. Natu-
rally, the desgner is always anxious to
pay ‘or ¢35 r—all a number of circuit
analyses =3 nossible, in which case it is
important to be awar2 of a techniqus
kiown as correlateg sampling [9]. If the
sampie points in the new tolerance
-egion nave the same relative spatial lo-
cation as in the previous tolerance
region, ihen the coniidence in the cor-
sect znking of the two yield estimates
will be nigher than if a new ranucm
sampling of the new iolerante region
were employed.

w
u
s

T choic - of ~omponent tolerances
LI, take nio account the cost of each
coraponent. Often the cost is inversely
propo-tiona! to tho tolerance, in which
ca . _he cost of a1 2ntire circuit can be
OXPresse e v 1

L= 4

S
-

o ent:

> §; s the tolerance associatec wiin
i zompe ent. Huowever,
£
S aring i bd s tess than 100%.
s €os. has (0 recoverec foom the
e 1 o 3 . :
¢ ', the accoptable circur s

2

w18

e f
20 2y are g fraction Y of he o !

.- . .t P

l

o

identification of the centres-of-nraviz.

The result of a Monte Carlo aralysis ir 2 circur.
or zhe 'mass” and il circuits of Fig. 11a

¢ A new tolerancz region obtaimad by cmihosing 22 the nzv. nominal design. the centre of

aravity of the ‘pass’ circuits (see Fig. "7

d 1 typical outcome of a six-iteration Rt g0 CETT TR exerise

the circuit cost C for each satisfac:~
circuit is

1 — a
C=-|A+ b —l‘l
Y a0 L
componeiils
The task of tolerance as’iignmem [T

minimise C by the choice of suiiize
component tolerances, undzr the
dition that the nominal values are i
Other realistic cost models are 2.z -
able, but in every case it is necess:™
when attempting o minimise C 12
have available some estimate oi Y.

/s is the case for design centrimg 2
number oi algorithms are ava:labiz -
assist  the designer  with  tolera=<s
gnmieni. The one we select hers
iffustration is choser: to acquaint
ryvice with a new class of algont-
vithin  the s atic. exploration -
proacn.’

i The existence of this news class a=s=
from our sdility [17 to compute. a1 =

[ ale cosi, the. dilerersial seznsit T
(TR of et c Sl e
-t egth an This an.

i replas-
AN’ et

leads to the possibitty ©
Ny of he codtly ciews
demanded by a Monte Cailo anatis
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ooz muc simpler calcuiation. For ex-
a—ow by ousing a truncated Taylor
app-:yimation to ihe circuit re-
soimse F ’
i cF .
= Ffo = U= w0

CPilro

‘weerz= A s the change in parameter
p, <mowlezge of the value Fo of F at
o= zoint n parameter space is suffi-
=7 20 alw an approximace but inex-
pemins ca-adadon of Fat pointsin the
irediat o vicinity. for this reason a
we i v 200 o approach to tolerance
g~ has emerged. and will nos: be
zted - the ceontext of an erective
~od o1 tolerance assignment.
CZonsider & circuit cantaining two tol-
erzce components. Their tolerances
Cere. in component space ifig. 13a), a
toseznce eglon R-. Assuming, as we
¢: o tokrance assignment, that the
n:—-al vi'ues of all
Ry = equivalently defined by a
~oir: :n tolerence space (Fig, 13b).

parameters are
e
SImEE

oot the initial choice of tolerances,

tre veeld Y must first be estimaiod
o 1o cetermine the cost C from
Fa~ 7 Ths s achieved by a conven-



tional Monte Carlo analysis. The effect
on C of different combinations of toler-
ances is then examined in the following
way. A new point A in tolerance space
is selected randomly, although at a pre-
scribed distance from the original point
(Fig. 13 This tolerance perturbation
L1, from the original point defines a
new tolerance region Ry, in parameter
smace (Fig. 13d). Assuming that Ry and
Ry, do not differ widely, the truncated
Faylor series approximation can be used
to predict the value of £ at any point
within Ry ... The procedure adopted is
first 1o ensure that the sensitivity
(GF/cp) — as well as F —- is computed
for each of the Monte Carlo samples
within R ;. Then, within Ry ,, the same
geographical  disposition  of sample
points is chosen that was used for Ry,

‘ circuit simulator

a

Fig. 12

The wse of an zxisting cir- ‘-

thus simplifying the calculation of the
estimated F values within Ry . using
the truncated Taylor series approx-
imation. A subsequent comparison vith
the specifications allows the yield Y,
and cost C, associated with the new
point A in tolerance space to be esti-
mated.

The estimate of cost is carried out for
a number of points in tolerance space
randomly chosen to lie on a hyper-
sphere centred at the" original point
(Fig. 13el With this information, a
number of methods are available for
choosing a new point in tolerance
space representing a new — and hope-
fully improved — choice of component
tolerances. In the tolerance assignment
exercise illustrated in fig. 1d, the least-
squares method was used to fit a hyper-

supervisor
T I

il il

I
parametric adjustinent ‘ ‘
i
l circuit simulator ‘

5

s+ for design centring -

a Representation of a conventional circuit simulation package
b A ‘bolt-on’ parametric adjustment supervisor causes the responses of selected Monte
Carlo samples to be generated. stored and used for design centring
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panc to the cost estimates in tolerance
space. In a direction oppesite 1o the
stope of this hyyerplane o aiform line
then undertaken
(inexpensively, using the Taylor series
approximation)  to  determine  the
minimum-cost point. Once a cost min; -
mum has been located the tolerances
are appropriately adjusted. According
to the judgment of the designer, the
process may be repeated until an ac-
ceptable design is obtained. .
For ihe moment, the benefits that
can accrue from the availability of inex-
pensive sensitivity information are tem-
pered by the fact that not many
simulation packages provide sensitivity
information. For this reason, the ap-
proach of a holt-on parameter adjust-
ment supervisor is Not 50 attractive.

search was

*iaa o nioC

_Aithough research is still in progress,

software packages for tolerance design
are finding their way into industrial use;
N some cases, a package has acquired
the however-did-we-manage-without-
it accolade. To our knowledge, only
one commercially available package
offers a tolerance design facility: it is
SCADS, expected to be available in the
summer of 1984.from L P. Sharp for
bureau use and eventually for an 1BM
PC.

Necessarily, we have had to discuss
the topic of tolerance design largely in
isolation; how would these techniques
actually be used in practice? While
there may be occasions when a full tol-
erance design exercise involving a
number of iterations may be required, it
will frequently be the case that the very
crudest form of design ‘centring will be
used merely to see if any useful im-
provement is possible. For example, the
situation typified by the point A in
Fig. 14, and which resulted in a con-
siderable loss of production to a com-
pany, could have been brought to the
embarrassed designer's notice by a
single Monte Carlo exploration involv-
ing about 20 to 50 samples, and a
useful redesign could have been
effected at what, by comparison, would
have been a trivial cost. Even a move to
a point such as B, which is still far from

- the design centre, would constitute an

improvement.

Throughout this paper we have men-
tioned the potential economic advan-
tage offered by an improvement in yield
or a reduction in unit cost. But this ad-
vantage is usually impossible 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 will be a measure of con-
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figence that tha design is close to opti-
ner in the tolerance sense. Even if the
Areuit 1S Not well designed, any im-
srovement may well be negated by ihe
computational cost of carrying out ine
role-ance design. Just as for most other
roois used Dy the designer, the decision
when to use tolerance design will
hecome more ancd more instinctive as
experience is accumulated.

Since a tool cu.. cften become rmuch

nors eff oo il ois U s Inter: Stiveis
: f0F o w7 OF Lo amans
T Con associated with

-l an is of vital importance.

- cramph., #11 ability to moniior easily
S DrOgress of « sMonte Carlo analvsis,
., o effeci a comparison with an earlier
ier-tion, can help the designer to gain
msight inte what s happening, anc
thereby to guide the tolerance design.
Such o facility can [«1 lead to consider-
“le savings in computational effort.

. ifure

Sespite the ronults that have been de-
scrivec here, and manv others reported
i, he stcrature, research in tolerance
desigi is stily prOCCPding. A major effort,
for example, is being directed towards a
reduction in the computational effort
involved.

At one time, the number of circuit
analyse> required was sometimes mea-
sused in thousands. More recently, the
number ‘was in the low hundreds. Hap-
pily, methods are now becoming avail-
able invoiving considerably less than
100 analvses, although it must always
be borne in mind that the accuracy of a
Monte Carlo yieid estimate is governed
solely by the numper of samples, and
for ‘reasonable accuracy’ this number
would rarely fall far below 100.

Another, largely unresolved, nroblem
is associated with for
which only a discrete number of ‘pre-
ferred’ values and iolerances ar avail-
able. A common approach is to ignore
such restiictions and then, at the com-
pletion of design centring and tolerance
assignment, o choose the ‘nearest’
values. Naturallty, a new Monte Carlo
analysis is iequired to estimate the
yield.

Methods of tolerance design are now
being extended and modified to suit the
characteristic  reguirements  of  inte-
grated circuits. An introduction to this
“rection of research is provided by

(omponemts

References provided,

v puolications may be of interest to
e readsr who wishes to dig deeper
into the subject. Ore s ¢ special issue
of IFZ Proceedings Paci G on tolerance

C- mouter-Aided Engineering Journal

analysis and design [11], which con-
tains 13 papers dealing with various
aspects of the subject, and provides an
additionai
other is a review paper published re-
cently in the IEEE Proceedings [10].
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1.0 Introduction
This paper cescribes the experiences of the authors in starting up a business which involves
Thrcuit w28 o, Tircuil rotoiyping and Clesc g, 5orematic Capiure anc Fiiated Cireuit Board or

< - design. It 1s hoped thet the text '/ serve as a guide to assist periicipants aspiring to become

ontre~ 2neurs i these exciting fields.

1w -

L. Ulectronics Corporaiion is a s ¢ L.l .ovaiive comparny that engages in projects

involving circuit design, testing a - fabricatic , * <1 1ding the design of p" ted <i ~uit ~oards. Iis
core business i providing Zleciro 2 =ng ~7 27 1g Do tions anc ‘me hac involved ¢~oigning ana-
togue circuits and digitai circuits, including microsrocessor-bassc civeuits. Some .exam .les of cir-
cuits include signal cond'tioning circaits for the ~.¢” g .7 tomaiior industry inteffaci g various
types of sensors to control’ers, e desigr of - iricr ve Comirollers for Faciory and Process Automa-
ton projects, Alarm and Inv ciator circri s for - cocess Monitering stations, [mstrumentation cir-
cuits for testing semi-conducior aevices, -basec . ate ..cq sition Crevits,  -basec Coatrol
Circuits,  “-based fommunications Circvits @ 4 7 C-based Instr.uentation Circuiis. “he company
was formed ‘n 1952 and has evoivac from 2 cc~oany using tracitional 5 ~tronic Design Automa-

' tools ‘o onz that uses some amo’ =+ 0° Jssigf_ /. tomaticn. .. the . T years ol its existence,

I..Electronics nas vent ed into  any as «w.uws 0F the in.ustry, all invoiving elecironics circuit
design, mosi 07 v' ich uses single chin microcomn suters.

""he paper wil! discuss one of the products cesigrned by R.L. Electronics Corporatior, which is

part of the Hc o~ Sew. .y é.. A .cmation systern being marketed by the company. This project
was chosen secause il was a droject thet was | ‘tiated in 1983 and has un’~ -gore numerous

changes, not only changes in the circuit but also in the use of the too!s to design and test the cir-

cuit.
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it soor becamsz clear *hz: 2 marret ‘o7 aler -1 1 alaysia was mot large ¢ the co ~2pi of
hign von i prod ciion was ot yet feasibie. ..l . abo.t Lils time, some Talwal L ..al..ted
a:arms were nroug’ * into the marke:. by somes co.. 0 ors. T 2 cost of these alarms were a. 't paf
the cost of L. Zlectror '»s” alarms. "he Ta'va w v wi 2 a’s0 mo . ) ofessio tally packaged and
0% »d betier feat s,

“oeolinany Unaianl J opiall oc to cesign a compl luve aia o L0 el civlar fea-
tures. v pow it was a, eady clear oa. arge vC .. drou.cilon was co 7. ‘ble. As e res 1t e

. ieciec cost of the nesw it was ver 0 v o highe Nan ing Talwanese .7~ 2w desig (30

had 00 many com 2C ot Mo ttg 1o 7 e ¢ftm st T g 4o o more cor olex. 2en o2 of the

. ot efconone: Loinvolved, ¢ 0.ctol,, 2 nac ¢ hereve d 3¢, si . ae. ¢ ¢ fued. To o thic

o L LomDAanNy ol pav G vest L veiter L L6 o as ose o copes, pu’ b generators end

wiltireters, 77 2 cost of Paee 3 TLr 2 wes aiso ~gai thet vzl fiwas ¢ ‘cipated ai the

>

are nroject from start to Snigh w7 e

o

oout € monthe. Alco peceuse of the large numder of
cormoneitts, tac reliabil’sy of the proc ¢t wel ..l 0 f < so ther te. D g wouic be requ .

Sfterwoech Joought, the company < ciced weac T as 100 an ious for such a smel compa

J to cons™ -~ aigh volume produciion, esnecia y sin~: firancic resol vces were | 2d. Jo e dif-

1o ctretegy was adomred - to ot tte gl aier.. market an o offer 2 "relative " low cost

releronreenssor hasee alarm . i was . ore 0f 2 " cne” J1a tef calering for the we U er cusic, .-
crs. O whoastyategy /il pro ride T necegsary bus’ ese exnericnce, and Len the ccuifal to vert

~

into, poocoms, hige veTrae orocttonoa L 5o a me 2le syster was developed becn o el

-

3748 single ¢l Iy 17 -oocor ot T T D e wes chosen decazse of its relatively tow cogtanc e
. wnb -of elecirc, 'c cor yor s 0., 800 ng . 2ite .. T ] gaysia. The el 'noalse ac a

~ - —

T Twlan T otads providec e Dex'ul fos of ¢ er g progrars. T e use of a o ngle chip

(Y]

©ooronetoter 850 70 ~2a the v oy of copto 7 ts, a owed the dettomant 0f 2t - user-

ceEfrenfel s, clowed Tllwos g Lot osyster. nozer TvidlTt user ceneos, anc allowed

oo

incorpo +ion of additio ! 72 es L, 7 as Mp et SWTTT 208 T3 us, ¢ to-eiaLg anr 8o

(8%

on. The ¢ to ‘= yfeawure of ~~aler =~ ¢ 2 2" atracti> o :customers, "M 2 DM
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inside the 8748 microcomputer ¢-*n made the customising feature easy to undertake. The cystem
w5 also designed around a standard o:f the szelf | cusing o recuce the packaging costs.

“The aext task was to develo, lLie product. A that U .e (1985), the cost of microprocessor
aevelonmiert tools were very expensive and unafforcavle. “rograim: developr.ent nad ‘o be dore in
machine larguage. The programs were written on a tiece of naper, and ihe chips then programmed
anc ~2sted. Yo avoid comp.lications anc diffic tles n debugging, .. » prog. . . . Je ceveloped must
te s, mle. Yo do this, 2 subset of t : comrp.ete ’:nst:‘uciion‘set for e €748 c.. . was delined and all
nrogrammniing had 10 be dore ' siug these s'. die ingtruciio » 00y, U7 is he'ned 21 ate 2 range of
software modules such as Stry/=: v~ gmod 2s, © ar~ O ocae and so on. T 1ese mocules
soor became time fesiec mov uieo ¢t the contiirous use of these preventad oLz errors and
wastage ¢f resources.

Aprepdix Doproviles a @ a hes  for Te U700 s gie m ) Tarecom| fer, and O instiouc-
ton subset. “he endro orogra w for e aiem - csste  wes U o develcoed uti g iniese few in-
structions orly. - .2 carly cteges, most 0 e C.le. L .oucidos sets were not tled. .. e later on
aiter e ovoduc Teu been fie sz cur /1 Laac dtionai feat 2, eude 0 be added on, U2
o* =r insicuction s¢ 5 wers !:'-sed. Tvohe rovzamou of developinert wols were ave lable and
these he ~»d sn2e up  ~ « Huggi~g “oCess.

Apoendix ! providiz the - cuit for Lo aia... o.l. o can Le secr Laat . e circuit was a very
sownecirel’ .. L had sweer on tso y. M ok cf {2 scphisticate” feai. s of e alarin were
carrieC Dy 28’ gle < 'p microcor L ter and the o ograms we 3n for the ¢

The # <t 8748->ased a.a~~ gystem wer <eve.opec in zboui € weeks. Pecause there were
fewer co. 2.2 .2, the printed circ. : boara designec was the . 1gle-siced type, and this reduced

the ariwerk cosis and subsequently Jie ‘nted cireu’. Loard or | T 7 costs itself. In low volumes (10

-

nes 0r 80)  :orice ol the T 77 was abo t J533.5G. 7 e new 8743 basec alarm unit was priced at
about US$2° 1. 0 sach.
Today, . » ccx any still ma s this ..o ot as (he Home Security ¢2" A .omation sys-

tem. £ 7" ‘onal {ea res have Heei a7 ec-on to tire basic alavr <ir it. The company has also

entered the 'ow cost @ -1 ma 2t L insteac of cesig g its owz . ¢, is marketing an imported
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unit.
Appendix 2 discusses somne additional issies tnat e new °TUT2oTeneus st consider when

ertering a business ver:ture.



~

3.0 Tracziic al "cos for Circuit Sesign

In the early stages, most of the circuits designed were done manually. The process involves
designing the circuit on & piece of paper, vuilding it on a protoboard or breadboard and then testing
the circuit. Changes were made as and wihen necessary and after the final circuit was made, a hard-
wised version of the circuit was built. This prototype circuit was normally field tested in an actual
application situation. ~or example, in the case of the alarm systems, several aiarm Systems were
hard-wircu and deiivered o customers pfemises. he customers were usually given discounts to
encourage them to cooperate. sudbsequent units were designed partly in PO form and partly hard-
wired. After extensive testing, the final printed circuit boards were designed and fabricated. Be-
cause of the high cost of fabricating 2 prin‘[ed‘ clreuit k‘)oards‘ pronted circuit board 1aycats had to
be done right the first time. As a result, the design of the printed circuit board was a long and elabo
rate process. Typically, it would take about 2 to 4 months to design a sophisiicaies double-sided
p nied circuit board.

Trad:ionally, ihe most important tool in any circuit design project would be the oscilloscope.
Although, multimeters may suffice in some cases, the oscilloscope ailows the gesigner to look out
for unexpected situations suc . as oscillations and noise.

[ ost smaii businesss today still use the traditional method in designing circuits. It is still a
cost effective system and is effective for most circu.it designs. The time taken to design the circuits
may be a hittle tedious and long, but when funds are limited, there is no other aliernative. A new

entrepre” 2ur wouwd probably have to start off his {irst venture using this traditional method.
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“C1ro L oastc Tt esi,

“"he wide availabii'ty of computers anc software has eiped automate some of the design
processes in circuit design and developmezt. 7. 3se tools called Electronic Design Automation tools
can undertake Schematic Capuure, PCB Layout Design and Circuit ' v [lation. No longer is it

eegary 6 B Tu g s ew Circt o on a breadboara and iest it using oscilioscenes aus fuaction genera-
tors. infact, an entire circudt cen e aest w24 and tested without having té ioucl & single compa:
nert. T ese autoration tools car ever corvert a sclematic ciagram into a printed zircuit board
layout automatically.

The vse of desigr: auton:etic  too:s be re had a great impact on redccing the developmen:
cycic of new products.  2ie ars 285 errors in the nrocucts developed a o all aspects of the design
can be model.:d and stud’zd, in ¢ cult czsign, kot L J'ge 4iomation tocis have significant
iy reduced the ..ac t7res for clel’s profoly Lag. o has aisc recuced e chances of errors, greatly
improved ihe accurecy of 4o menia on, ang has sip cantly  oced thie doce ientation tooe
Malfvsictions 'n ci-cuii £esign ca~ e 22 2cied ea ;7 and werst case performance craracteristics can
be deducec . Jirtlits ca.. oe It i 3r many ¢ Jerent circ.. istence and 1o .er varying degree of
conditions w  houl havi g to " i 4 anc rebi id e circuit. There is no ¢ iger ¢f damiaging any
componerts ring ine early stages of e cesign. Wode g wiFer o circe s hems the designer
chosz 2 circuit design before ouilc ~g -~ sroiotype. It also el - determine the correct tolerances
for components.

“2cause of ir e financia’ resou ces, & new e reprerecr would have to start his business
oy v nploy'r g the tradiiiona: methods o circvic “esign. Subsecuer  y, he can start investing in the
electronic design autcwr~*"on tools. "™isca ‘2 f:‘oné in stages end on a cr e ~eed basis. There are
certe o ! 1.ds of electrenic C2signs that are t0o compiex ..l it wo.'. De stsi ‘e 10 do using the
‘rd""ona: - ethod, ot the amc 10 of | westmer® in speciaiise " ‘ns' < W' superceqe the cost

oi investing in eiectronic design automatior: toois. This includes designi 5 2 speed digital circuit

gel =4

1

and a'so hig: frec “~ncy analogue ¢~ -*2. 1 such cases, .. e extrepreneur may have to cpt for the

Design /.. tomatic 1 [ d¢ls from the beginning.
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[omay not be wise for a new entrepreneur to immediately mvest i electrome we i aute
naton tols. rie would need to be familiar with the various types of tools and the benefits they wili

bring to his business. Some tools may be too difficult to use that the designer will prefer to ge back

to the traditional method of designing.
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S0 Pdectronie Design Automation Teols

The development of any product that involves the use and design of electronic circuitry wiii

involve the following stages :

~defining the functions and specifications of the product,
_conceptual design and flow-charting,

~decuding on the type of components to be used,
creating the acual circuit,

. proto boarding,

6. testing and debugging.

7. printed circult board design,

8. fabrication and assembly of printed circuit board.

9. testing and debugging the prototype system, and

10, packaging.

oo 10 —

i~

In deciding on the tools that would be required, the entreprencur today has the choice ol
deciding between a wide range of "low cost” clectronic design automation tools.

some of the Hlectronic  esign Automation tools that would be required 1n a project invoh
ing circutt design includes Schematic Capture, Printed Circuit Board or PCB layout. and Circuit
Staulation. Generally, most Tow cost circuit simulation tools can cither perform Analog Circuit
simulation or igital Circuit simulation, but not both xillmiltancously, But recently there are some
new .xr_)l\w;n’c packages that can undertake mixed circutt simulations. Some simulation packages
even support certain microprocessors, and can undertake simulation based on the program written
for the processor. "he tocls that are available are numerous and they vary in terms of prices and
nerformance canabilities between one vendor and the other. Recause of the flexibility of the PC, its
refatively fow price. and the wide range of support available, a PC-based solution will offer the most
cost effective solution. _acreasingly, there are also tools being offered for the Mackingtosh comput-
er.

Projects voiving ™ croprotessors wiii require additional tools such as simulators, emulators
and software development tools. Fooular singie chip microcomputers such as the 8XS!1 have many

thirc narty vendors offerizg a full rarge of low cost deveiopment tools (such as high !anguage

suppcrieg. 5 , C-language), emu;ators, cross-compilers and even simulators. Some of these

toois even inciude 2 programimer. Appendix 3 provides a list of vendors. offering low cost PC-based



microsrocessor developmant tools.

The word "low cost" has come to mean a lot of different things to a ict of diflei. . people.
Faclages ranging from a few hundred US doliars to tens of thousands of US dollars are considered
low cost. To be fair, the prices of Zlectronic Jesign Automation tools used io be ir the hundrads of
thousands to iriliions of JZ douars. These tools could rua ca mini-computers and on mainirames
o'y, vaci, th2 idza of the . ” based engineering workstatior i ¢ relzvively new idea. Years ago,
workstations we. : ased on mini-computers. Cniy receatly with ©. > introducton of e more
power 1l 85,06 and 806436 based s, nhas the gép Setween the U and the minicomputer been

reduced Lo the point that there is aow no clear defiaite boundary betweer what constitutes = mini

and what const’*"2s a . . So what is "low cos."7 70 be practical, "low cost" 1s whatever you yoursel!
can afford. 1..ost of the tools mentioned above are ~'aszi®ad as low 205 and zre arodably affordable
f the west, but in the east they are stili far 00 expensive. " Tis wili be especially so for aii enrre-
prencur i a developing couniry entzring the ou.” 3ss wo-ld. v would also 1ot Se practicai to expect
prices to come down any lower than they alreacy are. “he entreprencur car only hone (o deveron
his business to a point that these tools cai vecome affordzable. Furlh»ermore, peckages that are very
low in cost may not be very user frie~'y anc so will requive much Laoe and effort to use. i'or
example, there are circuit simulatio . tools “hat rean” > the user to draw 2 cirguit on a paper and
transiate the circeit into a series of codes and ese ~odes ore * ~er fec iaio the €o. Huter. Such
tools may ve very difficult to use, they are succrmb o erqors and may not be of any use (o ihe
entrepreneur. But students siucying me ~ematica’  “ace. g may finc ther  beieficial. A designer

on the other hand, wouid prefer to inp.t 7', ¢i L™ n schematic form (say, by using a schematic
editor) and ihe software package wi'. ther siv “aie this circrit.

A designer can on a single  “-based work siato- .ndertake . > following tecks : design and

dra‘t his entire circuit usirg a Scematic Cap.. e software; “imujate and Test sis aesign using 4

<ircuit Siinulation software, aad perfo-m ir g eraiysis of his circuit; deveiop a prograr | ‘or any
microorocessor, o the PC using Asse~ dier, or C-language o any other nigi ‘evel language; 3° ~ -
late and "Test . is program using a I~ ztor software; cross-co nile into e specific r *~~oproces-

sor, dowr-ioad the coae ard prograr e chip (ir “ne case of a ¢ing’e chip TUTTOCOT.TLLe); design
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the PCB Tayout: send the layout to the vendor in a disk or via a modem; and photo-plot using a
Cicrber or photo-plotter and send the film to the PCB manufacturer for fabrication. He can then
proceed to document his work and write the project report using the same PC. He can also use a
mechanical drafting software package such as AUTCCAD to design the casing or packaging and
panc's for the project.

The amount of funds that the entrepreneur has, will determine the kind of tools that he can
aftford. Seing familiar with all the different tools available and the costs will help the entrepreneur
i deciding the tools to purchase, but getting to know all the various tools and their capabilities is
mpractical. There are far too many tools having different levels of capabilities and I'mitations.
However, there are some guidelines that an entrepreneur can follow.

Inidentilying electronic design automation tools, it is preferable to choose venaors who have
been in the business for a long time, and offer a range of nroducts that can be upgraded as and when
the financial resources are available. The vendor can start with a lower and affordable system and
then as the need arises and financial resources becoine available, move on to more sopiiisticated
clectronic design tools. It is also to an entrepreneurs ac¢vantage to chose tools that can be integrated
10 work togetier. For example, the schematic drawn by the Schematic Capture software, should be
casily read by the Uircuit Simulation sofiwere. 2 milarly, the ~7 7 fayout software cen ~ead the
schematic without having to trans'ate ihe software and make changes to the original schematic iile.
One ol the ways to ensure this is by selecting a vendor that offers the entirs range of desigz tools.
But in most cases this inay be too expensive. Fr rthermore, the vendors who speciaiise in sirzulation
software offer better features thar those who o7fer the integraied versions.

“here are also vendors who offer a scaled down version of their design software free of
charge. These tools will not accep: more than 3T or so co.. ponertc ..t c.owise it iz a fully func-
tioning sysiem. New ertrenreneurs ay iaxe advantage of these tocls « " €. em get siaried and

Lo~ familiarised with th2 use 0% ¢ ~*onic design 00ls.
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nenis 2 correct. £Ov examp.e, e Gesigner ur . .iaking 7 wesig /¢ peed to kne o o
th'c'aesses of PC™ ‘rack widths for di”erent ¢ rent va es. Most low 2ost  “-haced cesign tools
will not autu. atica” y deduce is. " rack wi 3, non-standard compoment so.e specilg, via sizes

spacing betwesr tracke for differsnt voltzgs T2 - - anc -U 5z Last . be.  ce .z desig er,

~>

- o s
s

eoctos!lttniitntar catoyrlat gleel rof T2 2 op sohvare wa' oo ate | 0 eccount
Dve Gl v adoroutt g iz a3 ¢f dise. T software w S ~ab s ~oncerne” with cpti-

ferogpaciag snd o7 0 2 Te D T asco g T cedesigt oot oake control ar  enl. e
¥t sensitive ciroy s ate propt 7 ased, © o freco are appoc..ately couted. & Culon sc -
were, ma 2ma el mode.ing 00/7.08 T calLUr te ¢l ce characieristics igroring o rea
si*. “lon of pera UC capaciiz ce an Inc . ce, ot G o clse gl es. T 2 e grer
X easurs wese are taken .0 2cnCa L, 6 € eT e ceviare <ot the coftware pothkage wil aot
¢ o letically take these iro account.

Litmell othertozln iife, T el L0 |/ Sieclic, ‘C Cesigi avlv aatio tools will cieate

~

qore 070 feaew Twa . ca steof Thancial resc rres an v e,
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ecides eiectronic design toois, there are also ®C-based insiruments that offer a one-stop
station o iest prototype circuiis. ~™ess ins*~ - ants are usec afier the circ. - is 2ctaally fabricated,
to test anc verify the actual cperatiz o of the circu’t. Such instruments ‘neiude -C-based osciilo-
SCO g, fﬂuyfimefers, funciion gel .rators and ogic analyzerc. “hese i0o!s come in the form of a

plug-ir card and sofiware. For exampie the ~ C-based osciiioscope cormprises of a plug-in high speed
data acquisition card and the SOﬁ'f-/‘/a.”e soviced ccliects e data and presents in granhicai form, so
as to rodel the functions of “~e osc’..oscope. Te  -hased function g°rxrators are used to gener-
aie all sorts of signals whic.. zre then injected "..0 the sirevit to be iested. /. 8t .egic points of the
circuit, the signals # - 10z ared am'.ﬁ'splaye( vy the  I-dased oc~lnoscope.

Some advaniages of suc™ rettt ente are o ower coSt anc Zexit "ty of ace. These tools
forin par® of the engineer'ng workstation anc so ..e wor . anch is a0t cluttered with ‘nsuruments.
Jata <o’ ted can be stored and used later for reference or © -taer anaiysis. vae data can be easily
poriec to other statistical »ackages for f. rther in " min ana.ysis. The caia collected ca: also be used
¢ 27ing tae docu.aer ‘ation . s.age fo - fasc ar- acc “-ate doc. ~eatation.

“he rea time cata co ected cen be easlly compered with data collected du “-g the simula-
tion stage. This re  i‘ms data can be vrocessec .. athepratically using different mode .. g software
to s22 ““e elfects of such processing ac. vities. “or exampie, the datz caz be processed by some filter
modets to see the effect of such 3 -ars. The processed data can then be grephically presenied on the
mon::or for view" 3. This wo u~ bz s if an actua. variable ~ter e it had beer addea on to the
circ '* being tested. These features wii! he:p identify otentiai problems of a circuit and enhance
ire reiiaoility of the circuit. * w1 als0 nelp shorter *he development cycle for prototype circuits.

PC-based test instrumer:s, such pulse generators, fuaction geperators, multimeters and
oscl. _scopes, are tools that can ba incorporated onto an engineering workstation to further improve

the productivity a-  effic’~ -y of designing and developing circuits.
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it cannot be argued that the use of sophisticated Electronic esign Automation
wols will help improve the productivity, efficiency and the accuracy with which new
products can be developzsd, especially products involving electronic circuits. The use of
maccemedical modelling not only in circuit designs, but also in the development and
tezting of microprocessor based systems, has significantly reduced the development time
for these products. The small entiepreneur can take advantage of the availability of low
cost " based design automation tools. Realising the limitations of the low cost tools and
teking steps to guide engineering designs so as to work within these limitations will lead

10 optimum utilization of these tools.
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V.51 Desion A. . Pearn

Coeenrery &7 [netfie’” College, U versity of Lo

» — . oo vl [ - -~ .

“he rene2 of pocsi Lie oos1gr‘ wyles for 7LCL Losigi.. lans that, v .'zalion-
Sue LT carac . UTulis SILS) are ~ow suittowe v a2 ras' range of

oct o o~ it 13:;13. - . The ferm T LOL *70“y l.erge Scale

-~

e aden) desigi.1s Slten used ¢y ony.. cuc. 7 L« C.C cesigr, although
"~ .2 shoul only app! high-de-i f*os‘gr 179 e ract -~y "tor - dsts, ¥

Fofnit o ms ' L have been proposed ¢ 2 ‘hat 7Dl 15 desigr i & technelugy
w b ininarn, fectire sitc of <Uimp, o0 that it is aesign wiln T ore thoa

100,000 wansisiors or e ¢ ip. © he firsl definitior incorperates viriually all
c. ce T AZT7 Tssionwhereas tresecon  wvow | be mere resirictive,

WLocare s where £5 7 desigrn i, Ut draciical are those whe. _ .arge powers
_U1sE De 1 .ancled but there are f)CoS ‘bie cesign =< 1tes rith ASICo for & mos:
all other avplications.

Tomr s toall £577 desigriis e 2ed for Computer-~ice T Desiyr (T4 7D
sola. T2 I el of complex’ 7 6f "he desigr . ccecs me kes "1ece esce 'al and
he fabricao~ will reguire ~v*L . on tase or ¢ 1°" fromtun CA s ejoom as

irprt o+ e fabricatic,. process.

CFeavelat? f"meign style ave:r " " custom, standara 2ell, gate . ray or leid-
orogra.nable gaie array. The cn2 used  ili derend cn the performance
~quire” irou the cireul Leing desigrnec, the anticipated pioc “~tior @ for
th e device, the "mescale renuired for deli yery = ¢ the capitai available.

.

4520 are suitable even for drofotype work anad feld-programmable gate
arrays are pocom’ig very popuiar in the -rrelcpmer of relaliv: g
complicated prototypes.

1 "al-custorn sesign ‘he cesiorer has ¢ plete “teecd .. O piace i Llistors
amyw “te~”  2chipe™ . 0 ake any it oroon ections that here; fres.” he

’sig will have a fvnctio ¢ Elock ¢+ ach re w ed clls ior coaner ans
o 'parcas T e 2dges. T o2figure Lelon S0 7S &L L la. .. @ IpIloesser

¢ angement.



VLSI Design A.j. Pearmain

i p— —_— [ ————————————

! | I |
! ' .

Advaniages:
» The design car: use the latest fabrication technology.
» The highest signal speeds are possible.
The highest fevels of complexity are possible.

Lladamum use of <ilicen area makes the marginal cost in volume
productic a the lowest

Disadvantages:

The C/ 7, teols requireqa are more expensive & require considerable
computing resources.

The time taken o develop a new design may be high, in some cases > 1
year.

» Skillec designers are required.

+ Uigh I3 costs. A complete set of masks is required - at least 9 masks
cosiing around $15,000 in addition to the design costs.

An example of a full-custom chip is a memory chip. } ere performance and
complexity are essential and the production run is likely to be many million
parts. [\uch less complex parts are also likely te be fuli-custom if the highest
speeds are required.

2. Cczo st ™
There are @ number of design tools that automate the desigr process by using
nre-cesigned and characterised blocks. In scme tools the blocks have 2 high
level of complexity 2.g. a microprocessor core, whilst ir cthers the individual
blecks are at the level of basic logic gates but the tool has inteiigence to
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V051 Jesign A. . Pearrnain

interconnect these gates (o make more combiex strucit 2s. An example ¢f L
latter type of 0] is the B5Z/Cacence SC . 1400 ool

The final chip consiste of logic blocks with routing rathways betweer. The
size of the »uting channels is automatically adjustec in accordavice w’ . the
reauirements of the auto-router. A typical arrangerient ¢t a stemnard celi chup
s show_. oolowe,

£Ldvantages:
- Tighe  ec'iand higher complexity are available thar with gate arrays.

re-che =cterised oroven cells are used in the design, sc design cor fidence
is.igh.
¢ A hig.. Zegroe oo “osign automation is available, so limited e~ ski - are
required and ** e desigr. Hime can be short - perheps as ¢ as e week if
" edesigrnis: .t very ccmplicated.

Clisadventages

© A cc o niete set of specia. masks 5 requirec for preooocton, so f1e mask
COsis ar2 as u gh as for a full-custom design.

v Tancprototyree turn-round  es are likely to be ¢ least 9 weelss "our to
“ve weeks is possible i you . 'ave a goca relaticnship with U 2 fab - zator.

o Tae CAT ‘ocls are ctill relative y expensive anc you require workstation
computing wower.

11a -y 1 cd-rate volume vparts ~o2 designec as cemi-custer standard cell
narte. Major electrorics manufactu-ers have neir cwn standa: ¥-cell I't raries
v

tha” ey have develcped i+ -rouse {or .neir needs, but stanca - cell libraries
are avelable oo purclooe, gene  sata ig:t oost
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VTSI ’Dgsigr. A.] Pearmain

. U es

iy T L > design techriiqu‘o favourec by sr aller electronics "O’ﬂ’)"'\if—‘s Tke
cost of producing . Cl1Ts of moderale cor plexi’ 7 car be very ow Jy this
tocn ique. | Tajor febricators cuch as - tac., vc ro. sacr o Lo Logic
procuce ster dard chips ir.

_ewolih 2 L& covsisief ong < antes They

, o
2lso supol y sc.tware Criorviiigadesiondt erc root’L o b spall

n a ;,raph i Tlns foarewill facivde e oiviato 02 o om ity o
kapao coooun g oen g geas ably poverd TC. SThed e ety oorisg
Satiste Tt 2 resdt, cihiccile cahe s lns U2 ik oy mive
deg the fabric o T~ fab: nafor then adds the Ptz >~ ~neciion & jors

I siandarc array so L“a'-: ‘w2a 7 oolemen’ ke special logic requ v A by
lho customer.

Aotyoiclsmologe.carty . 2T Lo2mets . below

The m¢ ~advanced arrays do 1ot have severate routir.g che==elc t -t rur ¢ -
routing over the gates. Arrays of over 25C,0CC gates arz available a.-d arcays
as smiall as 200 gates ave alsc ave. "2

A~ 1o ages:
» Sta -up cosis are rcletively ~w.
+ 7~°d design & orototyping are possible.
“her-isahigh orobability of s coess.
- Jew asw skiils are requirac.
15a 7 antages:
> The~vat ~»complexity is imited.

© Tredevices.red s ower an v v custom or sta~7e 7 ce desigr.
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VLS! Design A} Pearn..

The silicon area used is relat’ weiy ~ ‘gh avc the cost -1 pari for high
volume s igher an wi 1 full-custom or semi-custorm techniques.

Gate arrzys he e 70 or more rC .ting layers butif ‘s st 1107 Dossidle to use a
vi.y v percentage < f le available gates L practice. 1. & sea-cf-g .es cesign
Oivy abe wi 50% of the gates may be usable because of =0 .ting 1.~ blers.

S5ome companies will ore v1d0 te oy sc nroiotype 82 te arrays for low-
complexity deagn@ for arou. & $E00 and the turr-round time for fabrication
should be better thar. two weeks. The ~esign time shiould orly be a ‘ew days
unless it is a cornplex design crice “ne learning curve ‘or the sof‘ware has been
overcome.

7o e o Can - .t > 7

Iah ¥l

These a = the: wst recent ACZT7 in‘roc wction. 'L ere are two vai - verieties,
cvrays (hat are ::_L‘-smr;rog"“a“ ~eble anc arrays th-:are ““sgrammable via a
non-volaile 1 .r ory anc are (erefore re- prograc 1mab'ﬂ 1elu 20 cage there
is o special progra .1 g _carc et . ugsl.toa. C and the ©ograrmming is
instarii mce  » desigrii 13 corr‘-,p..eﬁec;.

T one meanufacturer's offering e e51gr Cys’:” *is priced at $10,000 with the
2,000 gate parts »v'zed at $63.55 each. T2 v ' cost is 1wrefore high ard
wz'd not be eti active fer volume produciion. The soeed is 70M] 7.,

Ao il lzover Level ¢f comrlexity vrogremmable ogic devices are
availau. 2 with up to 258 prociuct terms.
SR S

Ilost AS  -lzsign software has been as.ed @' cigital desigr but some cell
librarics <o « ~¥ur a few analogue blocks } aadition o aigi‘a. blocks and there
are so . . gate arrays tlat contain ara' gue elements. Wi, the growth in
popuiar’ '9‘ S o 5 errhelogy Ui tent is L ely to acceleiete

“hereare ot | very few suDpOrt tools for custom a alogue V_CL fesigr, but
Cade ce,” 'exer'w’2, now havesuch a 0ol as pe t of their Cesigr. sysiem.
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’; n d_. ,
5. coedig r oo

The standard design cy<le for custom ASIT clesign is:

! I
I
I
| I/ [ i
N _
!
| :
' !
I
!
i
|
t
!‘ — -
; o/
!
1
: 1
E— — J—
dl
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Vi Design £.7. Pearmain
There are CAD tocls o sunport almost every ster in 1 is process and i1
good CAT system these “00ls are weil integrated o thet the -2 is a ninimu_2
of data conversion required.

“ L

L., L S 8 207 0

—

Fbw o nificetion level of design e ~ardware design ard desription
20 g0 (1T 0] is reauirer. Such a lariguage is a extension of a

v orammi g language 20 1 e o e that is c:obably going ¢ become “he
stodavdis 7= 20 Thr o heo 4 wa as the a Aerly ag language struciure. Tools
w support v 1D U otinclr Csimuiation are just becoming evailable Lot they

generally oo ly sup o ovia subsnt of O~ Tanguage. The Lem.guage 10 . ol out ¢ oes

coes
not support dasign cwn to the le roui level. Vo ) L origina =g from 2 J.S
oL Tnl b szienzs onstiative. Anoaternative origini "ag " om L > UKL
oo T efenceas T LA, which s sold as a con plete syste... .ol ding
somulator w1 & souport en ironment.  cither cac : the (9o0ls req it @
workstatior such as a SUI, - _cwlelt 2acka~ - 2 C machine.

A mumoer of 1oois suu 7o scher atic co L ouls of logic design Gome, suc! as
L7202 cen be used as a capture 0ol i e aumo~ of logic su 'z 7rs.
~ Do iees sesign systems suc - as those sold cy L oentor: ¢ by Cadence have
sheliatic ¢ L aand logic simulaiio  closely combinad, togeine: wiik
granhical ' hnin 25 fo - specifying and slewing the rosults of the si,  Lawuor.
4o well-knowr. log, ~ cimula .cr that has ne buili-in grapicai front end is = Lo,
Jhesimetarors themse'ves tvilh tun o~ a vority, of woorlstation an?
miricompute * Slat’orms with e graphical pre- and Lost-pro “ssing i uwnir g
o ajer vorksiations, Aith the inaoduct on ¢f - 7indows inierfaces io the
grohies? paris Meotermdtiale of any deser utio  car be used, aithough not all
ver: o5 have vroduced licensing systems to allay, this.
- ireull layour reqaies gooa quality graphics with colo » o represent the
different mask layers for full-custom desigr. .© 1 desig  system attempts
‘hecks of th> avout against the set of fabrication ¢ esign rules as the design
b.cemsser considers nll computing power is also required. The lates: systems
e a M 3yte of 2ALv and systems of about 20 SpeciViarks for reasonabie
..l rmance

‘There are a number of other checking iools available on integratea desigr
systeims. These checl: »lectrical connecti-i.y, the correspondence bo.ween the
logic "siginand (he ia rout, ihe testability of the circuit erd vy will also
5C..20 L2 Lest vectors.

Caf WOy easy o 7 esign an ingegretes cirett thab tioo-possible o oest. Toere

2y e as i drangigiors on o the o "5 b il 108 pirs ¢ access the
systoru Ilis L oomcfoie it to conside he tesiil o rrobler 4l ve rogi. aing of
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The propagation of a signal n both the semi conducting siaterial such as silicon substrate s
scmi insulating material such as Gallium Arsenide can be described through the two mo Ul
oneration:

=Slow-woeve mode;
~Diclectric quast-TEM mode.

In >low-wave mode the propagation of the signai is through the bulk of the semiconduci o«
this n:ode the Lpstrate such as silicor, appears as a lossy medium which subseque il
altenuates th:o,onal. Alternatively in the dielectric quasi-TEM mode the transinission ¢!
stgnal oce s ruugh the bulk of the substrate with very small propagatior losses which s
tyntcal of da,‘w m Arsenide These Iimitations could oc overcome ihrough the mcorporation of
opticat tiierconnects. Thus, Gallium Arsenide 1s emerging as a possipie contender for Ultra
Fitgh speed systems.
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u 9
W E .
_9 o
+ . ey
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+ + 1
. | — .
‘ \
Valence Band Valence Band \
— — i
Crystal viomentum
P A S Lo D Tehe ve, o

Optical . “erconnect carn ei. er take the form of opUcal f}brcs or thin f1lm vaths (¢.g. aluminium
oxice) 1 cgrafed or . > C.ur carrier as shown i Figure 2. Another form is lhc free-space
mterco w2 v/here focusseu or dinfocusad light is broadeast over an area, whole or system. This
can e ed *0 su~oly a high speec global ciock to a VLGI circuit without the usual routing
con dier /.. ~re an onaque maskmg layer would be used to shield parts of the ckip from

unwe % Igt.

1 the late - SCC's US raanufacturers of digital Gallium Arsenide circuitry bowed to the reality of
afedornaz a1 con world. They began to iatroduce GaAs integrated support circuits which
hea nete 2 ey power supply requirements nor i dlosyncmtlc input/output vollage 2 els. This
stpport ciret’ -y provided the basis for GaAs chips that looked and actec ke silicon ¢ * ~3 bui
w- 2 faster &+ 7 ssipated some 50% 10 75% less tower than their silicor ECL cou: tmnert. This
turning po.. . Sroug.tabout asigr ‘icant infiuznce upon the future trend for rm)lf*mentanon of
Ultra ™ "gh . “zed, high terformance VLI systems.
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- aeformarce /LS sysiems, itis possible to take the advaniage of 3’ .c.ar (ransisiors
- - v = perforn ance of meriory cCOMPOrenis and [/O diivers. Ir 2 Bipo.a I ..sislor L.
gommiteer g varies h eary - u. temperature T (which can be kept reasonat y copstant
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Mo v a5 be . ~ ¢ _acion of & ~atce  of ‘us emiiter doping. The active ca.. °r s ite
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The general layout straiegy at a higher leve! of hierarchy is shown in Fi gure 11. There is one
row of MESFETs on either side of the horizontal power bus. There is tiie interconnect
chaanal beiweer each pair of rows of MESFETSs. This means individual MESFETSs can be
sized for performance without affecting the pitch of a basic functional block.
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The new design methodology and layoui style for T CFL, CCCFL and SFFL classes of iogic
has shown considerable promise. The concept of Ring Notation fias been demonstrated fo be
2 useul mapping approach for hi gh speed GaAs circuits by considering the influence of
power and signal buses during the .., out phase.

-k

S Txle TS
The contrioutions towards this program providec 5 oy Ms Song Cui and A Feamo= -Smith
from The Centre for Gallium VST Technology, Mr E. Bushehri and Mr R. Peayford of

Middlesex Polytechnic U.K. is v ery rauch appreciated.
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Jemte or Jart ™ Arsenide VLSI Tecl ~cTogy
The Jversity oi 1 .eaice
- oo bocst b

Ore of .. 2 major tasks that needs to be addressed eacly on in the design of ‘gh S-z2ed and Very
Tigh Sneed 7 1LSI systems is the optimisation rrocess. e very { st step at the systems level is the
sealisation. of a Floor "lan  1c: . 7 necessity 2ntails some inc of Aigorithm Transformation. Def =
map ‘g a system intc eitter a Gallium .°se>'de iechnology or fo. vhat matter into a ' 'ga speed
sicon tec ology, careful consiceration must be given tc a number of factors, inclur 1g:

o regul oy
planarsi:y ‘
> in%ercer coin .- lication and iateraction
: jaterce! routing

aoclock 2

o power distribution & routing

1 control

o chip area.

o Ussipasion
As a system’s ccmplexity and operational speed increases, its cptimisaticn aiso changes as a aumber
of different factors vegin to infiuence its creation. Tor Tigh Speea /.LC! Systems clever partitioning

L0 L Y o . .
1s at reducing implicts comnlexity by minimising ‘- e ameunt of interaciion zetween subsystems.

It-1s crucial that circaits or sv systems interacting wi  high frequency, are plhysica y proximale,
otherwise one may nay severe vena.iies “or 1ong, . .gh-dandwictl ‘nterconnects.

T @ siens mve e | during  1ysica’ mat Hiag of aigor.inms usually enables us to Uzhlig
‘rheren’ >=ralle’ism ‘n the aige.thm

deier ~ e maximum tarc "1t

asiablish trade off between late. 1y az . !

_cug -ty that may leed to ineli~‘ng.

[2BY]

he apsroach that can be pussued duting the o-ti~‘sation ~~ocess of a Very 1 Speea VLCT Syste
can best be illustrated by exam’ ing a typica’ lesign cycle. /s an examp.e &z imz ,e processing systen:
for aerostace applications will be considered for such ax exercise.
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ot 1ay o - atein ths wvisizle Za.. |, 2322 80 .. ..0.mages may have [ e, . T. .. vet  ions.

cen Jstrat clispe T o2 LAl Lol Gnege e, g, WoLCRIS SIRy v u 1010Tiug AD-
e cered tesysiemwo. Atcwone ext » o0 0 cis zia oo, pher’s
ot Taconce Lo iboagloe o se el soec ] alesysiey o e L0l S wPss 0 ocess g

i . iu_ emeated by . _o_mc T Tev o2 o

e 2

1s, {or st ae ©racs o cles, e oen - - registrati~ would be necessi v oL g ‘e i«

VeIl .o V..cCes, . gL 8L 2d Jaks.z..mvaeenci.. s b as.a ynomia. ev v oI cou |
be desiis x> b osuo. cLgask. T e owen oy ‘=u~ shai e’ cbjects, suc: as other
aerospact Lalb, ...l .o .C.ymo. @l evaluator can ve . oed o fud the ceatic T v ss of the chiect,

asan ¢ gincrid . 2 peint ic- registraiion.

“re colyre~ evelatc fsan a2 of a type of processing element (" ) that peric . 1s 2 reason-
abyco o we " whiist sti ™ Deire ar<h'vect ~ay s 2. Although the }_: le_-entatica decided
upon for -is pa. . ular & - lzation is Iy uc meams tae o 1y . -oac. no: s . the fasiest, however,
it wer s ver 'y, aad with mirimum ¢ f) 2rea. - i~—ottant asnect of the desigr. me.. d¢ology is
t-:rzee for bets o:- lewn anc botiom-up 8 ..0ac. 2. Ton-«c ™ design is necessary io allow the
beh vio ral descrintion tc *e reziised correctly, anc vpottcr~-up design is neeced te ensure that the

a4 n

al*o _.cr. chogen to I plement the P 3 is suc that it can oe read’ly ma_ sed inte Cal 1 Arsenide,

anc “u Jaermoie ‘s consistent wivk the acceried design it cimes a-- ] _itations of the technology.

The class 9" logic thzi was chosen Tor the ¥ ~nlamentet -~ F'sc - ticze! 2lemernt is Sc

Jirect-Coug 'od FET Logic (CoT7L). Tl is ¢ cicels Lased  ,on the favouradle - “ysicel characieristics
t>ac this ci2ss o ‘ogic dis ‘ays, namely | ‘1 ncise- - gins, gz L temper ..e sta. 'y, an " also gooa
far-cut capacilities.  1e power dissizaiio 2nd switching delays zisc . = comr = le with that of

simpler = ZFL.
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piiate tec s 0ogy, 1 this tase t 2 caosen te! 1C ¢y L. Lo a7 L seide.
‘1 owenerat -~ of a polypo ra may bHe re-w.ilien ia t.e nestz 0
B G - N \
y(2) = ((.(2n2 + 2n_i)T + Zp_a) )T+ ag
As can He seen, "1 tais 2.7, wc evalvate points on the general curve, NN muitiniicaticns a - N addi-

ticns a=~ . cessary. ' The muliply .o ution is significani as it cen copsuvone considel. .ole amount of

1w

chip area - n.-efore leads to niga dissivation.

wever, >V L. rm.aing the poly tomizi, it Is possible tc transform it into a form = Tk ¢t the only
opcTz Lion necessary for the evaa + a0l 2ny point on the curve from the initial sta iug po .tis found

by . 2 si nyle a diicat'on I° a1 ~2cursive addition process on the adividual bits of L -t . the initial
point o - a sct of ccefficients. 7 e decomzosition of the algorithx, into the recursive siruciure, caa
be ex1 sssed [a the Taylor series form:

52 h™

o0+ h) = y(oe) + 4ie0) + = i(z0) + - + ey ™(a0) @

where:

2o = some vaine of z for whica .he de vatives g,9, o y(™) exist,
h=u—2g

and

z = the pont at which evaluation of y is v~ ~ed

Teuaiion 2 may be re-wriiten as:

v(zo + h) = y(zo) + d:(zo) (3)

where:
. 22 .. hn;i Wn—1) \
dl(zo) = hy(zo) Jr_ ‘7'y(1;0) 4’- “ee + _/n 1 \'_' . (SO/ (A:"
K \ - ‘Iq
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Hrot D=l o)
di(zo+ 2) = wize) + co{@a)

do(zo + 2) = a2(zo) + 2a(z0)

Gn_1{Zo 4+ 2) = no1(20) + dnlwo)
dolzo + 1) = du(ze)

Wi 7ot i 2 mosi Zeneral terms:

oq Y= L ne ol hzd'.( h*J ,(n—j)( (8)
J(x0+w)"‘JW‘)‘FMQJ\"CO)*‘_ 2'J$0)+~--+'(—7-2Tj—)!aj "CO) !
anda

A A b, o
:ij(ilfo) = .7'_1(%0) + ?, ‘j—l(zo) + s + (n __] + 1‘)z""j—f, (x0)7a0 = y (‘)

e

z- = xo + A,
‘nen given ..
d](l‘o),] = 1) - 3n7y(30)7
iv hecomes "5 e io calculate exacuy

9(r1)ad](371)>.7 = l, Iv n.

'lexnce, any neint at an “ategral | . .wer ¢f 2 away ” om & may be evaluatec by the fcc ring recursion:

n . \ o Nt N

Y(wig) = gl@s) -0 1)

! Y — N i
{11\‘\5’3{_:_'}.} = 111(27,,) W

tign) = da(n) +ds(c

() = Y [
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t ssyst ~ - -~y e calculate . ~vic T or possibly storec for reirieval v hea req "ed.

dj(.’l)o) = (

it sho - De nowe” viaw e mani™ ailons re¢ irea o cecaverti 2 2cbitrary po mo into the form
Jlalisra o oo o7 thisalgo .1 arenctsrivi . L. smeanst e coe. icients required by the ‘ardware
may iake 57 ~e time Lo casc ate.
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ua.'o. roalc becs*iinee _to.2 zo2f __ents - . .2 27 3 ate . at run-iime, since tue time spent on this
calcu «ion wor ‘¢ | 2 07set Dv .l e large numoer o iterpcaiions necessi 717 She ‘appic imate from
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S LD/

ULz w0 cell st Cctural layoud.

With _ference o "ig. 1 the notation baing nplemented is as {oilows:

d(n - j) = Coelficient (n — j), all except d(n) ciange as execution cycle is run.
d(n -j)u= utial coefficient (n — 7), ioad~- at start-up.

y1 == Tnitial eva vation po.at.

C; = Carry in

-

Co — Carry out.

The coeflicients d(n — j)i,d(n) must be loaded aitially into the system. 7his can be achieved by
the inclusion of a 2 way multiplexcr, so that when coefficients are being loaded into the system, the
adders are by-nassed and no execution cycles teke place. ™ /ith the addition of this requireinent, the

system now has iwo states: _oad, and Ixecute. [t is ~ossible to use an extra 1-bit signal o realise
this control. '

3.4 % il Dlzell oz Flols )

A singie " cell consists of the thiee functional elements, an adder, a register and a dipiexoi. - hese
elements may be connected as shown in ¥ig. 2 to form the P3 cell for the polynomiai evaluator.

The approach lends itself readily to reolication and minimum intercell communicaticos anut routing.
~ single " E cell may be replicated beth horizonta .y to increase the order of poiynomia axd vertically
to increase the bit size of the results.

Jd.' . o | esc iptien

The physical description entails design anc layout of tie casic eiements of th : P namely the adder,
the register and the diplexor.

348 T .. 7 ey
For ihe sake of sirnoucity, initially a simple ripoie-through carry adder appeared adequate without
overly increasing the complexity of the ceil.
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.
K w40 Cereratic cf carry resuii.

wse ul o ciass of logic that has been decid~ vpon for the implementaticn of the ™ Jis £ JFL CaAs,
is ~cossary tC ranipt ate the equation inte a fo... whicn contains oriy ‘nverters and I'C . gates.

L7 sale T 0%, s of the ‘wired- .’ form, and hence can only be used between N7 . gates

U

anc inve ‘s Followirg 's the logic expressions for tae three required results aad their traasiormed

equ vale s,

Trali-Car " :f Lk + /k—k = ZE + Z;Bk

k= Tkt Tk

I v

Sum. S = 4kl +.

Carry: Cp = A B+ 2l = '/-,crf;:+ o xlk

Mirs. 5 anc 4 I asitaee the logical transto . atica of two of the three expressions.

[

KRR Cosaast oL

The register chosen is by recessity an edge triggerec wevice. The cate at the inputs wonld be changing
waile the daia 25 . 2 ouwsout is still needed for the next 2T cell to the right. Therefore transparent
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latches can. of ~ea.ise \lus - romerty . 7iihont ulacing constreirts on the cio: - gst. egy. Thus a neg-
ative edre- " =vec ' trpelatchasshowalc Tl as. » en.od.

m’ . =
% L —

The legic e: ation i at describes . e ¢ plexor, as she 7 - ig. 5, is given by:

:4T0</4/+.‘:‘;

The cell anc was realised us™ ~iwo 87 270 ¢ | zates wi*: their outputsin a @ " se-. .’ configu-
~ (&) .

ration.

R S SRV OF

The PE ceil in its antirely consisis ¢f the adcer, ¢ evcr and lztch coanested (= such a way sc .hat
the © Hut 1o e :a* " Is selecta.le Detween the 4 ir i e the adcer, and the 5 out) vi o the adder.
Depen ling on .. e state'of the cortro inpvt, 2.0, either {a} “esystem passes constant v .. es 'n.ougn
the fatches (la*=- = ut = /4 cf alder), ie. ioau” g caia coelcients, or (1) the systerr executes an
evaluatior cycle and prcduces a result (latch input = & of acder). “Zce ...e cut.ut ol the diplexor is
e co~rlement of 2 selected input, it is necessary tc conrec: ihe ¢ _exor eutput t she D input

of the .ic in orcer to have the correct vajve iatchec. 7 e 7 - | 2.t latch is connscted to the

output of the N7 __ gate adjacent %o the = inr ... This alows w o laich to be oreraiea without the
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g re 6: Diplexor logical representation.

normally required complementary input. The & output of the latch is connected to the 3 input of
the adder, to realise the feedback path and herce the recursive property of the cell.

© Y Plys Layc o

tach single - & cell contained the three functional elements, the adder, the “-latch and the diplexor.
““he adder cell was initially designed using the ‘riag notation,’ ie. a design methodology most suitable
for this class of logic. ““he floor plan for the implementation of the FPE is shown in fig. 7. It
encompasses all the necessary design criteria, including nlacement of the input and output signals so
that the P¥ cell may be assembled with minimum length routing paths between sub-circuits. ’
The Ring Notation diagrams for the three funciional elements are shown in igs. 8, 9 & 1c.

In the diagrains, the thick horizonial lines represent the power and ground buses. All the buses have
GND, /D> and VS5 rails, _us (1) also contains LD and LD signal, bus (2) has the Clk signal for
the register, and bus (3) has the feed-forward by-pass path for the Ay signal throngh the adder, and
the feedback nath for the § output to the 3 input through the register. '

In the layout, the adder occupied 5 rows of gates. This was fortunate due to the fact that the diplexor
occupied one row, and the T-latch 4 rows. This perinited the Adder to be placed on tne left of the
ce. , with the diplexor and the latch placed vertically (félative to each other) to the right of the adder.
The full cell arrangement is illustrated by Tig. 11.

Since this placement of devices occupies 5 horizontal rows, it was not possible to stack these cells

vertically, because two rows share a single set of power and ground buses. Therefore it is required that

an even number of rows of devices be present in order to replicate any block vertically. “ence it was

necessary to layout another PE cell below the first, and an anti-symmetric arrangement with respect

to the nower and ground buses. This arrangement occupied now a total of 10 rows.

n the 2 °F cell arrangement, shown in Tig. 12, the clock (clk) and control signals ('LD and LD), as

well as the feed-forward A signal (to the input of the diplexor), and the feedback @ signal (to the B of

the-adder), are separated from the 7SS and VOD rails. This is due to the high level of crosstalk and

capacitive effects which introduce noise into the supply rails when there are fast switching transients -
on signal lires neardy.

™ ¢ PE wil only load coefficient data when the circuit connected to the input buffer has data available,
and similarly the P will only clock an execution cycle when the circuit connected to the output has ‘
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al

&, e .: Adder floor plan block diagram.

1o "cated thal = ‘s ready to receive data. The Logic ~“orks’™ circuit diagram of the adder, regisicr
unit and the * ) cell, together with corresponding simulation results are shown in Migs. 2, 14 and 15.

The p-~pagatio~ -“elay of cach cell ir a horizontal manner is approximately 2.8ns. In the vertical
direction, "\ is necessary to examine the propagation delay of the carry signal through each cell. Sihce.
durirg ea” ~ cvaluation cycle data is only movec ‘rom oae cell to its immediate right neighbour, the
horizonta: delay is independen: of the polynomial ¢ ~uer. The vertical delay, however, is a different
matter. [he carry signal must oropagate through the entire bit-depi.a of the array and allow the adder
output data io setile in the most significart bit before ary clecking of the MS ™ row car take piace. it
does not « , ea: advantageous %o clock the lesser significant bits before the entire arrays adder output
is stable.

The estiinaiion of ine delay time car new be made. Using the ¢ ata obtained from ihe adder simulation
plot, the carry signal celay is in the worst case 12C0ps. Therefore we must wait (n — 1) times this
long (for » vits ueep array), pius the horizontal delay. As the bit depth increases, the horizonta! delay
contributes relative.y less o .. 2 cverall celay. Note that this is only the theoretical minimum clock
aelay for an evaluation cyce, and a data loac cycie wi'' rave considerably iess delay involved, since
no carries are required, anc furthermore the adder is oy-passed resulting in a very fast load cycle
(compared o tie execution cycie). The delzy (for the execution cycle) is therefore estimated to be
7412C0ps (carry .op. celay) ='3.4ns + 142800ps (PE celi prco. delay) = i1.2ns, giving a theoretical
ciock speed of 90N . : '

Althou * this figure could be constrred as being fe* 'y s. v for a technology such as Gaks, the most
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c: itegister cell ring notation.

e 1C: Diplexor cell ring notation.
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I, =2 li: PE celstruciural block diagram.
se” =~ s ~roolemn ceev. I g dereis ‘2 time co...-.exity of the array Ceiag provortional to © 2 bit-denta

of the ind'es eniation. I this 'ependency cc' . De removed, or at least rec .ced, signifcant savings
could be made = the propagatio .  .lays of the array. One possitle method of realis’ng this would
be to suostituie t. e present r’_nie-t " ougr carry acaes with a cevice such as a 4-bit ca~y lockahead
ac .. T'is we o1 significantly reduce the time taken ‘or the carry to propagate verticaly through
L@ ay,a hence’  rove the cverall perfor—ance of the circuit.

. | . .
i L EEEE =
4‘: Lo . C — st

e s z-ificani contributicns provided by Sam Mosel and Derek Abbott towards tae preparation of
this  wwulal I8 gratecw,’y acsmowledgec. The svroori provided by the Jir “loss ang Jir Keith Smith
Foundation - -ards this researc_ prcgram is aisc noted.
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~: Polyncmial evaluator cell.
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*: Adder and simulation.
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e 14: Register and simulation.
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circu ‘or,lowa :iaterstege: D er,la ¢ v muator, circu wor, !’ IR a,
sizm 1 ‘oz cor _ sched to F outout. To desigr = six _ statelov- ~ . v fies fipy . llv.

the . 1o s ‘c _ .lng circuit elements:
1. Jilumr U107 resistor

2. 000, e 2l e trzar T

S, 7B 10 2F L0 ceh

Py . ‘ pa ) _

Gain

ST

- *(%) .equency o e T8 8 cn:.
.. te 1. kgl ' ~ ices

omotors. 1

as . .
O Cive “C. e T devizes ¢

Electroric control circuits © : clier desic ed &
orde: to - -vesrT e - eni circuii, waere ipe ‘osses . cio . o mir .. ze« . 2 . 1@t
curase racdel of the nonlir ez circuit - ercents [ the metor. ©1 oné cire 't 8 don (B 28
are el .ed to - el e R, u ¢ J- ~ielewe sory erero i orliess.eiat .2d,

- —

rather .. ‘e modeals arz exployed. For instozce, the - | curve ie ~ot ¢ - ‘inear’ % . 1t the
Liysteresis loss, .0 en ver, sigr ' Izat I- -3 switching circuits, are ig« od. Tzshe’ preser " here
an el2meriary circult miodel ¢ nonlinear magnetic devices ¢ ven by = ued! .al sovrce.  oult i8
curreniiy unde  + v develcp a more genar “ed siteuit mocei.
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Jdermel e

B = Foya.

wrere 11 is tae aumbde: . __guetic dor "1s. Tifferentiating (.} and ie-

+NE.=poli+ N, [luid,) .= (25)

i, iz oppliad to & magnetic materiel, te i density

]

t _ng we pet

Jao = (mp-- 181 m) !t ouigc D).,
N e (36)
(37)
hers 1118 the reversib.. permzetility . vi..2ve citycf’ .come  poveme . Theire Inetic
d. | ], duz to the corneia . oveme.' s
N PN .o
= ¢ ., L0y, (38
anc the resulte
B -+ :
’ LN ) - - 1 l::‘r s
g + . /.. - tJv (s.«‘d)

woere s = [~ jat—u'-
4 = 0.01, s = 2000.

For sinusoid. ., iiwe var

U =r

1

Wulre
W)
‘u Y{l ~

where » & . ! are permea’
hysteresis ioss as well.

T ure 7(a)

/., tne s ssteresis coef’sient. Vypicel ve '

, €148, dsing d, dt = jw, we obti .

= (@t W

(40)

- et e po= 100,
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v

om (¢

(41)

s? + !s)2;;,‘ i
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WAL (42)
_ws(p — ') 147)
et US4 (42
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Figure 7(b)
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For circui’ analysis, the magaetic devicz is recresented by a. lrapedance 2.
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T .0 .oarajan
Depasbir 2 "o To...d> €. Jciences
Fac..l70 C.gl eer'ag
Universiiy o7 Peraceniys
Peradeniyea
3.7 Lanxa.

RO o

No . ear phenome a sos red  ecy cal circi s end wcnousy ‘eg,iectaa as de’ ... . stic
qoise have now bee.. 01~ . be no~ neasities © ¢ couic be 2ne ysed ro T vout con 7

a . aericans. Chaos s a specia. .,pe of “or -ea [ Tecie"uy ence mered o /™y arnaog.e
elecirical ¢l -ci.'us. 2.8 panes 4 co .cel.. scieine 50 chec  vhetnes an cl°ctr1ca1 circrii is chaoiic
using cot et 870 wation wec,. ¥ ques ‘s descrivec. " e s _.alion sech: gues will peuse e

desigr stage ~ 12h ¢ rcutis positire y TuenTed as chaol.c ¢ be redesigred so as o eliminate
" canotic ve wv o .

1oaguey o 20 O

U w very recenily, ¥ oear circuit iheory usec Lo be nn.led for &' electricel circuits and an elec-
vical engiveer did mot use to W« ¢ evonl vossible o1 eas coaractesistics ol cizevits when
designing elecirical syster 5. Sven a eiectrica’ syste  wo s 7e. L ly, cue to comporent
aging anc wear and iear, ‘v ir'g L becore torinear .o respond ' an.edidla. ;. Tae disto.tlon of
sig'*nais anc the gerwere:i,io; of harmonics  some electrical systems waesn ey M ve peern L. Oper-
asion for long are ¢ _ to suc! ~oa ‘icer cherrcteristics. ¢ tlie pasy, sucl efiecis were 3 zcted
as determ:

inistic elect..ce. noise.

“The possibility of nonlinear characteristics suggesis iirat tie steaay siate system response can
be chaotic - L2, the sysiem can resvond wu: predlctaox-' " 1e limii set or the steady-state response
of a non-lineas systern car cither ve an eauvilibrium pol..%, or z periodic soiution or a cuasi-periodic
solution hai is the st . o  any periol ¢ solutions. Apast from: these iimit sels ih-re ex'sis an-
other ore - chaos. Chaos ca  He deflined as none of the above, that is, as boundec steady-state
Hehevios - thadb is not ar equilibrium poiat, not periodic and not o asi-periodic. " .ie fundamenial
satare of a chaolic system is e sensitive dependeice on  itia. condit’ons: given two distinct

“tial conditions arbilrarily close to ome anoiher, the irajeciories e ~ana g [roni these © Ll
conditions Jiverge, 2t = raie characleristic o” 'l.e systen: ur " tney become cor, etely uncorre-
“ated. Chaos s ider Ged in nary forms anc L1 many  &ai-. ace and nature systems inclading
wlmost al branches of Tngineering. |~ nle chaotic elecirica. systerus inciude randomly | inking
neor. bulbs, computers prin ing oui streams of random: dafa, electric motors suddeniy spinning
ou} of control, etc.

To avoid Lhe malfunciioning of elecirical circuits, it is necessary to oredict chaos usiug either
‘aboralory exver v ents, computer simu ations or ...athematica! proofs. Lf suck identificaiion In
the eatly stages of designing is possible, . .en . ¢ sysien: designer can avoid the desi,, . pzrameter
vaiues for <k cliaos is posiiively ide fied. Therefore one reeds a coherent sclieme U allows
10 foresee anc avoid chaos in elecirical circuits.

To ideniify whaiher o syst- — is chaotic, & number of aralytical meiliods & re availadle [ 4.| 2]
[3} owevei, most practical °lectr1ca u'/ste“‘xs are so "0 xI'* ear Lirel rt is i )ossml\, to stl'o.y them

189



With the advent of cheap but powerfu: persoral compttlers, it ias become possible to cairy on!

numericaly intersive studies on nonl'near systems. Ia ihis paper & colierent scheme Lo ania.y
nol ¥ iesr systemns and to ‘dentify chaos is presern: :
#or T ar wowuleles nocct * oller for

d. Usii, woiird ordes ronli zer svsiern, wiy

Tuat o WY A8 Aul

3
)
5

}
9

S0 Syste De” U Hm

o ilugtiate tie chaos identificaiion metinod, we use a « »'+d order sysiem the! combalzs & dea -
toae 4«,1;“/ eiement and simulates an elecw.ic motor controi aysier:. ” ! .
Jis. o0 Tuerelay elemert o the syster correspo-us toz ¢ ni

3

. ™8, Tl zscheme applies nathen Licai v 0ois, s s ile L3 L. ey SO L

? - o
v G TIC

s the simnuiation cesulls it Ll e ¢ erachoiivics 60 O ¢

3~ slailo  sechniques, and coi - e
chaotic sysiems.

i

() B S0

s Motor

_+&f O

A |

-
-

Tiguze L. A third order nonll eear sysicn

Since computer simulaiion methods are essentially nu.. erice” we »eed to specify the systein
dynarnics as & sel o first order differential equations. f we denote ihe states g, the velociiy 6, and
acceleration 6 by =1, ¥z, and z3 tespeciively enc ‘' ine reference ' dui ‘s zero, tiren i systen:
equations are given by '

7&‘1 = X2 (l\
_ 9
T9 = T3 \2},

1
. C Iz
%3 = — =Tz p -, 2]
"0 (2l <) .
where v = « 5 spnls® >|| ” N (4)

sgn(z) {[[zIl>¢;
.
Y

. e N i ’ £ < O} RN
and  sgafz) = ' . . (8]
g ( 7 . i <z>0> 7

Axny sirlation orogram wiich can solve st orcer d.Terential equatior. car be used for the
simulation. We use W "L ' whi. so'*ves frst order JCZBs using {"e for v and " order,
veriable siep-size Runge- Kutta method. Though the mechanism provided by MA’ ‘L} 5 to solve
the equations is very slow, MATLAD is chosen because ' can be usec very easi v o i ‘"iemieri
the other aigorith:us o analyse the system. . .me.nat'vely, one can use any other program w “ck
would give a faster mechamsrn 0 solve il e eque ions, {or exampie RegSim cr NAG, znd .ren

import the soluilon into MATLAB Tor Turther 2na! ysis. For the simulatiors the following vziues
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=15, a=5 5= s, a " r=050.Thei:" n T2 -chd

- in the Apper .

%% Twe_ectoTles

The variation of hime wavelorms ol T = " 1 @y 230 W. il L€ ae 2008 ¢ .alectosice L1 e ph e
olane o their denes Junce . dilaice d o L2’ 20 Tcaeine To n'i gl e selizviour of any
systern T zuce 2 gitus Jho s avelotr s ov @ sew of - itie ol dllloms. T oy e LUl some 0. alous
che a2 ieh o whice we wo d ach & 20l w oM & eeciIical mowes. T L€ s eE v.auo . no.

o
L

IS

STOREY ;seie of T T T con o .0n8, b 18 1ound v v e 81w €28 AL < w2 POSINICHS U
RIS © su ]~ el < aracierize bue wavelorms very unpred o oy whern . o (pitial

cmcn o ose e ghtly met e 2y thels orfgieal ve woes,

leaponse ol the aysiem

‘

w2
|
|
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i
|
|
i

L

300 400 500 600

o 0 200

Simnulation lime

Vgl oo 2. Yavelorms will .el condlons [-.01 -0.0b -C.1]
{ w n\ .
—z . g - o)

N

1t 16 noi Hossible to predict 1e cieacy siate deraviot o e systen: o a set o give * jual
corditions i wd the o0 7 way te ¢ 0.3 -esier s -u e response is tos© - e -e gysiel of
e reauited 113 col citior. e s _ae . . ar .« racteistic of  y ¢ otic sysiern (4,
)

[6). " his botaviour wc. . De 2xpia’ied rom @ woecreliia doint es well. Theorcae .y e syster:
l

1

v

s alalley o ny equl o wx N Tep = 1Tieg o T where =1 <z < 2. tlope (U e
equilivri* 0 voints are aiteacting  * ihe steady state be wviour of e syster: car ol be & sleac
motion. - ‘

3D trajecloty °

s

Figure 3. 3T L.ajectory wil.. l.itl.. cozcitions 0.5 1.C 0.5]
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cycies ¢ wn as chaites. The spectra of . . :ycles have ~"esci @ -onitso ‘e o~ amenia
.

frequency iadice 1. : periodicity.

Power spectral density of =,

e - -——l
sos|. .
102} W
1031 . A
10 f \[\ B
o). ' W/\M ]
T N I £ T

Frequency in rad/e

igure 0. PSD ol 2y . el cora Joas [0 0L L
1 s

miT/P  piaces the {fowof av -7 orde: conu ~ ous systein witl: asecond crde discreie

 ensures Lot its limit sels corresponc w0 e - iseisoluevu leryl [ ~we ¢ oridges

thie zap vetween contir ous and discreie sysiemns [6]. . 50 the craer reduciic - " es 2 fomi e
Poincaré raethod is znother usefu. ‘eature. | w gives - ersection of 2 ira ectory with £~

giver. ane. Tc .bluin the Pcincaré ma ., a iwo ¢ ..easiona .sperst. ace I, w ‘e “ides | e
staie space .nto Lwo regions, Dy Jor wi's L 2 dot procduct k-{z —z2z)T > 0. w] Tl
v v — gy <3, v e isi onorr izl vecto ¢ lie plane ¥ i ¢ s is 2 . arditiary poit lying
on Z. " L is chosen properly, « en i e . ajectory . ieer observatics i d.epezlec.y pass .al0ug..
¥ cirossivy ‘ot L ‘nto Dy sic. as | straied ix Cigure 8.

T

] 4 ?4 5—1
o / - - ‘he intersection points from

" f L1, T3, T .o BIE che inteisecilon I

/ / PR Z_ into Do

| !‘- .. K Tg, Ta eenn ace rom L, into Lo

5 23
Ty ! A ' '

Figure 6. “wo sided Poincaré rna;j

Using e sign: variations in ’.e dot rroducts betwee: successive iterztiors, i is vossible to
exiranolate ihe point ol * lorsectior ©.7.. ¥ and t. as obtain the PM. 1T e :od "cv ¢ the dot
procucis is negaiive, . is indicales ar . ‘ersectic .etween U e itrajectory amc e e e ln either
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s . nle PM on the plane whose normai vecicy = given by [ 1 I & Ly lLl:h -
G & D]s given in Figure 7.
Polncars map
Q.25 e — =
0 2{» ! :
0.i5| N
o.»;— . “ 1
B “ ! X
i
1 ®
E
o} : . ,
~0.15 + .
‘
0.«
AT -0 -0. ¢ o1 v.n 3T TR,
g on shie plane
W7, 0 L 1 s g [0 G 01 it el condiiions [-C.10-0.06 -2
tis siza. ‘ror Lae sloltT el the attractor hast .. 3t e :siructure T e shepe{not t -

voos, emi e came Tor JiTerent sebs of Liel oo Bl s o or LTrel pnls AE T
L we netats sre addea tacre eoncer o oo Jayers wota' b Las he d storter Tl szl o
AWoites €0 e comp e wite Jhabof Dudn zsec. donm, wllch s & owe'l Xuowl _1aollc Svs.. .
81, i pis similarity ecross scale is charecie islic o caaotic systems v 3 Lo..ws . clels |40,

viroLocec woosyste. o

D

_be e us represent the stretcuing and oluing of wie atiracior w' 'y
=oicespond to friction: or daniping.

Lo o a v. 24 &ivo

Thz diseasion of a dynainical systers s the nu ver of state var.able that ere usea to cCescrihe
‘

Jhe Jdy o unies of the systein. 7 ae dimension of & nca-chaotic 'm'. set is ziways en . eger wi’

» sirange »ttractor has 2 nor nteges dimension. The state space definitior does wol Low non-
ivieg  values. Tence an 2lternative defrition {or . 2 dirmeasion of & . 77 sel s nceded. Tlerz
ave o ru~ber of deftuitions of dimeasion of @ strange atiracto  Correlation ¢ v 2 ..o, capac
e cou = er correleilon T mension waic -

re soine o
‘tloms.

a:mensior ~n¢ information dimension

‘s epresentative of other similar cesis

"o calculaie tie d mension of an atiractor consicer the Joilowing nrobleni: cover v ** cior

with spherical volume clements each with ciameler ¢. Let N{¢) be the min. ... A mber of such

volnme elements needed to cover she atirector. Correlatior diuensio © Jg whic s el srobabilistic

nature 1s defined as

’ _ L[\zr(e) :)2\

U,= ~— TSR Wit [’5/

e—0 T € )

\ ’

where P is the ¢ aiive frequency wil. whick a iypica trajectory exters the it volurze elemeni.
1T N points of .ce Lrajectory * ave been <o ecied vy si7 ‘allor a ! . corresporc . cc ation

5 defined as
C(e) = im —={ the number of nzizs of points (7, z;)izy suc thed [ =~ ) D
N—oco IV - N .
it can be proved that the correlation d” nension is giver by

Y c
D, = ..o (8)
¢—0 1€



7o ever, or Figure  we cen see inau iners exists - cegion of b
siole so 1 fm o poinis v ick s e enov g so thes mo U3

to” v ons outsice t "gom 2vove Do ¢ region and L2 . 1 ‘nside ©° u. .. usequend iir

e be aviour <o be cor oerel L that of Lorenz . l.actor [T Ty trajecio y e ol
anct « - fecture comron to - . chaotic eystems: 17 o ".ilectorics evol ve as
two yp3g o sehaviour, T

Thet. eciory oopsfora .o lheegion zo > v e-d
te Losreglor ¢ < T chers’ loops o L w'le bed

~ o~ ize ol Loeps betwea . larsivo 3.c ‘ow 3 sei Laibe a . uwey 3~ eq: ¢ C e LT s
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Le €. we. 2O )aieC . iv: w w C LOEDE o 8CL0:.
U R TINY 3 60 wds s0 . Tzl esymploiic s pe 2 Vo A (O
eX e of oy aci Vb wesyste s s pauave. | e “'neosysle T oo ¢ e bu

nege v~ e elore b2 enserbie of states . conwle
~ " - syster is observec | " L. NEL

yame U

C T Cevr ot L mer T

v oce Lo . sefo me of

Syse€ T vV oy tamromy ostenc, stele, . is mecessary to .. ge .. o
w0l st Lo don(. Jorihiev cesoimot ec aiter siccese. se lecidc s, Tipv . 4

w rovE Vg dise bu jon(se Lected ¢ = sc Tector) et levelt e o0 el
o duag e st Dling woerve' L et esiorwo i<l e Ll
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‘When the systemn is simulaied for differert sets of © “.lai con ".ous, the o plots veveal tirat
the distzibution Is either purely random and does noi coi “orm. to any known « stribuiios or it
:3 very close {¢ in'orm Listribution. T e unform

“siric don is en important feature i th:
iL cor % ns Lhat the ecuilibri ; e anywhere sc that || |
s cor ms wnat the ecuilibrium voint can ‘e anywhere sc that ;. | <

fea
s, /s e alned in
Section 2. thils characierisiic s e sected for s syste. .. Theec ‘probadie . e c. . er the

sure randor~ aature of provabitity distributio. suggests 2% .. e systeir car oe chaoiic ¥ wuat it
1s 17 possible to precict | s behaviou: in steady sizie. ad . e distribubion been, say, Gaussizn,
as is tl e case in zmany vandc 1. yrocesses io . maiure, vpe bebaviour of tire sysiem cot d ' ve
peen nredicied lo some reasonable  teni.

£ 32 aple power speciral density(?SD) of = calculeted asing . .¢ poiat FFT . Tomm
window ~eiliod is giver in Tigure 5. ™ e noise-like specirum is cl 2 acteristic .. L'ed by w:!
chaotic sysiems. In addition ‘o the broad-banc cornponent, they conts’ opiesincca’ L0 o] -
domira- | Trequencies of the so'ution. I ) -

Flgure & elsc shows the low am: " c2, i, fieq ency |
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wo ¢ is a systems apnlication of a technique which is effective at >oth the
tems’ and civcuits’ ievels.

209



; i p 2l
’ " : oot
. N . ) Ly -
w T e R Y
TR o2, a s oL e [flend dle L0 Lls T
' : T O .. aC T omEbuiloa.
T T Tow sysies t, e io il i wocnn D T T UL
] A Y Lee a7 Loeb o Tl Loz
! oL o e € w3 fheEd T g s Lt el
o T T T = AU 1< YL I S o
PO " bheke n 'mi

Lo Lt estate s a view DT -
: ond Tl L. ol len -

oo e 2 ® seuad. e o7 coachion s o R
o 7es W8 =ory, i R)

! SpnTlu duwdded i zinvesiigalc o of Lo rgiBacasl »elveen,
Ty ar Az acvodelsisine;~c e Tngo. cens v e Clie wousty b
I ~ et 3~ - informaticn modeis. e e e gl e ~lelor e,

- -2 ie tc V-ve several ust istlons or ¢ tews” oyl I
L ' smecesst ‘- e toeconstreicise ™ U,
' _lothe . * ocdowo,, heve re. utea frovm oo
2 .o.ectsclen i on systerz, 2a87_ . * “emselves car be
A N o S T T X _
Ve, Liee Y swconstraing ..ich .Lineverc e ranl Ul

20 v e 20 . information system. Suc  co.owuints, 0 . often
5 .7 soecificaiions, are re  entiy eDpa. e &8 COwm Ve T L W

o €. ~ s asied tozn imrportant cha _zinir aC S 7E L LS
- — 2y :oeginni g to eciue t e spec icat’n v on ro T,

o it .eaving the comstraints to oe determ -~ b w2 pe ived

¢ & .ra .laec [1ar ad noc fashion.

v . & - constraints are n0% stalic. ror ¢ .. e te which

“s . Ty ce . v ociacses of 2 nloyee cé ., cub certz v 'L ot S

T s’ . es’ . vacz emenid ectives.. in’ ¢ Jil . .ds. Such
e e T adelec o bderd @ Tal o m T ol L w5 ey

o mmges ~oglec ascir _2e0uCt .. da o e ozen wempts

e - ettt g in some cc v~~~ systeme, tl 7 [ad not been

- acauze e li ‘“~ilons of the ~—ather~ calthzo om0
' . w2 basec, orincipally thefa 1retcwo  inm. .-t 7 - live category a
e 1 ersa. serties which ave availal . in dist.l ..l categc . .1 |
Tel Thow T atbinspec” Tarew wiEate o Lad L L oo

B e ©copsere. e b presens T T LT o bonm: v L o

210



.

oot L wor ey e caicuiaea ctv e em

clioon . T eszs, © use “"se T es - v C . CC '
PRI TV CcHR AU - - iz dded.

. ' CW EC . o Ll st speei .t -

R T VN VRN UV SO B ¢ T i

=
Ia)
Q
B
-

3
Sl
jo
&
e
s
.
¢
[}

w
4
\

t

'

i

'

i
.
3
03

2 T -se‘niure b WO 118 v € GEVECD ter OF B lecls

£ v 2ol o0 g End tee . « O versiaind-

om ¢ srest ca> AmE o~ oo

. fewe o dden g tecoildc

ceTa. L Feoowoem 2 es2 . :
© o 7 ory laeosellc avesiigations. . % 10

b Cu'e w0 be talnace in deve . . el o L R
rec ~ . o co  pecogniseq as  ovoxan fa. asto. ato Tl
z- ¢z thzove  weve also impc eni m w2 B e D w e
~slorscontroi duality (see [19, Secijo .1, ¢ wer, ifc L1 0w vl
. -2 4re=sec 12 detaill here.

’ ¢ . ors gratefuily acknowledge ‘ie suproct of the Aust: ]
~ ’ ~ '
Cownnled W INOFN

- . L C

wi.A. " ib and E.G. Manes, Algebraic approec .2t ic | . . ",
>~ - Yeriag, (1986).
Tl T =nd . ells, Calegory tieory jor compuiing science, . entice " all,
¢ hY .
90>,
AN /

nooN

2. aistle and o .7 2. Cockett, personal co. . - ‘ezfionm, 1 ;- 1920.

5, Distzibutive logic, Tesearch Repolr® Z.-89-7_, _enart
v Ccience, Uni ersity of Tennessee >
pr . Ccience, Uni ersity of Tennessee, , .

. . . ~

[5] 1. . Cocketi, Introcluction io distributive o™ _ “=s, . " . L 4 -
T orts, *3(1990), .pp.

211



14]

15]

61

)

r

L.N.C. D¢ wpney, .. 0.7  Johnson and J.o. Lo, A me T Te T

) cr o A, Frco ise instiiuie Joran ono T T - -
19 L, 77-34.

{ 0.0, Joknson, The ombinatorics o ategorical = T - ot
Coe. . 4 oL e Bt 1a689), 211228,

J.l. . Do om, Linear termn rewriting systems c e T .
€19 .. t'agsystems Proc of ..e . .~ € 0" na o4

7L s 991), 101-110.

. ... Jonason The Telecom T.0.M.. 3. modei, consuitent’s e ~-t, (1961.

. . .0 dchnson and R.F.C "Walters, " -olu. ctions end s.ogram cemazitics,
I~ preperation.

Z. .ngan ard 2.F.C. Waiters, © 2 d aiity Detween . ¢ - chavis a
ieewils, Bull. Austrel Matn. Soc. ¢ @ (1990), 71-76.

" a.and T 0. Valters, # . imperative la -~ age Dasec on < IS a ou-
tive caiegories 11, University of Sydney Pure i atnemaiics Resesc i ejo

191), 17op.

' v. Lawvers, Theories as categories and the completeress = orer:, J¢
nc. 0, & moolic Logic $2 (1967), 562.

5. Mac Lace, DJclegories for ine working mainemsatician, Spivve. e |,
1€,

w

».N > 1, Foprmal desigr of reguias zichitectures, Algo s {
VT el ue ces aa, (2991}, No... ollard, 695,

. -~eevzn, Describjng ar d reasoning  ooub el sl L2ty T
ccec s - e workshop on iheorsiicai aspecis o) ‘ul v Ty 10 2, CUFE.

.. C.seran, Categories for the working hardware des' ier, . vive

. e "r lom, verification ana syninesis: aihemaiical ispecis LI Z7 -
1 .939), 380-402.

0. Velters, Datatypes in distributive categories, ' Az:. . Math.
Soc. - 11989), 79-82.

™ 0. Welters, The iree category with procucts on'¢ ™ “igrap. ., Jo1.
b . b2

9, . . eond £-plied Algedra 62 (1989), 205-2i0.

™ 5. .Jaltess, An imperative language basec on cistrib tive caiezol e,
30+ sear in 1. athematical Struciures for Computer Scieace.

212



i

.0, Waltess, Categortes and Compuier Science, Carsiaw Pu’ cations
© ¢ %o appear, Cambridge Univeisity Press (1992).

o

,

Sci:ool of i1c 18 & Computing School of iMaths & Stats
Maueguarie Unsversity University of Sydney
N.S.W/. 2109 N.8.W. 2006
AUSL.LLLIA AUSTRALIA

213



	NA_72.pdf
	NA_72 (3).pdf
	NA 72_1.pdf
	NA _72 _1.pdf
	NA _72 _1 (2).pdf
	NA _72 _1 (3).pdf
	NA _72 _1 (4).pdf
	NA _72 _1 (5).pdf
	NA _72 _1 (6).pdf

	NA 72_7.pdf
	NA _72 _7.pdf
	NA _72 _7 (2).pdf
	NA _72 _7 (3).pdf
	NA _72 _7 (4).pdf
	NA _72 _7 (5).pdf
	NA _72 _7 (6).pdf
	NA _72 _7 (7).pdf
	NA _72 _7 (8).pdf
	NA _72 _7 (9).pdf
	NA _72 _7 (10).pdf
	NA _72 _7 (11).pdf

	NA 72_19.pdf
	NA _72 _19.pdf
	NA _72 _19 (2).pdf
	NA _72 _19 (3).pdf
	NA _72 _19 (4).pdf
	NA _72 _19 (5).pdf
	NA _72 _19 (6).pdf
	NA _72 _19 (7).pdf
	NA _72 _19 (8).pdf

	NA 72_27.pdf
	NA _72 _27.pdf
	NA _72 _27 (2).pdf
	NA _72 _27 (3).pdf
	NA _72 _27 (4).pdf
	NA _72 _27 (5).pdf
	NA _72 _27 (6).pdf
	NA _72 _27 (7).pdf
	NA _72 _27 (8).pdf
	NA _72 _27 (9).pdf

	NA 72_36.pdf
	NA _72 _36.pdf
	NA _72 _36 (2).pdf
	NA _72 _36 (3).pdf
	NA _72 _36 (4).pdf
	NA _72 _36 (5).pdf
	NA _72 _36 (6).pdf
	NA _72 _36 (7).pdf

	NA 72_43.pdf
	NA _72 _43.pdf
	NA _72 _43 (2).pdf
	NA _72 _43 (3).pdf
	NA _72 _43 (4).pdf
	NA _72 _43 (5).pdf
	NA _72 _43 (6).pdf
	NA _72 _43 (7).pdf
	NA _72 _43 (8).pdf
	NA _72 _43 (9).pdf

	NA 72_53.pdf
	NA _72 _53.pdf
	NA _72 _53 (2).pdf
	NA _72 _53 (3).pdf
	NA _72 _53 (4).pdf
	NA _72 _53 (5).pdf
	NA _72 _53 (6).pdf
	NA _72 _53 (7).pdf
	NA _72 _53 (8).pdf
	NA _72 _53 (9).pdf
	NA _72 _53 (10).pdf
	NA _72 _53 (11).pdf
	NA _72 _53 (12).pdf
	NA _72 _53 (13).pdf
	NA _72 _53 (14).pdf
	NA _72 _53 (15).pdf
	NA _72 _53 (16).pdf
	NA _72 _53 (17).pdf
	NA _72 _53 (18).pdf
	NA _72 _53 (19).pdf
	NA _72 _53 (20).pdf
	NA _72 _53 (21).pdf
	NA _72 _53 (22).pdf
	NA _72 _53 (23).pdf
	NA _72 _53 (24).pdf
	NA _72 _53 (25).pdf
	NA _72 _53 (26).pdf
	NA _72 _53 (27).pdf
	NA _72 _53 (28).pdf
	NA _72 _53 (29).pdf
	NA _72 _53 (30).pdf
	NA _72 _53 (31).pdf
	NA _72 _53 (32).pdf
	NA _72 _53 (33).pdf
	NA _72 _53 (34).pdf
	NA _72 _53 (35).pdf
	NA _72 _53 (36).pdf
	NA _72 _53 (37).pdf
	NA _72 _53 (38).pdf

	NA 72_91.pdf
	NA _72 _91.pdf
	NA _72 _91 (2).pdf
	NA _72 _91 (3).pdf
	NA _72 _91 (4).pdf
	NA _72 _91 (5).pdf
	NA _72 _91 (6).pdf
	NA _72 _91 (7).pdf
	NA _72 _91 (8).pdf
	NA _72 _91 (9).pdf
	NA _72 _91 (10).pdf
	NA _72 _91 (11).pdf
	NA _72 _91 (12).pdf
	NA _72 _91 (13).pdf
	NA _72 _91 (14).pdf
	NA _72 _91 (15).pdf
	NA _72 _91 (16).pdf
	NA _72 _91 (17).pdf
	NA _72 _91 (18).pdf
	NA _72 _91 (19).pdf
	NA _72 _91 (20).pdf
	NA _72 _91 (21).pdf
	NA _72 _91 (22).pdf
	NA _72 _91 (23).pdf
	NA _72 _91 (24).pdf
	NA _72 _91 (25).pdf
	NA _72 _91 (26).pdf
	NA _72 _91 (27).pdf
	NA _72 _91 (28).pdf
	NA _72 _91 (29).pdf
	NA _72 _91 (30).pdf
	NA _72 _91 (31).pdf
	NA _72 _91 (32).pdf
	NA _72 _91 (33).pdf
	NA _72 _91 (34).pdf
	NA _72 _91 (35).pdf
	NA _72 _91 (36).pdf
	NA _72 _91 (37).pdf
	NA _72 _91 (38).pdf
	NA _72 _91 (39).pdf
	NA _72 _91 (40).pdf
	NA _72 _91 (41).pdf
	NA _72 _91 (42).pdf

	NA 72_133.pdf
	NA _72 _133.pdf
	NA _72 _133 (2).pdf
	NA _72 _133 (3).pdf
	NA _72 _133 (4).pdf
	NA _72 _133 (5).pdf

	NA 72_139.pdf
	NA _72 _139.pdf
	NA _72 _139 (2).pdf
	NA _72 _139 (3).pdf
	NA _72 _139 (4).pdf
	NA _72 _139 (5).pdf
	NA _72 _139 (6).pdf
	NA _72 _139 (7).pdf
	NA _72 _139 (8).pdf

	NA 72_147.pdf
	NA _72 _147.pdf
	NA _72 _147 (2).pdf
	NA _72 _147 (3).pdf
	NA _72 _147 (4).pdf
	NA _72 _147 (5).pdf
	NA _72 _147 (6).pdf

	NA 72_153.pdf
	NA _72 _153.pdf
	NA _72 _153 (2).pdf
	NA _72 _153 (3).pdf
	NA _72 _153 (4).pdf
	NA _72 _153 (5).pdf
	NA _72 _153 (6).pdf
	NA _72 _153 (7).pdf
	NA _72 _153 (8).pdf

	NA 72_161.pdf
	NA _72 _161.pdf
	NA _72 _161 (2).pdf
	NA _72 _161 (3).pdf
	NA _72 _161 (4).pdf
	NA _72 _161 (5).pdf
	NA _72 _161 (6).pdf
	NA _72 _161 (7).pdf
	NA _72 _161 (8).pdf
	NA _72 _161 (9).pdf
	NA _72 _161 (10).pdf
	NA _72 _161 (11).pdf
	NA _72 _161 (12).pdf
	NA _72 _161 (13).pdf
	NA _72 _161 (14).pdf
	NA _72 _161 (15).pdf
	NA _72 _161 (16).pdf
	NA _72 _161 (17).pdf

	NA 72_178.pdf
	NA _72 _178.pdf
	NA _72 _178 (2).pdf
	NA _72 _178 (3).pdf
	NA _72 _178 (4).pdf
	NA _72 _178 (5).pdf
	NA _72 _178 (6).pdf
	NA _72 _178 (7).pdf
	NA _72 _178 (8).pdf
	NA _72 _178 (9).pdf
	NA _72 _178 (10).pdf

	NA 72_189.pdf
	NA _72 _189.pdf
	NA _72 _189 (2).pdf
	NA _72 _189 (3).pdf
	NA _72 _189 (4).pdf
	NA _72 _189 (5).pdf
	NA _72 _189 (6).pdf
	NA _72 _189 (7).pdf
	NA _72 _189 (8).pdf
	NA _72 _189 (9).pdf

	NA 72_199.pdf
	NA _72 _199.pdf
	NA _72 _199 (2).pdf
	NA _72 _199 (3).pdf
	NA _72 _199 (4).pdf
	NA _72 _199 (5).pdf
	NA _72 _199 (6).pdf
	NA _72 _199 (7).pdf
	NA _72 _199 (8).pdf
	NA _72 _199 (9).pdf
	NA _72 _199 (10).pdf
	NA _72 _199 (11).pdf
	NA _72 _199 (12).pdf
	NA _72 _199 (13).pdf
	NA _72 _199 (14).pdf
	NA _72 _199 (15).pdf




