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Abstract

This paper di scusses the const ruct i on and appli ca-

t i on of t wo t ool s. The �rst t ool , Met aSi m, al l ows mul -

t i pl e si mul at i on st udi es t o be aut omat i cal l y speci �ed,

conduct ed, and anal yzed i n such a f ashi on as t o pro-

duce wi ri ng rul es f or l ayout t ool s. One of Met aSi m's

current engi nes, Transi mi s a convol ut i on si mul at or

t hat i ncorporat es a robust , rapi d, and accurat e met hod

f or t he si mul at i on of coupl ed, l ossy i nt erconnect st ruc-

t ures speci �ed wi t h f requency- dependent paramet ers.

1 Introduction

The high speed performance of mos t di gi t al s ys -

t ems i s now l i mi t ed by di s t r i but ed di s cont i nui t i e s and

t r ansmi s s i on l i ne e�ect s of packagi ng and i nt er con-

nect s , and not by t he swi t chi ng s peed of s emi conduc-

t or devi ces . Among t he e�ect s of t hes e di s t r i but ed

c i r cui t e l ement s ar e : De l ay and r i s e t i me degr adat i on,

r i ngi ng, c r os s t al k noi s e , met as t at es , and s i mul t aneous

swi t chi ng noi s e .1

In many cas es , t he ques t f or hi gher per f ormance i s

cent er i ng on choos i ng t he mos t appr opr i at e packagi ng

t echnol ogy, as we l l as l ayout cons i der at i ons , not jus t

i ncr eas i ng devi ce c l ocki ng r at es .

However , a number of di �cul t i e s ar e encount er ed

as t he c i r cui t des i gner , l ayout engi neer , and s i gnal i n-

t egr i t y engi neer s eek t o des i gn hi gh s peed s ys t ems .

1This work was s upp o r ted, i n pa r t , by t he Na t i o na l Sci e n c e
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One pr i mar y di �cul t y i s t he need f or t he s i gnal i n-

t egr i t y engi neer t o deve l op wi r i ng r ul e s t o be us ed i n

t he r out er [2]. Thes e wi r i ng r ul e s cons t r ai n t he l engt hs

and s pac i ngs (and s omet i mes wi dt hs ) on t he boar d

or mul t i chi p modul e s o t hat de l ay and noi s e r equi r e -

ment s ar e met . Car e has t o be t aken i n doi ng t hi s . I f

t he wi r i ng r ul e s ar e t oo l eni ent , many s i gnal i nt egr i t y

pr obl ems wi l l be det ect ed dur i ng ver i �cat i on and t he

boar d wi l l need ext ens i ve r edes i gn. I f t he r ul e s ar e

t oo cons er vat i ve , t he r out er wi l l be over cons t r ai ned

and avai l abl e r out i ng ar ea wi l l be us ed i ne�ci ent l y.

Unt i l r ecent l y r ul e s of t humb of t en s u�ced. However ,

as t he r i s e t i mes i n compl ex CMOS boar ds and MCMs

appr oach s ub- 1 ns r anges , t he need f or mor e pr ec i s e

wi r i ng r ul e s wi l l dr amat i cal l y i ncr eas e .

Pr ec i s e wi r i ng r ul e s can not be gener at ed f r oms i m-

pl e anal yt i c expr es s i ons f or pr opagat i on de l ay as no ex-

pr es s i on avai l abl e t oday can accur at e l y pr edi c t t he e f -

f ec t s of r e
ect i on and s i mul t aneous swi t chi ng noi s e on

de l ay. I ns t ead, t he gener at i on of wi r i ng r ul e s r equi r e s

mul t i pl e s i mul at i on s t udi e s t o be per f ormed acr os s an

appr opr i at e r ange of des i gn and par amet r i c var i at i ons .

The s i mul at i on s t udi e s ar e anal yzed i n or der t o char ac -

t e r i ze t he t r ans f ormat i on between t he phys i caldes i gn

s pace ( P { l engt hs , s pac i ngs , e t c . ) and t he e l ec t r i c al

des i gn s pace ( E { de l ay, noi s e ) . Thi s t r ans f ormat i on

i s t hen i nver t ed and appl i ed t o t he pl acement i n or -

der t o check i t and t o f ormul at e wi r i ng r ul e s f or t he

r out er . We wi l l r e f e r t o t hi s s e t of t r ans f ormat i ons as

t he \P$E t r ans f ormat i on".

Car r yi ng out s uch s t udi e s t r adi t i onal l y r equi r e s a

l ar ge amount of engi neer t i me and can be er r or pr one .
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Fi gur e 1: Or gani zat i on of Met aSi m.

Met aSi m(Met a Si mul at or ) aut omat es t he gener at i on,

conduct , and anal ys i s of s uch s i mul at i on s t udi e s . I n

t hi s paper , we des cr i be t he oper at i on of Met aSi mand

gi ve an exampl e of i t s us e .

Met aSi m i nt er f aces wi t h t hr ee s i mul at or s , Spi ce ,

Cazm, and Tr ans i m. Tr ans i m, s ol ves t he pr obl emof

i ncor por at i ng t r ans i ent c i r cui t s i mul at i on wi t h nonl i n-

ear devi ces , wi t h t r ansmi s s i on l i ne s i mul at i on i n t he

f r equency domai n. For exampl e , t hi s capabi l i t y i s a

r equi r ement f or t hi n �l mMCMi nt er connect once t he

s ki n e�ect s t ar t s becomi ng i mpor t ant ( i e . when r i s e

t i mes s t ar t appr oachi ng ar ound 200 ps [ ?] . )

2 MetaSim: A Simulation Generator

andAnalyzer

Met aSi m ( �gur e 1) aut omat es t he <s i mul at i on

s et up ! s i mul at i on execut i on ! s i mul at i on r es ul t s

anal ys i s> l oop. I t t hus al l ows compl ex r e l at i ons hi ps

between de l ay and noi s e r equi r ement s on one hand,

and t echnol ogy s e l ec t i on and phys i cal des i gn i s s ues ,

on t he ot her hand, t o be expl or ed wi t h a mi ni mumof

human t i me. Met aSi m cons i s t s of t he f ol l owi ng e l e -

ment s ( Fi gur e 1) :

� As t udy or gani zer , whi ch al l ows var i at i onal s t ud-

i e s r equi r i ng mul t i pl e s i mul at i on r uns t o be con-

c i s e l y s pec i �ed and gener at ed. I t al s o i nc l udes

s pec i al i ze d s i mul at i on �l e gener at or s f or Cazm,

SPI CE and Tr ans i m.

� A wavef ormanal yzer t hat car r i e s out s i gnal i n-

t egr i t y anal ys i s on each s et of s i mul at i on r es ul t s

and ext r act s de l ay and noi s e dat a as r equi r ed.

� Pos t - pr oces s i ng s of t war e t hat enabl e s r e l at i on-

s hi ps t o be r eadi l y ext r act ed f r omt he anal yzed

r es ul t s , and s e l ec t ed wave f orms t o be r et ai ned and

vi ewed.

The nat ur e of t hes e t ool s wi l l be des cr i bed f ur t her , i n

s ect i on 3, pr i mar i l y by t he way of an exampl e .

I n t he f ol l owi ng s ect i ons , we wi l l �r s t des cr i be r e -

l at ed wor k conduct ed e l s ewhe r e , and pr es ent an ex-

ampl e of Met aSi m's us e .

2.1 Related Work

The exi s t i ng appr oach t o wi r i ng r ul e gener at i on i s

t o make i ni t i al e s t i mat es and r e�ne on t hemt hr ough

mul t i pl e i t e r at i ons of t he <s pec i f y r ul e s ! car r y out

r out e ! ver i f y ! anal yze s i mul at i ons> l oop. Al -

t hough s ome commer c i al t ool s aut omat e par t of t he

anal ys i s t hey ar e not abl e t o s ugges t how t o i mpr ove

t he r ul e s . At t empt s at t hi s , s uch as TLTS [ 7] make

ver y s i mpl e s ugges t i ons s uch as `s hor t en net ' and ` r e -

move r ece i ver s ' . As bet t er s ugges t i ons r equi r e t hat

a char act er i zat i on of t he P$E t r ans f ormat i on exi s t

anyway, i t makes s ens e t o us e t hi s t r ans f ormat i on t o

f ormgood r ul e s i ni t i al l y f or as many net s as i s r eas on-

abl e . Thi s wi l l gr eat l y r educe t he number of des i gn

i t e r at i ons r equi r ed, hope f ul l y t o one .

The c l os es t exi s t i ng t ool t o Met aSi m i s Adl i ne ,

whi ch was deve l oped at NTT[ 5] . I t i s onl y avai l abl e i n

Japan. Adl i ne i nc l ude s i n i t s s i mul at or , t he abi l i t y t o

s pec i f y mul t i pl e s i mul at i ons f or s ome s t r uct ur es . Wi t h

Adl i ne , as wi t h Met aSi m, i t i s al s o pos s i bl e t o s t udy

t he e�ect of pr oces s var i at i ons by aut omat i cal l y car -

r yi ng out mul t i pl e s i mul at i ons . The mai n di s t i nct i on

between Adl i ne and Met aSi mi s t hat Met aSi mo�er s

f ar gr eat er 
exi bi l i t y i n t he r ange of s t udi e s t hat can

be under t aken. Met aSi mcan al s o be eas i l y i nt egr at ed

wi t h any s i mul at or whi l e Adl i ne i s i nt egr al wi t h one

s i mul at or .

3 Example of the Appl i cati on of

MetaSim

Met aSi mi s appl i ed be f or e l ayout by t aki ng a net , or

s e t of net s , t hat ar e l i ke l y t o r equi r e l ayout cons t r ai nt s

and conduct i ng s t udi e s on t hem. For exampl e , her e ,

we wi l l cons i der t he s et of net s t hat have one out put

and f our i nput s , and t he out put may, or may not be ,

par t of f our s i mul t aneous swi t chi ng out put s . The i n-

t e r connect i on networ k t opol ogy i s des cr i bed as a s et

of br anches and s t ubs , i n a dai s y chai n con�gur at i on,

as s hown i n �gur e 2. The c i r cui t t echnol ogy i s 0. 8�m

CMOS, and t he packagi ng t echnol ogy, a pol yi mi de -

di e l ec t r i c t hi n �l mMCM, wi t h copper i nt er connect ,

and non- f an- out - TAB chi p at t ach.

For t he pur pos es of t hi s paper al l of t he br anches

s hown i n �gur e 2 wi l l be s et at t he s ame l engt h as

wi l l t he s t ubs . Thi s i s onl y done t o make t he r es ul t s

pr es ent abl e . Par t of t he s t udy command �l e t hat s pec -

i �ed t he s t udi e s t hat pr oduced t he r es ul t s pr es ent ed

her e i s s hown i n �gur e 3. Par t of t he ` dat a �l e ' i s al s o

pr es ent ed. I n t hi s s t udy, t hr ee networ k r e l at ed com-

ponent s ar e var i ed i ndependent l y, t he dr i ver c i r cui t

mode l , t he br anch l engt h and s t ub l engt h, i n or der t o

s pec i f y a t ot al of 32 s i mul at i on r uns . The command

l anguage i s act ual l y a f ormal l y de�ned pr ogr ammi ng

l anguage wi t h many cons t r uct s ot her t han t he ones



branch1

stub1 stub2 stub3

branch2 branch4branch3

Fi gur e 2: Networ k t opol ogy t o be anal yzed. The out -

put dr i vi ng t he net mi ght have up t o t hr ee ot her out -

put s s wi t chi ng wi t h i t . The us er can s pec i f y any c i r -

cui t mode l f or t he gr ound and power connect i ons and

can s pec i f y dr i ver s kew.
Ext r act f r omcommand �l e :

contr

for ($branch = 1e-2 4e-2 1e-2 incr)

for ($stub= 1e-3 2.9e-2 4e-3 incr)

do{

undsht = "5"

delay = "1" "5" 0.23

delay = "1" "5" 0.734

}

Ext r act f r om` dat a' ( gener i c s i mul at i on s pec i �c at i on)

�l e :

Branch 1:

Brch_type_1 bstrip Brch_length_1 $branch

Height1A_1 10e-6 Height1B_1 20e-6 Thick1_1 5e-6

Width1_1 17e-6 Er1_1 3.5 Er2_1 3.5

Brch_load_1 non-loaded

Fi gur e 3: Par t of t he command and dat a �l e s us ed t o

s pec i f y t he s t udy des cr i bed her e .

s hown i nc l udi ng r andomgener at i on cons t r uct s .

The ` dat a �l e ' s hown i n �gur e 1 i s a gener i c s i mu-

l at i on s pec i �cat i on �l e t hat l i s t s al l of t he e l ement s t o

be s i mul at ed as a networ k of obj ect s ( eg. a br anch i n a

t r ansmi s s i on l i ne i s an obj ect ) wi t h cer t ai n pr oper t i e s

as s oc i at ed wi t h t hem. The \$" var i abl e s t hat appear

i n t he command �l e al s o appear i n t he dat a �l e . The

s t udy or gani zer t hen pr oduces appr opr i at e s ubs t i t u-

t i ons f or each s i mul at i on r un and pas s es t he modi �ed

dat a �l e t o t he pr ogr amt hat gener at es t he act ual s i m-

ul at i on �l e ( or di r ect l y t o Tr ans i m, as a Tr ans i m�l e

i s al r eady des cr i bed i n obj ect - or i ent at ed t erms ) . Di s -

cont i nui t i e s , s uch as vi as , bends , and cr os s over s can

al s o be s pec i �ed i n t he dat a �l e , as can coupl ed l i nes

and connect or s .

The ` do' s t at ement s pec i �e s what anal ys i s needs

t o be car r i ed out on t he s i mul at i on r es ul t s . I n t hi s

Undershoot

Noise Budget Allowed
for  Reflection  Noise

tPHL

Driver:

Receiver:

{
Signal can now be
safely latched at
a flip-flop

Fi gur e 4: De�ni t i on of de l ay t o i nc l ude s et t l i ng t i me

f or noi s e .

cas e we wi s h t o know t he peak under s hoot at node

\5" ( t he l as t r ece i ver i n t he chai n) and t he de l ay f r om

t he dr i ver out put , node \1" t o t hi s r ece i ver . We ar e

not i nt er es t ed i n t he 50 de l ay, however . As t hi s i s

a dat a l i ne , we wi s h t o knowwhen i t i s s af e t o l at ch

t he dat a, t hat i s when t he noi s e on t he s i gnal l i ne

has s et t l ed t o t he poi nt t hat t he combi ned r e
ect i on

and t r ansmi t t ed s i mul t aneous swi t chi ng noi s e has s et -

t l ed t o l e s s t han t hat f r act i on of t he noi s e mar gi n t hat

t he noi s e budget al l ows f or i t , as s hown i n �gur e 4.

I n t he command �l e s hown i n �gur e 3, t he maxi mum

al l owed combi ned r e
ect i on and t r ansmi t t ed s i mul t a-

neous swi t chi ng noi s e f or a hi gh- t o- l ow t r ans i t i on i s

23 of t he vol t age swi ng. Many ot her anal ys es can

be done , i nc l udi ng over s hoot and met as t at e anal ys i s .

I t i s al s o pos s i bl e t o s pec i f y ot her noi s e budget and

de l ay s pec i �c at i ons .

Fi gur e 5 s hows s ome of t he r es ul t s obt ai ned f r om

r unni ng Met aSi mwi t h Cazmas t he s i mul at i on engi ne .

An i mpor t ant r es ul t demons t r at ed t hr ough t hes e ex-

ampl es i s t hat des pi t e t he non- r egul ar s hapes gener al l y

f ound i n s i mul at i on wave f orms , t he t r ends i n t he s et -

t l i ng t i me pl ot s ar e gener al l y r egul ar . The s t eps i n t he

pl ot s ar e t he onl y i r r egul ar i t i e s . The s t eps ar i s e when

a change i n l engt h s uddenl y makes t he peak under -

s hoot vol t age edge pas t t he noi s e t hr es hol d.

Thi s r e s ul t i s i mpor t ant becaus e i t means t hat , as

l ong as t hes e s t eps ar e l ocat ed, i t i s not neces s ar y t o

car r y out a l ar ge number of s i mul at i ons i n or der t o

char act er i ze t he phys i cal des i gn s pace be i ng cons i d-

e r ed. I t al s o means t hat pi ecewi s e l i near equat i ons

coul d be �t t ed. Al l of t he s t udi e s we have car r i ed out

s o f ar ver i f y t hi s r e s ul t ( s omet i mes pi ecewi s e pol yno-

mi al equat i ons woul d be r equi r ed, however ) t hough we

can not c l ai mt o have anal yzed ever y pos s i bl e s i t ua-

t i on. Sens i t i vi t i e s woul d be expect ed t o i ncr eas e wi t h

pul s e edge r at e , f or exampl e .

The phys i cal des i gn t ool s woul d t hen us e t hes e r e -
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Fi gur e 5 : To t a l hi gh- t o - l ow de l ay be t we e n t he e nds o f

t he l i ne f o r di �e r e nt br anc h and s t ub l e ng t hs , f o r s e r i e s

t e r mi na t e d l i ne s . ( So l i d l i ne = 1c m br anc h l e ng t hs ,

s ho r t da s he s = 2c m, l ong da s he s = 3 c m, da s h- do t =

4 c m. )

s ul t s t o adj us t t he pl a c e me nt and s pe c i f y wi r i ng r ul e s .

Fo r e xampl e , i f t he t o t a l hi gh- t o - l ow de l ay be t we e n

t wo c hi ps a t oppo s i t e e nds o f a ne t had t o be l e s s t han

1 . 0 ns , t he n t he s e r e s ul t s c an be us e d by t he pl a c e me nt

t o o l t o i ndi c a t e a r e qui r e me nt f o r a pa r a l l e l t e r mi na -

t i on i n o r de r t o c ont r o l t he e xc e s s i ve no i s e . I f t he t wo

pi ns i n que s t i on we r e j us t unde r 8 c m apa r t t he n a

maxi mums t ub l e ng t h o f 1 c mi s pe r mi t t e d a s l ong a s

t he �r s t t o l a s t pi n l e ng t h i s 1 0 c m. The pl a c e me nt

t o o l c an t he n de t e r mi ne i f i t i s l i ke l y t ha t t he r out e r

c an me e t t he s e c ons t r a i nt s . I f t he r e i s a hi gh l i ke l i -

ho o d t ha t i t c an, t he n t he s e c ons t r a i nt s a r e pa s s e d t o

t he r out e r a s a wi r i ng r ul e . I f i t i s l i ke l y t ha t i t c an no t

t he n t he pl a c e me nt t o o l s ugg e s t s an i mpr ove d pl a c e -

me nt . Aut omat i ng t hi s pr o c e dur e s houl d be s t r a i ght -

f o r war d.

4 ransim

Tr ans i m us e s a c onvo l ut i on t e c hni que t o a l l ow

mi xe d s i mul a t i on o f l i ne a r e l e me nt s s pe c i �e d i n t he

f r e que nc y doma i n and non- l i ne a r e l e me nt s t ha t ne e d

t o be s i mul a t e d i n t he t i me doma i n. I n t hi s s e c t i on o f

t he pape r , we wi l l �r s t br i e 
y di s c us s t he ope r a t i on o f

t he c onvo l ut i on s i mul a t i on c o r e be f o r e pr e s e nt i ng i t s

ope r a t i on a s a c ompl e t e s i mul a t o r .

4.1 RelatedWork

Se ve r a l appr oa c he s t o t hi s pr obl e mhave be e n t r i

wi t h va r y i ng de g r e e s o f s uc c e s s . The Lapl a c e Tr a

f o r m t e c hni que i s g o o d a t handl i ng mul t i c onduc t

t r ans mi s s i on l i ne s ys t e ms and whi l e i t i s mo r e e

c i e nt t han t he c onvo l ut i on t e c hni que , i t s l i mi t e d

i t y t o handl e f r e que nc y de pe nde nt e �e c t s and pr o

l e ms de a l i ng wi t h nonl i ne a r t e r mi na t i ons r e s t r i c

us e f ul ne s s . The Me t ho d o f Cha r a c t e r i s t i c s [ 1 ] i s

t i ve l y e a s y t o us e wi t h c onve nt i ona l c i r c ui t s i mul

but i t i s r e s t r i c t e d t o l i ne s de s c r i b e d by RLGC pa

e t e r s . Ot he r t e c hni que s f o r s i mul a t i ng di s t r i but

e me nt s ys t e ms have r e c e nt l y be e n r e v i e we d by Dj o r

j e v i c e t a l [ 3 ] and Sc hut t - Ai ne and Mi t t r a [ 6] .

I n one o f t he c onvo l ut i on t e c hni que s t he f r e que

doma i n ne t wo r k de s c r i pt i on i s c onve r t e d t o a t i m

doma i n de s c r i pt i on us i ng a Four i e r t r ans f o r m. Wh

t hi s t e c hni que c an handl e a r bi t r a r y l o s s y c oup

ne t wo r ks , a l i a s i ng i n t he f r e que nc y- doma i n t o t i

doma i n t r ans f o r ma t i on c an c aus e appr e c i abl e e r r

i n t he s i mul a t e d t r ans i e nt r e s pons e .

4.2 onvolutionSi ulation ore

Our appr oa c h i s s i mi l a r i n s ome r e s pe c t s t o t h

o f Dj o r dj e v i c e t a l , e xpe c t t ha t whe r e Dj o r dj e v i

a l us e admi t t anc e ( ) pa r ame t e r s t o c ha r a c t e r i z e

f r e que nc y de pe nde nt ne t wo r k , we us e t he s c a t t e r i

( S) pa r ame t e r s . As t he S pa r ame t e r s va r y onl y be

t we e n - 1 and 1 , we ove r c ome t he dynami c r ang e

pr obl e ms wi t h t he o t he r c onvo l ut i on me t ho d' s ap

pr oa c h. S pa r ame t e r s o f a t r ans mi s s i on l i ne s ys t

de s c r i be t he r e l a t i ve ampl i t ude and pha s e o f t he

wa r d and ba c kwa r d t r ave l i ng wave s a t e a c h po r t and

a t e a c h f r e que nc y on a t r ans mi s s i on l i ne o f c ha r a c

i s t i c i mpe danc em.

I nt e g r a t i on i nt o a t r ans i e nt c i r c ui t s i mul a t o

qui r e s t ha t t he de s c r i pt i on o f t he t r ans mi s s i on

s ys t e m be i n t e r ms o f t o t a l vo l t a g e s r a t he r t han

t r ave l i ng wave c ompone nt s i mpl i e d by us e o f S pa r am

e t e r s . Thi s c an be a c hi e ve d by t e r mi na t i ng e a c h p

i n i t s r e f e r e nc e i mpe danc e s o e ns ur i ng t ha t t he r e

no r e 
e c t i ons a t t he po r t s o f t he di s t r i but e d ne t w

Now t he t o t a l t r ans i e nt r e s pons e o f any l i ne a r ne t w

t o vo l t a g e s our c e s a t t he po r t s o f t he ne t wo r k c an

de t e r mi ne d by c onvo l v i ng i n t i me t he s e vo l t a g e s w

t he Di r a c i mpul s e vo l t a g e r e s pons e s a t e a c h e xt e r

po r t o f t he ne t wo r k . Mor e e xpl i c i t l y, t he t o t a l t

s i e nt r e s pons e a t po r t i o f a t r ans mi s s i on l i ne s y
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t o a t o t a l vo l t a g ej( t) wi t h out put i mpe danc em a t

e a c h po r t i s [ 8 ]

i( t) =

=1

t

�1

i j( t � ) j( )

=

=1

i j( t) j ( 1 )

He r e t he s ymbo l de no t e s c onvo l ut i on, i s t he num-

be r o f e xt e r na l po r t s i n t he t r ans mi s s i on l i ne s ys t e m

and

i j( t) =
1

t

�1 [ i j( ) ] = �
i
( t) j( 0 ) ( 2 )

i s t he i mpul s e r e s pons e a t po r t i and a t t i me t t o a

Di r a c de l t a s our c e a t po r t and t i me z e r o , I n ( 2 )

i j( ) =
( 1 i j( ) ) 2 i =

i j( ) 2 i =
( 3 )

i s t he f r e que nc y- doma i n Gr e e n' s f unc t i on f r om po r t

t o po r t i a t r adi an f r e que nc y and�1[ ] i s t he

i nve r s e Four i e r t r ans f o r m. Fi na l l y, t = 0 :5max i s

t he t i me i nc r e me nt o fi j( t) whe r ema x i s t he hi ghe s t

f r e que nc y c ompone nt o fi j( ) .

Ba s e d on t he s e t e c hni que s , Tr ans i mha s be e n i mpl e -

me nt e d [ 8 ] . Es s e nt i a l l y, t he i nt e r c onne c t s t r uc t ur e s t o

be s i mul a t e d, a r e pa r t i t i one d i nt o a c o l l e c t i on o f l i n-

e a r , f r e que nc y de pe nde nt pa r ame t e r s t r uc t ur e s , and

non- l i ne a r c i r c ui t s t r uc t ur e s ( i nc l udi ng t i me de pe n-

de nt vo l t a g e and dr i ve r s our c e s ) . Si mul a t i on pr o c e e ds

by mi ni mi z i ng t he di �e r e nc e be t we e n t he e s t i ma t e d

vo l t a g e s a t t he t e r mi na l s o f t he non- l i ne a r e l e me nt s

and t he vo l t a g e s a t t he t e r mi na l s o f t he l i ne a r e l e -

me nt s , a s de t e r mi ne d v i a c onvo l ut i on.

4. erationas a acka in Si ulator

The c ompl e t e s t r uc t ur e o f Tr ans i mi s s hown i n Fi g -

ur e 6 . Tr ans i mi s a mode l - i nde pe nde nt s i mul a t o r . I n-

s t e ad mode l e d e l e me nt s a r e r e pr e s e nt e d i nt e r na l l y a s

admi t t anc e ma t r i c e s . Thus ne w mode l s f o r bo t h i n-

t e r c onne c t s t r uc t ur e s and dr i ve r s and r e c e i ve r s c an be

adde d qui c k l y. Fr omt he - ma t r i c e s c o r r e s pondi ng t o

a l l o f t he mode l e d e l e me nt s a c ompl e t e - pa r ame t e r

ma t r i x i s c ons t r uc t e d. An i mpo r t ant s t e p i s t he r e -

duc t i on o f t hi s ma t r i x t o a admi t t anc e ma -

t r i x , whe r e i s t he numbe r o f nonl i ne a r no de s . Af t e r

r e duc t i on, t he - ma t r i c e s a r e c onve r t e d t o S- ma t r i c e s

and t he n an FFT i s c a r r i e d out i n o r de r t o obt a i n t

Gr e e n' s f unc t i ons . The s e a r e t he n us e d i n t he c on

l ut i on.

oncl usi ons

Me t aSi m c an be us e d t o c ha r a c t e r i z e t he t r ans

f o r ma t i on be t we e n t he phys i c a l de s i gn s pa c e ( l e n

s pa c i ng , e t c . ) and e l e c t r i c a l de s i gn s pa c e ( de l ay

be f o r e any l ayout i s done . The l ayout t o o l s c an t h

appl y t hi s t r ans f o r ma t i on t o t he pl a c e me nt i n o r de

s ugg e s t pl a c e me nt i mpr ove me nt s and a l s o t o f o r mu

l a t e wi r i ng r ul e s ( r out i ng c ons t r a i nt s ) f o r us e

r out e r . Me t aSi mc oul d a l s o be us e d f o r o t he r phys i

de s i gn s c e na r i o s whe r e ana l yt i c de l a y and no i s e m

e l s a r e i nade qua t e , s uc h a s hi gh s pe e d DRAMde s i gn

and pa c kag i ng t e c hno l o gy s e l e c t i on. I t i s ve r y 
e

and c oul d be i nt e g r a t e d wi t h any s i mul a t o r .

As i t i s us e d f o r a - pr i o r i ana l ys i s , Me t aSi m wo

c onduc t mo r e s i mul a t i ons t han a po s t - l a yout s i mu

t o r woul d be r e qui r e d t o . Thi s s ugg e s t s t ha t i nc r e

r un t i me mi ght be an i s s ue o f c onc e r n. The r e a r e t hr

c ount e r po i nt s , howe ve r . Fi r s t , i n hi gh s pe e d de s

avo i di ng t he ne e d f o r mul t i pl e i t e r a t i ons o f t he

s i gn wi l l s a ve mo r e us e r t i me and c omput e r t i me t ha

woul d be s pe nt i n us i ng Me t aSi m up f r ont , and wi l

a l s o l e ad t o mor e e �c i e nt us e o f boa r d s pa c e . Se c o

Me t aSi m i s ve r y e �c i e nt wi t h t he human de s i gne r '

t i me . Thi r d, i ni t i a l r e s ul t s i ndi c a t e t ha t t he

t r ans f o r ma t i on i s g e ne r a l l y r e gul a r and t hus a g

c ha r a c t e r i z a t i on c an be obt a i ne d wi t h a s ma l l numb

o f r andoml y g e ne r a t e d r e s ul t s , a s l ong a s t he i r r e

po i nt s a r e f ound.

Tr ans i mi s one o f t he t hr e e s i mul a t i on e ng i ne s c

r e nt l y i n Me t aSi m. I t i s a c onvo l ut i on- ba s e d s i m

t i on t ha t ha s s o l ve d a numbe r o f t he pr obl e ms us ua l

f ound i n s uc h s i mul a t o r s . I t ha s be e n de ve l ope d a

c ompl e t e pa c kag i ng s i mul a t o r .
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