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Abstract One primary difftultyis the need for the signal in-
tegrity engineer to develop wiring rules to be usedin
This paper discusses the construction and applica- the router [2]. These wiringrules constrain thelengths
tion of two tools. The first tool, MetaSim, allous nul -and spacings (and sonetimes widths) on the board
tiple sinulation studies to be automtical ly specifiedr mul tichip nodule so that delay and noise require-
conducted, and anal yzed in such a fashion as to pro- ments are net. Care has to be takenin doing this. If
duce wiring rul es for layout tools. One of MtaSinis the wiring rules are toolenient, many signal integrity
current engines, Tansimis a convolution sinulator problems will be detected during verificati on and the
that incorporates a robust, rapid, and accurate nmethodboard will need extensive redesign. If the rules are
for the sinul ation of coupled, lossy interconnect strutoo conservative, the router will be overconstrained
tures specified with frequency- dependent paraneters. and available routing area will be used ineffciently.
Until recently rul es of thunboften suffted. However,
as therise times inconpl ex CMCS boards and MCM
1 Introduction approach sub-1 ns ranges, the need for nore precise
wiring rules will dramatically increase.

The high speed performance of most digital sys- Precise wiringrules cannot be generated fromsim
tems is nowlimted bydistributed discontinuitieplemhal ytic expressions for propagati ondel ayas noex-
transmssion line effects of packaging and interpoession available today can accurately predict the ef-
nects, and not by the switching speed of sem condufects of reflection and si ml taneous swi tching noise on
tor devices. Amnong the effects of these distri budeday. Instead, the generation of wiring rules requires
circuit elements are: Delay andrise tine degradatmdn,i ple simul ati on studies to be performed across an
ringing, crosstalk noise, netastates, and simml t axppuspri ate range of design and paranetric variations.
switching noike. The simul ati onstudies are anal yzedin order to charac-

In many cases, the quest for higher performance isrize the transformati on bet ween the plgsi gal
centering on choosing the most appropriate packagsmpgce (P—lengths, spacings, etc.) and the electrical
technol ogy, as well as layout considerations, notdgmsgn space (E — delay, noise). This transformation
increasing device clocking rates. is then inverted and applied to the placenent in or-

However, a number of difficulties are encounterddr to check it and to formmlate wiring rules for the
as the circuit designer, layout engineer, and sigualutiar. We wmi1] refer tothis set of transfornations as
tegrity engineer seek to design high speed systemthe “P—~Etransformation”.

1 This work was s upported,i npart, bythe NationalSci e(}’creryl ng out such studies tradltlonally requres a
Foundation under contract MIP-90170 54 large amunt of engi neer tine and can be error prone.



route — verify — analyze simulations> loop. Al-
though sone comnercial tools automate part of the
MtaSim(Mta Simml ator) automates the generationgnal ysis they are not able to suggest howto inprove
conduct, and anal ysis of such simulation studiesthdmules. Attenpts at this, such as TLTS [ 7] make
this paper, we describe the operation of MtaSi mangdry sinple suggestions such as ‘shorten net’ and ‘re-
give an exanple of its use. move receivers’. As better suggestions require that
MtaSiminterfaces with three similators, Spiaeharacterization of the P—E transformtion exist
Cazm and Transim Transim sol ves the probl emofanyway, it nmakes sense to use this transformation to
incorporating transient circuit siml ati on wi th nbatimgoodrules initially for as many nets as is reason-
ear devices, with transm ssion line simlation iabkde This will greatly reduce the nunber of design
frequency domain. For exanple, this capability iiderations required, hopefully to one.
requirenent for thin fil mMMinterconnect once the The closest existing tool to MtaSimis Adline,
skin effect starts becom ng inportant (ie. when nitsicch was devel oped at NTT[5]. It is onlyavailablein
tines start approaching around 200 ps [?].) Japan. Adline includes inits simmlator, the ability to
specify mil tiple siml ations for some structures. Wth
Adline, as with MtaSim it is also possible to study
2 MetaSim: A Smlation Generator the effect of process variations by automatically car-
and Anal yzer rying out mmltiple siml ations. The main distinction
between Adline and MtaSimis that MtaSi moffers
nfar greater flexibility in the range of studies that can

set up — simmlation execution — simlation reseandertaken. MtaSimcan also be easily integrated
anal ysis> loop. It thus allows complex relationé"f:litﬂsany similator while Adline is integral with one
between del ay and noise requirenents on one hamﬁlm11 ator.

and technol ogy selection and physical design issues,

on the other hand, to be explored wi th a m ni mumof

human time. MtaSimconsists of the following el3- Exanple of the Mication of

nents (Figure 1): MtaS m

e Astudy organizer, whichall ows variational stud-
ies requiring miltiple simmlation runs to be coREtaSimis applied beforelayout by takinganet, or
cisely specified and generated. It also inclsgle®f nets, that arelikelytorequire layout constraints

specialized similation file generators for C@fghconducting studies on them For exanple, here,
SPICE and Transim we will consider the set of nets that have one output

and four inputs, and the out put may, or may not be,
e Avaveformanal yzer that carries out signal gt of four simml taneous sw tchi ng outputs. The in-
tegrity anal ysis on each set of simrmlation regalt®nnecti on net work topol ogy is described as a set
and extracts delay and noise data as required.of branches and stubs, in a daisy chain configuration,

s shownin figure 2. The circuit technologyis 0.8um

e Post-processing software that enables relaaggl d th kagi t ec hnol 1vinid
ships to be readily extracted fromthe anal yzed ' an ¢ pacxaglng technol ogy, a polyim e

Figure 1: Organization of MtaSim

MtaSim (figure 1) automates the <simmlatio

results, andselected waveforms to be retained(ziilngled“c thin fil m ) | with copper interconnect,
and non-fan- out- TAB chi p attach.

viewed. ]
For the purposes of this paper all of the branches

The nature of these tools will be descri bed furthethown in figure 2 will be set at the same length as
section 3, primarily by the way of an exanpl e. will the stubs. This is only done to make the results
Inthe following sections, we will first descripeesentable. Part of the study commnd fil e that spec-
lated work conducted elsewhere, and present an eixfied the studies that produced the results presented

anpl e of MetaSinds use. here is shownin figure 3. Part of the ‘datafile’ is also
presented. In this study, three network related com
2.1 Related Work ponents are varied independently, the driver circuit

model, the branchlength and stublength, in order to

The existing approachto wiring rule generationpecify a total of 32 simulation runs. The command
to make initial estinmates and refine on themthroughnguage is actually a formally defined progranm ng
mltiple iterations of the <specify rules — caripmgiiage with many constructs other than the ones
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Figure 2: Network topol ogy to be anal yzed. The out-
put driving the net m ght have upto three other out-

Signal can now be

puts switching withit. The user can specify any cir- safely latched at
cuit nmodel for the ground and power connections and aflip-flop
canspecify driver skew
Extract fromcommnd fil e: Figure 4: Definition of delay to include settling tine
contr for noise.
for ($branch = le-2 4e-2 1e-2 incr) case we wish to knowthe peak undershoot at node
for ($stub= le-3 2.9e-2 4e-3 incr) “5” (the last receiver inthe chain) and the delay from
do{ the driver output, node “1” to this receiver. W are
undsht = "5" not interested in the 50% delay, however. As this is
delay = "1" "B" 0.23 a data line, we wish to knowwhen it is safe tolatch
delay = "1" "B" 0.734 the data, that is when the noise on the signal line
} has settled to the point that the conbined reflection

andtransmtted siml taneous swi tching noise has set-
Extract from‘data’ (generic simulation specificatied)toless thanthat fraction of the noise nargin that
file: the noise budget allows for it, as shown in figure 4.

In the commnd file shown in figure 3, the maxi mm
Branch 1: allowed conmbi ned reflecti on and transm tted simul ta-
neous switching noise for a high-to-lowtransition is
23% of the voltage swing. Mny other anal yses can
be done, including overshoot and metastate anal ysis.

Brch_type_1 bstrip Brch_length_1 $branch
Height1A_1 10e-6 Height1B_1 20e-6 Thickl_1 5e-6
Widthl_1 17e-6 Eri_1 3.5 Er2_1 3.5

It is also possible to specify other noise budget and
Brch_load_1 non-loaded

del ay specifications.
Figure 5 shows some of the results obtained from

Figure 3: Part of the cormand and data files used tdunni ng MtaSi mwi th Cazmas the siml ationengine.

specify the study described here. An i nportant result demonstrated through these ex-
) ) ) anples is that despite the non-regul ar shapes generally
shown incl udi ng randomgeneration constructs. found in siml ation waveforns, the trends in the set-

The ‘data file’ shownin figure 1is a generic simling tine plots are generally regular. The steps in the
lation specification file that lists all of the el enpindisstare the onlyirregularities. The steps arise when
be simul ated as a net work of objects (eg. abranchimehange in length suddenl y makes the peak under-
transmissionline is anobject) with certain propghbb¢svol tage edge past the noise threshol d.
associated with them The “$” variables that appearThis result is inportant because it means that, as
inthe cormand file al so appear in the data file. Theong as these steps are located, it is not necessary to
study organizer then produces appropriate substichiity out a large nunber of simlations in order to
tions for each simil ation run and passes the modi fiddhracterize the physical design space being consid-
datafile to the programt hat generates the actual sémed. It also nmeans that piecewise linear equations
ulation file (or directly to Transim as a Transi mfdid d be fitted. All of the studies we have carried out
is already described in object-orientated terms)solsr verify this result (sometimes piecewise pol yno-
continuities, such as vias, bends, and crossoversi ghrquati ons woul d be required, however) t hough we
also be specifiedin the data file, as can coupl ed ldamgsnot claimto have anal yzed every possible situa-
and connectors. tion. Sensitivities would be expected toincrease with

The ‘do’ statenent specifies what anal ysis neepslse edge rate, for exanple.
to be carried out on the simmlation results. In tlillse physical design tools would then use these re-
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Several approaches tothis problemhave been tri
i with varying degrees of success. The Laplace Tra
formtechnique is good at handling mlticonduct
transmssion line systems and while it is more
L / . cient than the convolutiontechnique, its 1imtec
S ool / N ity to handle frequency dependent effects and prc

! lens dealing with nonlinear term nations restri«
- / - useful ness. The Method of Characteristics [1] is
/ tivelyeasytouse withconventional circuit simml

| S i but it isrestricted tolines described by RLGCpa
-///'- eters. Other techniques for simmlating distri but
[ ] ement systems have recently beenreviewed by Djor
L _ jevic et al [3] and Schutt- Aine and Mttra [6].
O 0.I01I — o.lozl T e Inone of the convolutiontechni ques the freque
Stub length meters domain network description is converted to a ti:
domnin description using a Fourier transform VW

. . this technique can handle arbitrary lossy couj
Figure 5: Total high-to-lowdelay betweentﬁlést%qqcso,f_aliasing in the frequency-domin to t:

the line for diflferent branchandstublengthg, fqms€figSformmtion can cause appreciable err

term nated lines. (Solidline =1lcmbranch lemgthsmlated transient response.
short dashes =2cm long dashes =3 ¢cm dash-dot =

4cm) 42 CavdutimSimdaiaaCae
sults toadjust the placenment and specify wiringrules.
For example, if the total high-to-lowdelay et wppRoach is simlar in some respects to th
t wo chi ps at opposite ends of a net had to be d£sI3j bhdhevic et al, expect that where Djordjevi
1.0ns, thentheseresults canbe used by theqil agemgdubi ttance (Y) parameters to characterize
tool toindicate arequirement for a parallfele§ae#t fadependent net work, we use the scatter:
tioninorder tocontrol the excessi ve nois?S)If)atr}mnﬁW@rs. As the S parameters vary only be
pins in question were just under 8 cmapartwehen-a and +1, we overcome the dynamic range
maxi mumstub length of 1 cmis permtted as besblasns with the other convolution method’s a
the first tolast pinlengthis 10 cm The pppr6gakntS parameters of a transmssion line sys
tool can then determne if it is likely thadebkheirlpeittdie rel ati ve amplitude and phase of the
can meet these constraints. If there is a highdidkdhikwardtraveling waves at each port an
hood that it can, then these constraints argtpeaéhd fe@quency ona transmssionline of chara
therouter as awiringrule. Ifitislikelythat it epsdwhre Z
then the placement tool suggests an improvediptagsation into a transient circuit simmlatc
nent. Autommting this procedure should be gh13kghthat the description of the transmssion
forward. systembe in terns of total voltages rather than
traveling wave components implied by use of S para;s
eters. This can be achieved by term nating each p
4 Transim inits reference i mpedance so ensuring that ther
noreflecti ons at the ports of the distributed net:
Transim uses a convolution technique tNowkhewotal transient response of anylinear net
m xed simul ation of linear elements specifiedralnt 4he sources at the ports of the net work car
frequency domain and non-linear el enents tdedte naeded by convol vingin time these voltages w
tobe simml atedinthe time domain. Inthis s$hetDiomaofi mpul se voltage responses at each exte
t he paper, we will first briefly discuss the opertatoifonhef net work. Myre explicitly, the total
the convolution simul ation core before presentti ngsiponse at port iof a transm ssion line sy
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Fi 6: C lete St i f T . S,aniitthenan FFTis carried out inorder toobtaint
tgure oo Lomplete ructure o ansimol gt 2h®S functions. These are then used in the con
toatotal voltdgy ¥ th out put i mpedapet Z lution.

each port is [ 8]

5 Concl usions

N .
Vi(t) = Z/ gi ft—7) B 7)dr

j=1 MetaSimcan be used to characterize the trans
N formation between the physical design space (len
= Z gift) x§ (1) spacing, etc.) andelectrical designspace (delay
j=1 before any layout is done. The layout tools can t

aﬁplythis transformationtothe placement i n orde
¢

Here the symbol xdenotes convol ution, Nis U placement i mprovenments and also to form
ber of external ports in the transmssion Jigpe W?i‘ﬁglrules (

routing constraints) for use
and

router. MetaSimcould also be used for other physi

1 design scenarios where analytic delay and noise r

gi f1) :EF_l[Gf“’)] =V(t) /K 0) (2) els are inadequate, such as high speed DRAMdesi g:
and packaging technology selection. It is very fle

is the impulse response at port ¢and at tigad doudrd be integrated with any simml ator.

Dirac delta source at port jandtime zero, In 2} is used for a-priori analysis, MetaSimwe

1 N . conduct more siml ations than a post-layout si m

Gifw):{‘(s, +$f2w))/ = (3) tor would be required to. This suggests that incre
ifw)/ . runtime m ght be anissue of concern. There are th

is the frequency-domin Green’s function ??Bﬁltﬁ(glpf)l nts, however. Fl‘rSt’ rn hi g}‘l speed des
[ajnd &t he avoiding the need for mmltiple iterations of th
inverse Fourier transform Fi nallymzAstO.%l/?HWIll save more user t1me a‘ndcomputer t1me t_h;
the time i ncrement{df wherenfqis the hi ghestWOUId be spent in using MetaSimup front, and wil
frequency component pd)G alsolead tomore effci ent use of board space. Seco
Based onthese techni ques, Transi mhas bee%itﬂﬁ}é‘ll_s very e‘chllent with th‘e h}lnnn designer’
mented [8]. Essentially, the interconnect §£Pﬁctu’];}blsrﬂo initial results indicate that the

be simml ated, are partitioned into a colle%rt?%ﬁlf(?frpjtnl—o_n is generally‘regul‘ar and thus a €
aérsa,Cta%]ﬂl zation can be obtained withasmall num

jto port iat radian frequency

ear, frequency dependent parameter struct .
non-linear circuit structures (includi ng° i‘rrpenqioexbie%generatedresults, as longas theirre

dent voltage and dri ver sources). Simulati 8% I].‘toscgé&_sfound‘ . . .
by minimzing the difference between the estrhBifEym:s one of the‘three simml a‘flonengl nes ¢
voltages at the term nals of the non-1inedf ¥l it YetaSim It is a convolution-basedsin

and the voltages at the term nals of the 14iem f haphas sol ved a number of the probl ens usual
found in such simul ators. It has been devel oped a

ments, as determ ned via convol ution. ; ’
complete packaging simmlator.

43 Opedims aPadegirg Smdaa
Agowvleanats
The complete structure of Transimis shownin Fig-

ure 6. Transimis a mpdel -independent simml aflfhe. abhbhhors wouldlike to thank Jack Gregenkem
stead modeled elements are represented intpernaflTamdem George Katopis and Jay Diepenbrock
adm ttance matrices. Thus new models for both pfi-I BM and Steve Li pa of NCSUfor discussion
terconnect structures and drivers andreceinbomnt cawrbait signal integrity requirements. T
added quickly. Fromthe Y-matrices correspahdonigotdaki Rakib, of Cadence, and Wiyne Dai, of
all of the modeled elements a complete Y- paharMitieversity of California (Santa Cruz), for di
matrixis constructed. An important step 55 otnlseaboout CAE integration and physical design
duction of this matrix toa M x M adm ttanceenn-W also gratefully acknowl edge MCNC, partic
trix, where Mis the number of nonlinear nodeasr] AfMigmne Detl off, for providing us with their 0.
reduction, the Y-matrices are converted to@VMdhatlri ves and receiver simul ation files.
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