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Abstract

The current approaches to generating wiring rules for hi gh speed PCBs and M(M are
ursatisfactory because they require intersive mamal efforts or use over-sinplificatiors. In
this paper, an automted approach based on a-priari simnl ation based characterization of
the intercommect circuit configurations is presented. The inproved flexibility and accuracy
provided by this approach, vhen conpared vith traditional approaches, are denorstrated
via an MM ntercomect exanpl e.

I. Introduction

Inhighspeed designit is necessary to constrain thelengths and geometry of the nets ona Printed
Grcuit Board (P(B) or MiltiChip Mdule (MM to ensure that timng and signal integrity
requirenents are met. 'These constraints are typically referred to as ‘wiring rules’ or ‘design
rules’. It is also often necessary to constrain driver and receiver circuit choices, termnation
choi ce, and the nunber of vi as.

A vell developed, but highly nmanual approach, to generating and managing wiring rules
is presented by Davidson and Katopis [1], [2] and has been extended and used successfully
el sevhere [3]. Intheir approach, the signal integrity expert conducts intensive similation studies
of different net configurations. Komthese studies, ‘wiring rules’ which guarantee first incident
switching are established. (DMote that this is a slightly different use of the term‘wiring rule’
than the defini tion gi venin the first paragraph.) Dklay and noise equations are then established
w thin the bounds of the rules. Awvariation of their approach, with some limted tool support,
has also been devel oped by Mtsui et. al. [4], [5]. Ibwever, nost conpanies do not have the
signal integrity manpover for conducting such intensive similation studies and use a sonewhat
di flerent approach.

The usual industry conputer- ai ded approach to managi ng ti mng and signal integrity require-
rents is illustratedin K gure 1. Inthis approach, a signal integrity expert specifies aninitial rule



set based on a conbination of sinple anal ytic expressions (e.g. time-of-flight), rules of thunb
(e.g. keepstublengthless than v /10, where t,is the rise tine, and vis the propagation speed),
and previ ous experience, including similation studies. The physical design tools then produce a
pl acenent and routing whi chis verified through simil ation. If significant viol ations are detected
through simil ation, the designer’s judgerent is used to adjust the rules. The layout-simil ate-
adjust loopis iterated until there are no violations. There are a nunber of problems with this
approach:

o Eventhe nost conpl ete theory- based equations for predi cting del ay and noi se assune 11 near
drivers and recei vers and capacitive loads only. The del ay and noi se predi ctions made by
these equations are inaccurate when conpared with simil ationresul ts. Thus, in hi gh speed
system, if the designis conducted accordi ng to these equations, the post-1ayout simil ator
will report many del ay and signal integrity violations. The layout-similate-adjust 1oop
mist then be iterated many tines, increasing total design tine.

e Mny of the rules of thunb are also very conservative. In addition, in order to save tine
during rule devel opnent, the signal integrity experts prefer to specify very conservative
initial rules, e.g. the stub length rule above. Such rules over-constrain the router, mak-
ing its job more difficult. TThe effective result is increased average wire length, increased
routing overflows (requiring hand routing) and, possibly, additional layers, and thus hi gher

packagi ng cost.

e Specifying and adjusting the rules requires the close attention of a signal integrity expert
as vell as design and layout engineers. This is ineffti ent and nany conpani es do not have
requi site manpover. Hirthernore, the signal integrity expert is often not called in until it
is found that the prototype does not work.

One approach to sol ving the last probl emabove is to replace the expert with an expert system
that judges the simulation results. Such an expert systemhas been built by Simoudis [6].
Ibvever, an expert systemgives only general sinple advice, e.g. ‘if delay is too large then
shorten etchlength’. Iktailed, quantitative advice is needed to do design.

I sol ve these probl ens, ve have devel oped a wi ri ng- rul e managenent approach based on au-
tomatic a priori simil ation- based characterization of the electrical properties over the physical
design space. 'The a priori characterization repl aces the theory-based equations often used cur-
rently. It also replaces the del ay and noi se equations usedin the approach devel oped by Dhvi dson
and Katopis [1], [2]. The purpose of this paper is to describe this characterization procedure,
froma signal integrity viewpoint, and to present the nethodol ogy and tool set for automatically
generating wiring rules.

'The advantages of the approach presented here are as follows:

e Simil ation- based characterizations are more accurate and nore conpl ete than the theory
based equations. (sing this approach decreases design tine and decreases the need for a
signal integrity expert to closel y noni tor each design.

o 'The generated rul es are not as conservative as those based on exi sting approaches and thus
do not over-constrain the router. They produce a larger permtted physical design space
(i.e. viring rule extent) consistent with timng and noise requirenents.
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o Athough generating the characterization requires several hundred siml ation runs, one
characterization is applied to all of the nets that have the sane types and nunber of
drivers and receivers. Additionally, the results are re-used across miltiple designs and
for miltiple design purposes, including floorpl anni ng, placenent and routing, within a
design. Additionally, the characterizations can be conducted well before physical designis
commenced. Thus the total design tine is significantl y reduced.

Anunber of problem had to be sol ved to make this approach viable. Krst, the generation of
simil ation studies and the anal ysis of similation results was automated. Second, the nunber of
studies required to generate a suffti ently accurate characterization was controlled so that this
process is conpleted in reasonable tine. Third, the characterizations vere used with the timng
and noi se constraints so as to generate wiring rules for a router. The sol utions inpl enented are
discussed in the next section. Tw high speed MMnet design exanples are used to illustrate
and verify the utility of the nethodol ogy in Sections III and I'V. In those sections we al so define
and use tw neasures concerned with measuring the quality of the wiring rules produced, the
flexi bility coeflti ent and the safety coeflti ent.

'The descri bed nethodol ogy and tool set considerably eases the burden on the Signal Integrity
expert (the person responsible for generating wiring rules) by automating the process of charac-
terization and rul e generation. The expert still must choose appropriate simlation nodels for
the different circuits and interconnect structures within the design. The rest of the rule gener-
ating process is automated, though the expert can nonitor and change its progress, if desired.
The rethodol ogy described here encapsul ates some of the qualitative knowl edge of the signal
integrity expert while providing nurerical electrical response ‘macromedels’ that offer a new
hi gher level of abstraction. The end result is a rethodol ogy that leads to accurate but flexible
wiring rul es and subsequentl y to less conservative designs, with fever signal integrity violations,
lover cost and reduced tine-to- market.

I1I. Steps in Wiring Rue Prodiction

Qrr approach hinges on establishing sinplified nodels of various intercomnect responses, e.g.
del ay and noi se, accuratel y and effti ently. The steps in the approach are illustrated in K gure 2.
There are three phases, a characterization phase, a macronedeling phase and a wiring rule
generation phase. The first tvwo phases are conducted before detailed design of the layout takes
place. They can be perforned as soon as the circuit and intercomnect technol ogies have been
determned. Rile generationis perforned at the tine of actual physical design, when the timng
and noi se requi renents for each net are precisel y known.

The objective of the characterization phase is to obtain a response surface that captures the
circuit responses of interest (e.g. delay and reflection noise) of a generalized intercomect circuit
topol ogy, over a range of certain design variables, such as length. (haracterizationis performed
for each uni que circuit topology, e.g. the two-receiver QB dri ver /receiver circuit topol ogy as
shownin KHgure 3. Inthis exanple, the design variables are the branchlengths /1 and /2, and
the stublength 3. Qher design variables, suchas via count, canal so be specified, if the designer
desires.



K gure 4 shovs an exanple of part of a response surface for the circuit topology shown in
Hgure 3. (Potting the response surface is not a step in our methodology. Part of the [4-
di nensional | response surfaceis shownheresolelyforillustrati ve reasons.) The el ectrical response
characterizedis settling del ay, whichis defined as the del ay fromwhen the signal at the output of
the dri ver passes through the 50% point until the signal at the input of the receiveris sufltiently
settled for correct latching, as shownin Fgure 5. It is a useful delay neasure for 1atched data
signal nets [7]. The delayis characterized over a design space, specified by the ranges allowed
on the design variables, inthis case 0 < [1 <10 cmg 0 <2 <10 cm and 0 <3 <10 cm The
designer, or another tool, mist specify reasonabl e mni mimand naxi mimranges for the design
variables. Ranges consistent with the board/nodul e size are usually adequate.

(haracterization consists of repeatedl y assi gni ng val ues to the desi gn variables fromtheir gi ven
ranges, and simul ating the i ntercomnect structure with these val ues to obtain the responses. The
choi ce of val ues to be assignedis determned by conputer experinental design techni ques [8],[9].
Bisically, these techni ques invol ve choosing a suitable data interpol ating function, and several
conbi nations of val ues assigned to variables (called “sanples”), so that the interpol ating function
accuratel y predicts the response at untried points in the design space.

Sequential sanpling is used to achieve this objective as illustrated in Hgure 6. Initially, a
randomsanpl e is drawn over the entire design space using Latin Hypercube Sanpling [10]. B
determne the accuracy of the response surface, the response val ue at each “sanpled” point is
conputed using the interpol ant, assumng that the response at that point is not known. 'The
data interpolation is perforned by Mving Ieast Square Interpolation [11]. This interpolated
val ue is then conpared agai nst the simml ationresult. If the diflerence is unacceptabl y large, then
newsanpl es are taken fromthe vicinity of the sanple point in order to inprove the accuracy
of the interpolant. The "newsanpling space” specifies this vicinity. Physically speaking, the
second sanpling step takes more sanples inthe vicinity of the less stmoth regions in the response
surface, for exanple, inthe vicinity of the ‘cliff’ visible in K gure 4. Further details can be found
in[12].

The sanpl es are automatically siml ated and anal yzed vith a tool called MtaSim|[13], [14].
MtaSi mallovs generalized circuit structures to be specified as a collection of parareterized
physical objects so that siml ation studies can be easily conducted.

(hce a suitable sanple is determned, it is necessary to capture the response surface as a set
of fitted equation(s) so that wiring rules can be generated. Linear equation(s) are preferred so
that the wiring rul e can be obtai ned anal ytically. For exanple, if delayis expressed as a function
of the lengths,

t(l) = ao + a1y +a 51y +a i3, (1)

then the length ranges that meet a del ay requirenent of say ¢(!) < 1.2 ns can easily be found
al gebraically. Fbvever, it is easy to see that a single linear equation does not accuratel y capture
the response shownin K gure 4. Fomvi sual inspection at least two equations voul d be preferabl e,
one for the response to the ‘left’ of the ‘cliff’, and one for the ‘right’. We have devel oped an
approach vhereby a piecewise linear set of equations are automatically produced to represent
the response surface. This set of equations is referred to as a macromdel.
There are tvo requirenents on this macromodel . Krst, it must be suffei ent] y conservative so
that a safe designis produced. Second, it must be suffti ently accurate so that the final design



is not over-constrained. (he approach that woul d satisfy the safety requirenent would be to
generate alinear macronodel over the entire design space that lies ‘above’ all of the sanpl e points
(assumnga ‘smlleris better” del ayrequirenent inthe design). Msually, this macromdel woul d
be a plane that woul d lie above the response surface shown in H gure 4.

'The techni ques used to generate a pi ecevise linear macromodel is explained fullyin References
[14], [15]. Aillustration of the output produced by the macromdeling tool is showninH gure 7.
(Physically, sucha response shape mght be foundinalossless exanple, suchas a Printed Greuit
Board intercomnection. The ‘dip’ betveen sub-regions 2 and 3 mght result froma resonance
that decreases reflection noise for these lengths. Asimlar, but smaller, ‘dip’ can be seenin
the response surface shown in K gure 4 for {2 =1[3. 'The nmagni tude of the resonance is small
due to resistive damping. ) Inthis sinplified exanple, the mcromodel produces tw surfaces in
each region, one above all of the sanpl ed points and one bel ow The macromodel thus produces
conservative rul es for both mni mumand naxi mumdel ay design requi renents. The nmacronodel
is al so accurate because the diflerent sub-regions vere selected so as to produce small naxi mum
errors in the fit. This entire process is illustrated using two exanples, one suitable for a data
net, another for a clock net. In both cases the circuit structure givenin Hgure 3is used.

ITII. Exampe 1 — Data Net

Inthis section, ve obtainawiring rule satisfying a settling del ay requi renent for the net topol ogy
shown in Hgure 3. 'The noise budget for reflection noise was 0.1 Vand the lossy lines vere
untermnated. The cross-section of the copper lines was 8 ymwide by 4 pnthick. Aburied
mcrostri p configurati on was used with 8 umof pol yimde dielectric. il circuit nodels for 24 mA
(M dri vers and recei vers vere used to generate the results. A the parasitic capacitances vere
verylow the rise tine was fast, about 700 ps. Thus, without termnations, there is considerable
ringing noise in the 5 cmflong interconnection whose settling delay response is illustrated in
K gure 4. Ibvever, at a certain point when the nets get longer, the line 1osses danp the ringing
signal . Thus settling delayis larger for the shorter lengths shown in K gure 4 than for the 1onger
lengths.

The ¢ above’ hal f of the macromdel was generated for settling del ay. (The response surface vas
obtai ned wi th 240 simil ations, perforned over two sanpling stages.) Hevendisjoint subregions
vere forned as a result of the macronedeling process, the equations for two of which are given
inTable 1. Asogivenin Table 11is the equation for the one- pi ece macromodel obtained if no
subdi vision is done.

Avi ring rul e vas generated by sol vi ng the macronodel equations for the el ectrical requi renent
that delay must be less than 3.5 ns. 'The resulting wiring rule is a region enclosed by a set of
planar surfaces in the three- di nrensional design space.

The rule vas tested by comparing it with simlation results of 2,000 randonhy generated
designs, all withlengths within the design space specified (0 <I1,12,13 <10 cnj. A Mnte-
Garlo approach was used to ensure that the designs were evenly distributed throughout this
design space.

The results are listed in Table 2. The flexzibility coefficient reasures the ability of the wiring
rule to capture all feasible designs. Afeasible design is one that meets all of the electrical



requi renents upon simil ation. The coefltient is defined as

Nrule

flexibility coefftient = N

(2)

vhere N ,;,, is the nunber of randomhy generated designs that are feasible, by similation, and
Nyye is the nunber of designs that vere also predicted to be feasible by the wiring rule. A
hi gher flexibility coefltient is better, 100%being ideal. Alowflexi bility coeflti ent neans that
the wiring rul e is michmore conservati ve thanit needs to be. The lower the flexi bility coefiti ent,
the harder is the task faced by the autorouter. The net result is either more tine is spent hand-
routing unroutabl e nets (or nodifying the rules by hand) or addi tional routinglayers have to be
added. (bnventional wiring rule generation approaches have often been criticized by designers
as making their job too difftul t by artificially over- constrai ni ng the nets.

'The safeness coefficient neasures the safety of the wiring rule. It is defined as

1

N .
saf eness coeflti ent = M, (3)

vhere N [ is the nunber of randomty generated designs predicted to be infeasible only by
simmlation. N ..., 1s the subset of the N,  designs that are also predicted to be infeasible
by the viring rule. A design tine, a safeness violation is detected by post-layout simil ation.
Asafeness violation results in sone post-layout manual re-routing to fix the signal integrity
violation. 'The relative inportance of flexibility and safeness depends on the rel ative designer
tine needed to re-route a net to overcone a congestion problemversus the tine required to

re-route a net to fix a signal integrity violation.

IV. Exampe 2 — Clock Net

Inthis exanpl e, ve showhowthe tools devel oparul e satisfying afirst inci dent swtchi ng criterion,
i.e. undershoot and overshoot are less than the noise budget specifications (0.8 Vand 1.0V,
respectively) and that there are no inflections or porches (‘plateaus’ or flat periods) in the rising
and falling edges of the signal. Such a high signal quality is essential for clock distribution.
The sane circuit el erents and topology is used as the one described in Section II. The resul ts
are conpared wth the set of 2,000 randomdesigns and with the sinplified (‘standard’) rule
generationapproach. Aruleis generatedfor anet that must neet the above general requi renents
as vell as the specific requi rement that the 50%del ay fromdriver output to receiver input be
less than 1 ns. Arule is generated using a 1- pi ece macromodel, as obtained before subdi vision,
as vell as a 10- piece macronodel .

Aviring rul e was al so generated using the standard approach in whi ch 50%del ay is estimted

via the equation [ 16],
il
t50%—delay = ’U— 1 —I_C L/CO’ (4)

prop
vhere [ is the main line length, vp.,, is the signal propagation speed, (7, is the load capacitance
per unit length and C g is the unl oaded 1ine capacitance per unit length. (Admttedly, Fyuation 4



assures lossless lines. Fbwever, as no conparabl y sinple equation exists for estimating del ay of
lossy lines, ve are forced to use this equation as the ‘standard approach’ reference.) Orershoot
and undershoot were controlled by using the rule of thunb for stublength, I .5, [17]

lst'ub <v p,.opt,./]_o, (5)

vhere t , 1s the rise tine.

'The rul es generated by each of these approaches vere tested by agai n conpari ng themwi th the
simil ationresults of 2,000 randomhy generated designs. The results are reportedin Table 3. The
resul ts showthat the approach describedin this paper is much safer than the standard approach
to generating rules and produces a significantly hi gher flexibility coefftient, particularly if the
10- pi ece macromodel is used. The safeness coeffti ent is i nproved over that for the settling del ay
exanple in the previous section because the response surface for 50%delay is smwother than
that for settling del ay and thus easier to capture through sanpling. The flexibility coefftient is
vorse because of the miltiple electrical constraints on the design specified by the first incident
sw tchi ng requi renent.

V. Discwssion

Inthis sectionve discuss the time costs associated with this approach, discuss sore designissues,
and describe howstatistical variations are accounted for.

Mst of the tine costs invol ved with this approach rel ate to performng the simil ations and
the fitti ng of the macronedel s, the overhead associated with specifyi ng and testing the sanpling
steps being negligible.

In the case studies we have conducted, the nunber of simul ation sanpl es needed to obtain a
suffti ent] y accurate characterizationis related minly to the nature of the response and less to
the conplexity of the circuit (e.g. the nunber of receivers). If the response surface has mny
discontinui ties, or is otherwise highly non-regul ar, then a 1arge nunber of sanples are needed.
For the MMl ayout exanple used here, the number of studies grew approxi mately linearly
with the nunber of paraneters being varied. Fr exanple, a four termnal net was adequatel y
characterized vithless than 600 sanples. For alossless P(Bline characterization, alittle insight
can be used to inprove the regul arity of the surface. It was found that limting the stublength
to less than half the maxi mumbranch length, resulted in a mich stmother surface than if the
stub was allowed to be as long as the branch. Such sinple rules can be easily automated into
the approach. (Dhvidson and Katopis [1],[2] were the first to realize that stub lengths mst be
limted to generate good rules. Quir approach diflers fromtheirs in that they require the stub
length be short enough to guarantee first incident swtching. Wjust require the stub lengths
be short enough to keep the response surfaces frombeing too ‘rough’.)

The tine cost of the macronedeling stepincreases mainly with the di nensionality. Wth the
current macronodel i ng approach, when there is likely to be more than 8- 10 di nensions, steps
need to be taken to reduce the di rensionality in order to control run-tine. For exanple ina 10
receiver net that is actually a bus, the regularity present in the layout could be used to reduce
a 20- di rensional problemto a two-di nrensional problem This is achieved by treating all of the
stublengths as the sarne, and simlarly for the branchlengths. The macronodel i ng step can take



5 mnutes to many hours for each net topol ogy on a typical workstation. Faster macronedeling

al gorithms are being investigated. 'These time costs are small, hovever, especially considering
that the characterization and macronedeling steps can be done early in the design and that
these tasks can be easily parallelized across a netvork.

Qur results indicate the val ue of using a settling del ay neasure for latched (ie. non-clock) data
nets and the val ue of the mul ti- pi ece mcronodel . Mny designers use a first inci dence sw tchi ng
criteriafor non-clock nets. Inconparing the results inTables 2 and3, it is clear that though first
incident switchingis aslightlysafer neasure thansettling delay, it is significantlyless flexible (i.e.
more conservative). Inthis exanple, if the designer used a first incident swtching criterion for
signal nets, the result could well be a higher degree of routing congestion, requiring nore hand-
routing, dependi ng on the nunber of wires to be routed. Krst incident switchingis slightly safer
because the correspondi ng response surfaces are smoother for first-incident delay, overshoot,
and undershoot, than they are for settling delay. 'The sanpling strategy is more effective at
capturi ng smwoth response surfaces. In Table 3, the val ue of the milti- piece macromodel over a
singl e equation model is well validated. The flexi bility inproves considerably withonlynegligible
degradation of safety.

Process vari ations canbe easily accountedfor by specifying 3-o or 6-ostatistical corner nodel s
using techni ques established by Chang [ 18]. (haracterizations are performed separately for each
model and then the macronedel is fitted around all responses together.

V1. Corxcl wioms

Whave established an automated process in whi chsignal del ay and reflecti on noi se are managed

wi thout resorting to overly conservative and ultimatel y costly design practices. (entral to this
process is the production of macromodel s that accurately capture the electrical responses of in-
terconnect circuits over any required range of physical design variables (including wiringlengths,
nunber of vias, layer assignment, nunber of 1oads, driver/receiver circuit types etc). The mcro-
model s are obtained by fitting piecewise-linear equations to a set of simulation results. 'The
macronode]l must be obtained fromsimil ation results because the avail abl e anal ytical expres-
sions for circuit electrical responses are inaccurate, especially for driver circuits wth non-1inear
output inpedances, for milti-receiver nets containing stubs, and for highly resistive thin flm
interconnections. W have al so shown sone neasurenent resul ts that demonstrate the i nproved

safety (fever signal integrity violations) and flexibility (greater ease of routing) provided by our
approach.

Qir solution greatly reduces the burden on the signal integrity and layout engineers. 'The
automatic production of macromodels releases the signal integrity engineer fromthe need to
manual 1y conduct a large nunber of similation runs. Qur solution also prevents the signal
integrity engineer frombeing forced to specify overly conservative rules just to reduce the effort
requi red.

The automatic application of the macronedels to the generation of a package layout from
the timng design rel eases the signal integrity engineer fromthe need to becore invol vedin the
detailed layout of a large nunber of designs. 'This automation also hel ps guarantee first pass
success for high speed digital designs.
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CMOS receiver
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K gure 3: Fxanple of a circuit topology, inthis case a two receiver net. This case studyis the
one used throughout this paper.
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Hgure 4: Settling delay versus lengths for the net class givenin Hgure 3. This response surface
vas obtai ned froma 1331-point full parametric study. I ; is fixed at 5 cm
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KHgure 7: Sinple exanple of a generated macronodel .
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Table 1: Fquations for ¢ above’ macronodel for the entireinitial region and two of the sub-regions.

‘ Regi on ‘ Fyuation: t sept1e(ns) = ‘ Dmai n (cm) ‘
(he piece 0.693 —|—04:]_2l 1 —|—0242l 2 —|—0188l 3 0 Sl 1 lg, lg S]_O
subreg 1 | 0.824 +0.407] ; +0.332] 5 +0.093[ 3 0<lq,1,I3 <10

3.19 — 0.1411 ; +0.5451 5 —1 5 <0
2.00 +1.131 1 —0.5111 5, —1 5 <0
3.49 —0.1581 1 +0.7911 , —1 5 <0
0.903 —0.668] 1 +1.991 , —1 5 <0
subreg 2 | 2.67 10.586] ; —0.1881 , +0.195] 5 0<l1,1l,I; <10
3.19 —0.1417 ; +0.5451 5 —1 5 <0
2.00 +1.131 1 —0.5111 5, —1 5 <0
3.49 —0.1581 1 +0.7911 , —1 5 <0
0.903 —0.6681 | +1.991 , 15> 0
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Table 2: Hexibility and safeness coeflti ents for the rule produced by the 11-pi ece macronodel
for settling del ay.

‘ Mpproach ‘ Hexibility (befiti ent ‘ Saf eness (Heflti ent ‘
‘ 11- pi ece Mcronodel ‘ 53% ‘ 91.2% ‘
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Table 3: (onparison of the Standard approach with a 1- pi ece macromodel and a 10- pi ece macro-
nodel .

‘ Mpproach ‘ Hexibility (befiti ent ‘ Saf eness (Heflti ent ‘

Standard 12.9% 90%
1- pi ece Mcronodel 14. 6% 99. ™%
10- pi ece Mcronodel 39% 99.1%
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