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Abstract

Theformula-basedK. ;; modelis a figure of merit for
the inductive coupling,and hasbeenusedto solvethe si-
multaneousshield insertion and net ordering (SINO) and
simultaneousignaland powerrouting (SPR)problems.In
this paper we first showthat the K.;; modelhasa high
fidelity compaed to the SPICE-computeahoise under an
accuiate RLCcircuit model.We thendevelopsimpleyetac-
curate formulaeto estimatenumbersof shieldsneededby
optimal SINO solutionsunderthe K.;; model. Extensive
experimentsshowthat our pre-routing estimationhas er-
rorslessthan 10%compaedto solutionsgivenby detailed
SINO algorithms. Theseformulae can be usedeffectively
asa pre-routing congestiorestimationfor layout planning
andsynthesis.

1. Introduction

It is becomingincreasinglyevident that on-chip induc-
tance,especiallymutual inductance shouldbe considered
for high-performancenterconnectdesign. Several recent
work have studiednterconnecbptimizationconsideringn-
ductive coupling for multiple couplednets. Examplesin-
clude the simultaneousshield insertion and net ordering
(SINO) problem[4] and simultaneoussignal and power
routing (SPR)problem[6].

The K.;; modelbut not noisevoltageis usedin [4, 6]
to representhe inductive coupling. Despitethatthe K. ;¢
model is far away from accurate,our first contribution
in this paperis to showv that for optimal SINO solutions,
the K.;; modelhasa high fidelity comparedto SPICE-
computedchoiseunderanaccurateRLC circuit model. l.e.,
a SINO solution with a higher coupling underthe K¢
modelalsohasa highernoisevoltage.

To integratethe SINO probleminto the currentdesign
flow, it is desiredto have an efficient interconnectonges-
tion estimation.Our secondcontribution of this paperis to
develop simpleyet accurateformulaeto estimatenumbers
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of shieldsneededby optimal SINO solutionswithout run-
ning SINO algorithms.

The restof this paperis organizedasfollows: Section
2 introducesreliminariesandreviews therelatedresearch.
Section3 studiesthefidelity of the K.y model. Section4
derivesformulaefor the pre-routingcongestiorestimation.
Section5 concludeghe paperanddiscussesngoingwork.

2. Preliminaries and related wor k

Similar to [4], we denotea signal netass-wire andde-
fine that two netss; and s, are sensitiveto eachother if
a switching signalon s; causesss to malfunction(dueto
extraordinarycrosstalkor delay variation) and vice-versa.
In this case,s; is an aggressorfor s,, andss a victim of
s1. The sensitivityrate of s; is definedasthe ratio of the
numberof aggressor$or s; to thetotal numberof nets. A
shieldis awire directly connectedo P/Gwires. By insert-
ing a shield betweentwo sensitve s-wires,we areableto
eliminatethe capacitve couplingandreducethe inductive
coupling.

In orderto efficiently modelinductive couplingbetween
two arbitrarys-wires theinductive couplingcoeficient be-
tweentwo s-wirescanbe usedasthe figure of merit. The
couplingcoeficient betweertwo netss; ands; is defined
as
mij
li -l

wherem;; is themutualinductanceoetweens; ands;, and
l; and{; is selfinductancefor s; ands;, respectrely. Let
a block denotethe set of wires betweentwo shields. In
this “effective coupling model” (i.e., K.;; model),when
the two netsarein the sameblock, as shovn in Figure 1
whereN; andN; aretrackorderingnumberdor thetwo s-
wires,andg; andyg, aretrackorderingnumberdor thetwo
shields the couplingcoeficientis computedas

(f(1) +9(5))
2

K;; =

Rij =

where f (i) andg(j) aretwo functionsdefinedasfollows:
assuminghatthefunction f is 0 atg;, andis 1 at V;, f(:)

is the linear interpolation,i.e., f(i) = (JJ\V,’:Z’I). Similarly,
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g(j) = %. Whennets: andj arein differentblocks,

the coupling coeficient K; is 0 or a small constant. We
computethetotal inductive couplingfor s; as:

Ki=> Ky
j#i

for eachs-wiress; thatis sensitve to s;.
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Figure 1. lllustration of K.;; computation.

The K.;; model hasbeenappliedto SINO and SPR
problemd4, 6]. The SINO problemperformssimultaneous
shieldinsertionandnetordering.The SPRproblemdefines
an optimal P/G structuresuchthat the minimal numberof
shieldsis neededy the optimal SINO solutionwith respect
to theabove P/G structure Both problemsminimizetheto-
tal routing area. Further resultingsolutionsarefree of ca-
pacitive couplingand satisfyinductive coupling constraint
underthe K. ; model.

3. Fideltiy of Ky model

The K¢y modelis easyto computeand corvenientto
useat a higher designlevel or at an earlier designstage.
However, it is not clearhow goodthe K. ¢; modelis asa
figure of merit for the accuratenoisevoltage. Especially
it assumeshatthe currentreturnsfrom the nearesshield,
which maynotbetruein general.The currentoftenreturns
from quietwireswithin thecurrentblockif thereareplenty
of quietwiresin this block. Onthe otherhand,the current
often returnsfrom shieldsor quiet wires outsidethe cur
rentblock whenmultiple wiresin the currentblock switch
simultaneously Despitethat the K. ¢; modelis far avay
from accuratejt hasa high fidelity in the following sense:
anoptimal SINO solutionwith a highercouplingvalue K;
alsohasa higherSPICE-computedoiseover a distributed
RLC circuit modelusingthe partialinductancemodel. Our
obsenationis basedon the following experiment. We first
generatea large numberof optimal SINO solutionsusing

SINO algorithms andrankthesesolutionsby boththe cou-
pling value K; and SPICE-computedhoiseusingan accu-
rateRLC circuit model. We thencomputethe absolutedif-
ferencebetweenthe two rankingsfor eachoptimal SINO
solution. If the ranking differenceis small enough,the
K¢y modelhasa high fidelity. The similar rankingtech-
nigueshave beenusedto studythe fidelity of EImoredelay
modelin [1, 2].

Further we calculatethe SPICE-computedioisediffer-
encewith respecto the averageranking differencein the
following way: let the averagerankingdifferencebed. For
a SINO solutionwhoseSPICE-computechoiserankingis
i, we computethe relative differencebetweerthe (i+d)-th
andi-th SPICE-computedoise,aswell asthatbetweerthe
(i-d)-th andi-th SPICE-computedhoise. Betweenthe two
valuestheonewith thelargerabsolutevaluedividedby the
i-th SPICE-computedoisevalueis definedasnoisediffer-
encefor the solution. In otherwords, it shovs how much
the noisedifferenceis introducedif we use K.y modelto
approximatethe SPICE-computedhoisevoltage underan
accurateRLC circuit model.

| technology | 0.1Qum |
vdd 1.05v
frequeny 3GHz
inputrisingtime | 33ps
driverresistance| 1500

loadcapacitanceg 60fF

wire width 1.0um

wire thickness | 1.1lum

wire spacing 0.8um

wire length 200Qum

Kip 0.5,1.0,1.5,2.0

Table 1. Experiment settings for SPICE simu-
lation

In our SPICEsimulation,we generatea RLC seggment
for each100um wire sggment,anda mutualinductancee-
tweenary pair of two sggmentseven thoughthey belong
to the samewire. We usethe partial inductancemodelin
[8, 3], without assumingary currentreturnpath. The pa-
rameterdor the SPICEsimulationof the detailedRLC cir-
cuit modelaresummarizedn Tablel. We reportin Figure
2 thedistribution of the rankingdifferencedor SINO solu-
tions. The averagerankingdifferenceis only 124.533over
3,840SINO solutions. The averagenoise differencewith
respecto sucharankingdifferences 6.2018%.In addition,
we presentn Table2 theaveragenoisedifferencefor SINO
solutionswith differentcouplingvalues.Onecaneasilysee
thatthe smallerthe coupling,the smallerthe averagenoise
difference. We assumen our experimentthat the largest



couplingvalueis 2.0 underthe K. ;; model. This valueis
choserbasedon our experimentd4] thatfor 0.1Qum tech-
nology, K:, = 2.0 is a “good” noiseboundin the sense
thattheresultingSINO solutionshave the SPICE-computed
maximumnoisecloseto but still lessthan15%of Vdd.
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Figure 2. The distribution of the ranking dif-
ference for 3,840 SINO solutions.

couplingvalue | noisedifference
0< K; <05 5.1193%
05< K; <10 5.9872%
10< K; <15 6.5520%
15< K; <20 7.1487%

Table 2. The average noise difference for dif-
ferent coupling values

Basedontheabore empiricalevidence we concludehat
the K.;; modelhasa high fidelity over SPICE-computed
noiseusing an accuratecircuit model. This fidelity holds
for optimal SINO solutionsunder practical noise bound.
We speculatehatthe SINO algorithmsareableto distribute
shieldsandquitewiresevenly bothspatiallyandtemporally
thereforghecurrentmainly returnswithin thecurrentblock
includingthenearesshields.This leadsto thefidelity of the
K¢y model.

4. Formulae of pre-routing estimation

We first considerthe uniform sensitvity case,where
eachnet hasthe samesensitvity rate.S. Further We de-
notethe numberof shieldsas V,, the numberof netsas .V,
andthe couplingcoeficientthresholdas K. As shawvnin
[6], thenumberof shieldsfor afixed Ky, is

Ns = (a1~N—|—a2)~S2+(a3~N—|—a4)~S
—|—[l5~N—|—(16 (1)

where a; to ag are coeficients determinedempirically.
However, the above formuladid not considerk’;,, asavari-
able,which limits its application.

We proposethat the numberof shieldsis a function of
N, S,andK;, as

N, = —0448 K, -N-S?40.624- N - S?
+21.67- Ky - S —29.87- 52
+0.384 - K, -N-S—0.337-N-S
—22.83-Kip-S+3145-5S—0.12- Ky, - N
+0.202- N +5.47 - Ky — 6.28 (2)

This formulashavsthatgivenfixedvaluesof N andS, N;
is alinearfunctionof K.

Formula (2) can be extendedto the casewith non-
uniform sensitvity rates. Whenthe sensitvity rateis not
uniform but is S; for s-wire s;, the numberof shieldsis
givenby

N N
—0.448 - Ky -y SP+0.624- > 57

i=1 i=1

+21.67- ]‘”’ 252 ~29. 87— 252

N, =

+0.384 - Ky, - E S; —0.337- E S;

i=1 i=1
—92.83. A”‘ ES —1—3140— ES

—0.12 - Ky, - N + 0.202- N + 5.47 : Ath
—6.28 3)

We verify formulae(2) and(3) by comparingnumbers
of shieldsgivenby theformulaeandthoseobtainedby the
SINO program. As shown in Figure 3, the differencebe-
tweenthe estimationand the SINO programis lessthan
10%. Notethatwe cantunetheconstantn formulae(2) and
(3) to obtaina desiredower or upperboundon the number
of shieldsrequiredby SINO solutions.

5. Conclusion and discussion

In this paper we have shovn thatthe K.¢; modelhas
a high fidelity to SPICE-computedoiseunderanaccurate
RLC circuit model. We have developedsimple yet accu-
rateformulaeto estimatethe numberof shieldsneedecdby
optimal SINO solutionsunderthe K. ¢y model. Extensve
experimentsshav that our pre-routingestimationhas er
rorslessthan10% comparedo solutionsgiven by detailed
SINO algorithms.Suchestimationcanbe usedby intercon-
nect planningand synthesis. For example, shieldingesti-
mationhasbeenusedto develop an efficient two-phaseal-
gorithmfor the SPRproblem([6]. Further we have recently



0-5%: 56
5%-10%: 51

0-5%: 40 5%-10%: 40

Number of test cases

10%-15%: 13

10%-15%: 0

uniform sensitivity non-uniform sensitivity

% error between the formulae and SINO solutions

Figure 3. Comparison of N, by the estimation
and the SINO-k program.

developedshieldingestimatiorfor SINO solutionsunderan
explicit RLC noiseconstrain{5, 7].

The simplestinterconnectstructure,parallel bus struc-
ture,is assumedh thiswork. We areincorporatingthe pre-
routing estimationand SPRformulationto a global router
for signalandpowernetco-design Eventhoughtheexplicit
RLC noisemodelusedin [5, 7] is moreaccuratewe plan
to first applythe K. ; ; modelto theglobalrouterdueto the
simplicity andhigh fidelity of the K.;; model. Thesenen
resultswill bemadeavailableat http://eda.ece.wisc.edu.
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