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Abstract
It hasbeenshown recentlythat simultaneousshield insertionand
netordering(calledSINO/Rasonly randomshieldsareused)pro-
vides an area-efficient solution to reducethe RLC noise. In this
paper, we first developsimpleformulaewith errorslessthan10%
to estimatethenumberof shieldsin themin-areaSINO/Rsolution.
In order to accommodatepre-routedP/G wires that alsoserve as
shields,we then formulatetwo new SINO problems:SINO/SPR
andSINO/UPG,andproposeeffective andefficient two-phaseal-
gorithmsto solve them. Comparedto the existing densewiring
fabric scheme,the resultingSINO/SPRandSINO/UPGschemes
maintaintheregularityof theP/Gstructure,havenegligiblepenalty
on noiseanddelayvariation,andreducethe total routing areaby
up to 42%and36%,respectively. Variousestimationresultsdevel-
opedin this papercanbereadilyusedto guideglobal routingand
high-level designdecisions.

1. INTRODUCTION
Signal integrity is a critical designissuefor high-performance

deep-submicroncircuitsandsystems.Most existing studiesfocus
on reducingthe capacitive coupling,and effective techniquesin-
cludenetordering[1, 2], buffer insertion[3, 4], andshieldingsuch
asthedensewiring fabric (DWF) [5]. As we move towardsgiga-
hertzcircuitsandsystems,the inductive couplinggainsincreasing
prominence.Differentfrom thecapacitive couplingthatexistsbe-
tweenadjacentwires,theinductive couplingmayaffectbothadja-
centandnon-adjacentwires [6]. It hasbeenshown thatshielding
andbuffer insertionarestill effective to reduceinductive coupling
[6, 7, 8], but netorderingalonebecomeslesseffective [9]. There-
fore, a simultaneousshield insertionand net ordering(SINO/R)
problemhas beenstudiedto minimize the routing areaunder a
givenRLC noisebound[9, 10].

However, it is not clearhow to incorporatethe above SINO/R
schemesinto theVLSI physicaldesignflow. Concernsinclude:(i)
How to estimatethenumberof shieldsandpre-allocatetherouting
areafor shieldsat an early enoughstageduring physicaldesign?
and(ii) How to accommodateP/Gwiresthatalsoserve asshields?
P/Gwiresareoftenpre-routedandarepreferredby thedesignerto
have a regularstructure.

To solvetheaboveconcerns,wefirst studyin thispapertheinter-
connectcongestionestimationfor min-areaSINO/Rsolutions.We
thenformulatetwo new SINO problems:SINO problemwith si-
multaneoussignalandpowerrouting(SINO/SPR)andSINOprob-
lem with uniform P/G structure(SINO/UPG).Basedon the esti-
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mationresult,we proposeefficient two-phasealgorithmsto solve
them,consideringpre-routedP/Gwiresandmaintainingtheregu-
larity of P/G structure.Comparedto the recentlyproposeddense
wiring fabric (DWF) scheme[5], theresultingSINO-basedwiring
schemescanreducethetotal routingareaby up to 42%,with neg-
ligible penaltyon noiseanddelayvariation.

The rest of this paperis organizedas follows: Section2 in-
troducespreliminariesand reviews the relatedwork. Section3
presentsshieldestimationfor SINO/Rsolutions.Section4 formu-
latesandsolvestwo new SINO problems:SINO/SPRandSINO/
UPG. Section5 concludesthis paperwith discussionson future
work. A full versionof this paperis availableasa technicalreport
[11], includingproof of theoremsandmoreexperimentalresults.

2. PRELIMIN ARIES AND RELATED WORK
Similar to [10,9], wedenoteasignalnetass-wireanddefinethat

two netss1 ands2 aresensitiveto eachotherif a switchingsignal
on s1 causess2 to malfunction(due to extraordinarycrosstalkor
delayvariation)andvice-versa.Further, we assumethat two non-
sensitive netsdo not switch simultaneously. The sensitivityrate
of si is definedas the ratio of the numberof aggressorsfor si to
the total numberof signalnets. For a setof coupledRLC signal
nets, the sensitivity rate can be either uniform (i.e., every signal
net hasthe samesensitivity rate)or non-uniform. The sensitivity
for all s-wiresin a given problemcan be representedcompactly
with a sensitivity matrix of size n � n, wheren is the numberof
s-wires.An entryof 1 or 0 in location

�
i � j � indicatesthatsi andsj

aresensitive or not sensitive, respectively, to oneanother. A ran-
dom shieldis directly connected(without throughdevices)to the
P/G wire structure.1 By insertinga shieldbetweentwo sensitive
s-wires,we are able to eliminatethe capacitive couplingand re-
ducethe inductive coupling. We usethe terms“wire” and“net”
interchangeablyin this paper.

The SINO/R problemis first studiedundertheKef f model[9],
and then underthe explicit noisemodel [10]. Both userandom
shieldsto obtainmin-areaSINO solutions.Similar to [10, 9], we
assumein this paperthat all signalnetshave uniform wire width,
length, thickness,and spacing. We usethe explicit noisemodel
from [10] unlessotherwisestated.Themodelcomputestheworst-
casenoisevoltageconsideringbothcapacitive couplingandlong-
rangeinductive coupling. Thereforethe noiseboundcanbe rep-
resentedasanexplicit voltage.Extensive experimentshave shown
that the explicit noisemodel is conservative comparedto SPICE

1Themostconvenientway to connectrandomshieldsis to addvias
betweenshieldsand P/G wires in orthogonalrouting layers. In
this paper, we assumethat thereis a connectionbetweenthe P/G
structureandevery100µm-longrandomshield.



simulationover the distributed PEEC(partial elementequivalent
circuit)� model[12] undertheworst-casesignalpattern.

Throughoutthispaper, weconsiderthefollowing setof intercon-
nectdesignspecifications(seeTable1) derivedfrom ITRS[13]. In
orderto alleviatetheimpactsof initial placementandthedistribu-
tion of sensitive wires on experimentalresults,the sensitive nets
arepickedrandomlywith respectto a givens-wireandits sensitiv-
ity rate. Unlessotherwisestated,we alwaysgeneratetendifferent
randomsensitivity matricesandteninitial placementsfor eachde-
signcombination,andconsidertheaveragenumberof shields.We
usethefollowing accuratecircuit modelto verify SINO solutions:
we divide eachwire into 100µm-long segments.Eachsegmentis
modeledby an RLC π-model,with a couplingcapacitanceto its
adjacentsegmentthatdoesnotbelongto thesamewire. Thereis a
couplinginductancebetweenany two segments,nomatterwhether
they belongto thesamewire or differentwires. We useSPICEto
simulatetheresultingcircuit modelandobtainthepeaknoisefor a
singleSINO solutionasthemaximumnoiseamongall wirescon-
sideringthe worst-casesignalpattern. We report both maximum
andaveragepeaknoiseif therearemultiple SINOsolutions.

technology 0.10µm driver resistance 150Ω
Vdd 1.05V loadcapacitance 60fF

noisebound 0.15V wire width 1.0µm
frequency 3GHz wire spacing 0.8µm

input rising time 33ps wire thickness 1.1µm
wire length 2000µm, 1400µm, 1000µm

Table1: Inter connectdesignspecificationsderived fr om ITRS.

3. SHIELD ESTIMATION
It hasbeenestablishedin [14] that the numberof shields(Ns)

is a quadraticfunctionof uniform sensitivity rate(S) anda linear
functionof thenumberof signalnets(N). In orderto explicitly ac-
commodateL asa variableinto theshieldestimation,we perform
SINO/R experimentsandshow Ns versusL in Figure1 for given
N andS. Different from the intuition, Ns doesnot monotonically
increasewith respectto L. We may divide the figure into two re-
gions: Region I with L smallerthan2000µm, andRegion II with
L larger than 2000µm. Ns monotonicallyincreaseswith respect
to L in Region I, but not in Region II. This canbe explainedby
theobservationmadein [15, 16] thatthe inductive effect becomes
relatively weakfor long wires. However, from 500µm to 2000µm
(Region I), which aretypical interconnectlengthsconsideringthe
buffer insertionfor performanceoptimization[17], Ns canbebest
characterizedby a quadraticfunction.

Usingcurvefitting via nonlinearregressionanalysismethod[18],
weobtainthefollowing formulawith respectto threevariables� N,
S, L � :

Ns � 8 	 49 
 10� 6 � L2 � S2  3 	 82 
 10� 7 � L2 � N � S 7 	 93 
 10� 6 � L2 � S � 3 	 90 
 10� 6 � L2

 0 	 010 � L � S2 � 0 	 26 � N � S � 0 	 045 � L � S 17	 06 � S  0	 10 � N  0 	 014 � L � 6 	 88 (1)

for theuniformsensitivity. Whenthesensitivity rateis notuniform
but is Si for s-wire si, the shield estimationcan be obtainedby
replacingSwith 1

N � ∑N
i � 1 Si andS2 with 1

N � ∑N
i � 1S2

i in formula(1).
Therefore,we have thefollowing formula:
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Figure 1: Ns versusL for different combinationsof N and S in
the 0.10µmtechnology.
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In Figure2, we comparethe numbersof shieldscomputedby
formulae(1) and(2) with thoseobtainedby individualSINO/Rso-
lutions. Even thoughthe formulaearedevelopedon the average
numberof shields,onecaneasilyseethat Ns given by the formu-
laehaserrorslessthan10% comparedto each andevery SINO/R
solutionunderthesameexperimentalsetting. We believe that the
function templateusedin formulae(1) and(2) canbe re-usedby
othergenerationsof technologies,except that coefficientsshould
bere-evaluatedusingalimited setof SINOexperimentsaswedoin
thispaper. Detailsof formuladevelopmentandverification,aswell
astheestimationfor theITRS 0.07µm technologycanbefoundin
[11].

4. APPLICATIONS OF SHIELD ESTIMA-
TION

In thissection,wefirst formulatetwonew SINOproblems:SINO/
SPRand SINO/UPG,and then proposetwo-phasealgorithmsto
solve thembasedon shieldestimation(1) and(2).

4.1 SINO/SPRProblem

4.1.1 MotivationandProblemFormulation
P/Gwiresarealsoshieldsto reducetheinductive andcapacitive

noisebut not consideredin SINO/Rproblems.In orderto consider
pre-routedP/Gstructures,weformulatethefollowing new p-SINO
problem:

FORMULATION 1. (optimal p-SINOproblem): Givena setof
signal netsand a pre-routedP/G structure, the optimal p-SINO



Figure 2: Comparison of numbersof shieldsbetweenformulae
and min-areaSINO/R solutions.All errors are lessthan 10%.

problemfindsa min-areaSINOsolutionsuch that any s-wire has
total noiselessthana givenbound.

We assumethattheP/Gstructureis regular, i.e., theP/Gpitch, de-
fined as the numberof routing tracksbetweena pair of adjacent
P/Gwires,is a constant.Hence,P/Gwireshavefixedtrackassign-
mentsbut signalnetsor randomshieldscanbeassignedto arbitrary
routingtracks.In [11], we haveproventhefollowing theorem:

THEOREM 1. Theoptimal p-SINOproblemis NP-hard.

Therefore,we develop a simulatedannealingalgorithmsimilar to
theSINO/Ralgorithmin [10]. Pleasereferto [11] for detailsof the
algorithmdevelopment.

P/Gpitch size 5 6 7
sensitivity rate maximumpeaknoise/ averagepeaknoise

30% 0.1183/0.0947 0.1214/0.1009 0.1216/0.1026
50% 0.1291/0.1107 0.1212/0.1023 0.1249/0.1060
70% 0.1352/0.1168 0.1273/0.1084 0.1310/0.1121

sensitivity rate P/Gwires/ randomshields
30% 6/2.0 5/2.0 4/2.2
50% 6/2.2 5/3.8 4/4.8
70% 6/3.8 5/6.8 4/8.0

Table 2: Summary of p-SINO solutions for 32 signal netswith
uniform sensitivity rate. In eachcell of rows3–5,the first value
is the maximum peaknoiseand the secondvalue is the average
peak noise. In eachcell of rows7–9,the first value is the num-
ber of pre-routedP/G wir esand the secondvalue is the average
number of random shields.

We have testedour algorithm implementationusing a number
of designcombinationswith fixedwire length2000µm. Themax-
imum andaveragepeaknoisevaluesfor eachof the resulting p-
SINO solutionsarepresentedin Table2. All maximumpeaknoise
valuesaresmallerthan0.15V, the specifiednoiseboundin Table
1. We alsoreportthenumberof P/Gwiresandaveragenumberof
randomshieldsin Table2. Themin-areasolutionis highlightedfor
eachsensitivity rate. Onecaneasilyseethat different P/G struc-
tures(i.e., differentP/G pitches)leadto SINO solutionswith dif-
ferentareacosts.For example,in thecaseof 70%sensitivity rate,
thebestP/Gstructurehasa P/Gpitch of 5 andleadsto a min-area
solutionwith a total of 9.8shieldson average.On theotherhand,

increasingtheP/Gpitch to 7 leadsto a total of 12 shieldson aver-
age,an increaseof 25% comparedto themin-areasolution. This
observationmotivatesustostudythefollowing SINO/SPRproblem
to find thebestP/Gstructurethatcanachievethemin-areasolution.

FORMULATION 2. (optimalSINO/SPRproblem): For a given
numberof signalnetsanda givennoisebound,theoptimalSINO/
SPRproblemdecidesa regularP/Gstructuresuch thattheresulting
p-SINOsolution with respectto the P/G structure has minimum
areaandfewer randomshieldsthanP/Gwires.

Becauserandomshieldshaveto beconnectedwith P/Gwires,they
bearimplicit routingoverheadandweakenthedesiredregularityof
shieldingstructure. In order to explore the tradeoff betweenlay-
out regularity androuting area,we explicitly requirethat random
shieldsbe fewer thanP/G wires in our problemformulation, i.e.,
on average,thereis at mostone randomshield insertedbetween
everypairof adjacentP/Gwires.

4.1.2 SINO/SPRAlgorithm
A brute-forcesolutionto the SINO/SPRproblemis to enumer-

ate all possibleP/G structuresusing the p-SINO algorithm, and
thenfind thesolutionwith theminimumarea.Becausethep-SINO
problemis NP-hard,we proposethefollowing efficient two-phase
algorithm:in thefirst phase,wedefinearegularP/Gstructurebased
on SINO/Rshieldestimation(1) and(2); andin thesecondphase,
we carry out p-SINO proceduresto find the min-areaSINO/SPR
solution by searchingthe very limited neighborhoodof the pre-
definedP/G structure. This two-phasealgorithm is expectedto
achieve the solution of the samequality with the brute-forceal-
gorithmbut in a muchshorterruntime.

Specifically, we speculatein thefirst phasethattheoptimalP/G
structurethatleadsto themin-areasolutionshouldhaveaP/Gpitch
space(PS) givenby

PS � � α �
N
Ns

�
(3)

whereNs is theestimatednumberof randomshieldsusedin min-
areaSINO/R solutionsand is given by formula (1) or (2). Fur-
thermore,we speculatethat the coefficient α is a constantandis
insensitive to differentexperimentsettings. This speculationwill
beverifiedthroughexperimentslateron.

To achievethemin-areaSINO/SPRsolutionin thesecondphase,
we first applythe p-SINO algorithmwith respectto thepre-routed
P/G structuredefinedin formula(3). We call the resultingSINO/
SPRsolutionthe bestamongthe0-order neighborhood(in short,
bestof 0-neighbor). We maythenapply the p-SINO algorithmto
extra P/Gstructuresdefinedby P/Gpitches(PS� 1) and(PS � 1),
respectively. We denotethe best solution amongthe threeP/G
pitches(PS � 1), PS, and (PS � 1) as the bestof the first-order
neighborhood(in short,bestof 1st-neighbor). Similarly, we may
have the bestof 2nd-neighbor, 3rd-neighbor, andetc.. Empirical
evidencewill show thatsearchingonly thefirst-orderneighborhood
is capableof achieving themin-areasolution.

4.2 SINO/UPG Problem
An alternative approachto maintain the regularity of the P/G

structureis to distribute the P/G wires uniformly without insert-
ing any randomshield. We canstill apply net orderingfor noise
minimization. This introducesthe following SINO/UPGproblem
formulation:

FORMULATION 3. (optimalSINO/UPGproblem):For a given
numberof signalnetsanda givennoisebound,theoptimalSINO/



UPG problemdecidesa regular P/G structure andassignssignal
netsto� routingtrackssuch that theresultingsolutionhasminimum
areaandanys-wire hasnoiselessthanthegivenbound.

Similar to theSINO/SPRproblem,a brute-forcealgorithmcan
be appliedto searchexhaustively over all possibleP/G structures
for themin-areaSINO/UPGsolution.Basedon thesamemethod-
ologyusedto solvetheSINO/SPRproblem,however, wehavealso
developeda muchmoreefficient two-phasealgorithm. In thefirst
phase,we speculatethefollowing P/Gpitch:

PS � � β �
N
Ns

�
(4)

We anticipatethat β is also a constant. But becauseno random
shieldsareallowed,moreP/G wiresareneededto meetthegiven
noiseboundandβ shouldbesmallerthanα. In thesecondphase,
we carryout modifiedp-SINO proceduresthatemploysnetorder-
ing only to obtainthemin-areaSINO/UPGsolution.

We will show that theformula(4) providesa tight upperbound
for the optimal P/G structure. SINO/UPG solutionsare always
found if we startwith this pre-definedP/G structureanddecrease
thespeculatedP/Gpitchby at mostthreetracks.

4.3 Experimental Resultsand Discussions
Wehaveimplementedandappliedourtwo-phaseSINO/SPRand

SINO/UPGalgorithmsto a large numberof designcombinations
with 48 signalnets,including caseswith uniform sensitivity rates
from 30% to 60% andtwo non-uniformsensitivity cases1 and2
(seeTable 3). No single SINO solution of variousformulations
costsmorethantensecondsin a PIII machine.

4.3.1 SINO/SPRResults
We presentthedistribution of themin-areaSINO/SPRsolutions

amongdifferentneighborhoodsin Figure3. Almost all of themin-
areasolutionsareobtainedwithin thefirst-orderneighborhood.Only
2 out of 180 designcombinationshave min-areasolutionswith
P/Gpitch (PS � 2) or (PS� 2), i.e., themin-areasolutionis in the
second-orderneighborhood.We presentthepeaknoisein column
4 of Table 3. The maximumpeaknoise is alwayssmaller than
the given noisebound. We alsopresentthe numberof P/G wires
for themin-areasolutionandthecorrespondentaveragenumberof
randomshieldsin column 10 of Table3. The randomshieldsin
all experimentalresultsarefewer thanthe P/G wires, asrequired
in our problemformulation. Further, asanticipated,the required
P/G wires and randomshieldsincreasewhen the sensitivity rate
andwire lengthincrease.Thelongerwire impliesfewerbuffersin-
serted.Therefore,thereisasmoothtradeoff betweenthebuffer area
androutingareafor P/Gwiresandshields.Moreover, aswe spec-
ulated,the coefficient α canbe setasa constant(=1.82) through
experiments.

Becausethe min-areasolution for almostall designcombina-
tionsis achievedby only searchingthefirst-orderneighborhoodof
thepre-definedP/Gstructure,we summarizethetwo-phaseSINO/
SPRalgorithmin Figure4.

4.3.2 SINO/UPGResults
Similarly, we setthecoefficientβ in formula(4) as1.12through

experimentsandapplythetwo-phasealgorithmto solvetheSINO/
UPGproblemin asimilarfashionwith Figure4. Thedistributionof
theSINO/UPGsolutionsamongdifferentP/Gpitchesarepresented
in Figure5. Themin-areaSINO/UPGsolutionis alwaysfoundby
subtractingatmostthreetracksfrom thespeculatedP/Gpitch, i.e.,
at mostfour P/Gpitchesneedto betried. In column5 of Table3,
all of the maximumpeaknoisevaluesaresmallerthanthe given

Figure3: Distribution of min-areaSINO/SPRsolutions.

Givenanumberof signalnets,sensitivity, wires length,and
noiseboundvoltage
PhaseOne:

Useformulae(1)–(3)to definea regularP/Gstructure
PhaseTwo:

Carryout p-SINO proceduresto find themin-area
solutionwithin thefirst-orderneighborhoodof the
pre-definedP/Gstructure.

Figure 4: Two-PhaseSINO/SPRalgorithm.

bound.In column11,we presentthenumberof P/Gwiresthatare
neededfor themin-areaSINO/UPGsolution.Againasanticipated,
the requiredP/Gwires increasewhenthesensitivity rateandwire
lengthincrease.Therefore,thereis a smoothtradeoff betweenthe
areafor buffersandP/Gwires.

Figure5: Distribution of min-areaSINO/UPG solutions

4.3.3 ComparisonbetweenSINOSolutions
The threetypesof SINO solutionscover a spectrumof design

tradeoffs betweenthe regularity of shielding structureand total
routing area. We have SINO/R � SINO/SPR � SINO/UPGin
terms of the shielding regularity, and SINO/R � SINO/SPR �
SINO/UPGin termsof the total area. I.e., SINO/R hasthemini-
mumareabut themostirregularshieldingstructure,andSINO/UPG
hasthe maximumareabut the regular P/G structurewithout any
randomshields. It is easyto seefrom Table3 thatSINO/SPRof-
fersthemostinteresting/desiredscheme.It maintainsaregularP/G
structure,leadsto a totalareaonly slightly larger thanSINO/R,but



1 2 3 4 5 6 7 8 9 10 11

wire sensivity SPICE-computedpeaknoise(in V) shieldpitch P/Gpitch P/Gwires/ randomshields
length rate SINO/R SPR UPG SINO/R SPR UPG SINO/R SPR UPG

0.10µmtechnology, noisebound= 0.15V(14%Vdd)
30% 0.1003/0.0740 0.1168/0.0981 0.1148/0.0926 7 : 6.6 : 6 9 4 0/7.2 5/3.0 13/0
40% 0.1075/0.0769 0.1192/0.0997 0.1352/0.1176 7 : 6.2 : 6 9 4 0/8.0 5/4.0 13/0

2000 50% 0.1142/0.0784 0.1204/0.1010 0.1185/0.1063 6 : 5.2 : 5 7 3 0/9.4 6/3.6 17/0
µm 60% 0.0967/0.0805 0.1197/0.1104 0.0924/0.0785 5 : 4.2 : 4 6 2 0/11.4 8/3.8 25/0

case1 0.1042/0.0755 0.1193/0.1005 0.1157/0.0980 6 : 5.4 : 5 6 3 0/9.4 5/4.6 17/0
case2 0.1081/0.0782 0.1210/0.0993 0.1032/0.0737 6 : 5.4 : 5 8 4 0/8.6 5/4.2 13/0
30% 0.1022/0.0758 0.1179/0.0977 0.1210/0.1044 8 : 7.6 : 7 12 6 0/6.2 4/2.4 9/0
40% 0.1057/0.0772 0.1195/0.1009 0.1386/0.1193 8 : 7.4 : 6 12 6 0/6.6 4/3.0 9/0

1400 50% 0.1101/0.0792 0.1210/0.1058 0.1187/0.0915 6 : 5.8 : 5 9 4 0/8.2 5/3.6 13/0
µm 60% 0.1073/0.0799 0.1215/0.1123 0.1038/0.0769 6 : 5.6 : 5 8 3 0/9.2 6/3.6 17/0

case1 0.1019/0.0794 0.1189/0.1056 0.1164/0.1028 7 : 6.8 : 6 11 4 0/7.8 4/3.8 13/0
case2 0.1066/0.0769 0.1197/0.1009 0.1301/0.1176 7 : 6.6 : 6 12 6 0/7.0 4/3.2 9/0
30% 0.1074/0.0772 0.1202/0.0994 0.1347/0.1142 10: 9.6 : 9 13 8 0/5.2 3/2.4 7/0
40% 0.1103/0.0785 0.1218/0.1044 0.1385/0.1170 8 : 7.2 : 6 12 8 0/6.6 4/2.8 7/0

1000 50% 0.1089/0.0802 0.1226/0.1077 0.1237/0.1106 7 : 6.4 : 6 12 6 0/7.2 4/3.6 9/0
µm 60% 0.1115/0.0813 0.1270/0.1141 0.1261/0.1128 7 : 6.2 : 6 9 4 0/8.0 5/3.8 13/0

case1 0.1082/0.0797 0.1230/0.1075 0.1215/0.1024 8 : 6.8 : 6 11 6 0/7.0 4/3.4 9/0
case2 0.1096/0.0779 0.1224/0.1053 0.1044/0.0728 8 : 7.2 : 7 12 6 0/6.6 4/3.6 9/0

Compositionof thenon-uniformsensitivity
sensitivity 10% 20% 30% 40% 50% 60% 70% 80% 90%

case1 2 0 2 0 7 7 19 9 2
case2 0 0 6 17 9 15 1 0 0

Table 3: (i) top table - Comparison of SINO/R, SINO/SPR,and SINO/UPG solutions. In eachcell of columns3–5,the first value is
the maximum peak noiseand the secondvalue is the averagepeak noise. In eachcell of column 6, the first value is the maximum
random shield pitch, the secondvalue is the averagerandom shield pitch, and the third value is the minimum random shield pitch.
In eachcell of columns9–11,the first valueis the number of P/G wir esand the secondvalueis the averagenumber of random shields.
(ii) bottom table - Compositionof the two non-uniform sensitivity cases.

(a)

(b)

g ggs1 s3s2 g

g gs2s1 s5s3 s4

Figure 6: (a) DWF schemewith alternated shields(P/G wir es)
and signal wir es; (b) SINO solutions with five signal wir esbe-
tween a pair of shields. The shield pitch of five is about the
averageshieldpitch in Table5. Weconsiderfifteen signalwir es
during the simulation by duplicating the abovestructur ethr ee
times and measuredelayvariations for the central structur e.

reducesthe total areaby up to 18% comparedto SINO/UPG(see
theresultin Table3 for 2000µmlengthand60%sensitivity).

4.3.4 ComparisonbetweenSINOandDWF Schemes
Theessenceof SINOformulationsis thatwheneverasignalwire

is switching,its neighboringwiresareeitherquiet signalwiresor
shields. The SINO/UPGwith the extremely denseP/G structure
alternatessignalwires andshields,andis equivalentto the dense
wiring fabric (DWF) proposedin [5] (seeFigure6.(a)). The total
areaof SINO solutionsdependson thesensitivity rate. We argue
thatchangingthesingle-phaseclock to two-phasenon-overlapping
clock leadsto a 50% sensitivity ratefor all signalnets(see[11]).
Giventhissensitivity rateand1400µmwire length,SINO/SPRand
SINO/UPGsolutionsusea total of 8.6 and13 shields(seeTable
3), respectively. But DWF needs49 P/G wires for the 48 signal
nets. Comparedto DWF, SINO/SPRandSINO/UPGreducethe

total areaby 42%and36%,respectively, andstill maintainregular
P/Gstructures.

TheDWF is originally designedto reducebothnoiseanddelay
variationsunderthe RC model. As we have convincingly shown
thatSINO is ableto meetthegivennoisebound,we now compare
their delayvariationsunderthe RLC model. We useinterconnect
structuresin Figure6, andassumethatthesenetsare1400µm-long.
We useSPICEsimulationover the best-caseandworst-casesig-
nal patternsto obtain delay variations,under the constraintthat
thereareno adjacentsignalnetsswitchingat thesametime for the
SINOstructure.Theresultingdelayvariationis 5.2psfor theDWF
structure2 (seeFigure6.(a)),and7.7ps for theSINO structure(see
Figure6.(b)). Thedifferencebetweenthedelayvariationsis negli-
gible 2.5ps. Given thetotal areareductionof up to 42%andsuch
a small penaltyon delayvariation,we believe that variousSINO
schemes,especiallythe SINO/SPRandSINO/UPGschemeswith
regularP/Gstructures,areviablealternativesto theDWF scheme.

5. CONCLUSION AND FUTURE WORK
Simultaneousshieldinsertionandnetordering(SINO/R) intro-

ducedin [9, 10] is an area-efficient techniqueto reducethe RLC
noise.In thispaper, we havedevelopedsimpleyetaccurateformu-
lae (with errorslessthan10%) to estimatethenumbersof shields
for min-areaSINO/Rsolutions.

To accommodatepre-routedP/Gwires,wehaveformulatednew
SINO/SPRandSINO/UPGproblemsandproposedtwo-phaseal-
gorithmsto solvethem,basedontheshieldestimationfor min-area
SINO/R solutions.Experimentsshow that the two algorithmsare

2Becausewe useRLC modelin this paper, the delayvariationis
larger thanthatunderRCmodelin [5].



effectiveandefficient. Comparedto thedensewiring fabricscheme
[5], the� resultingSINO/SPRandSINO/UPGwiring schemeshave
negligible penaltyonnoiseanddelayvariation,andreducethetotal
routingareaby upto 42%and36%,respectively.

The interconnectestimationresultsin this paper(togetherwith
thetotalroutingareaestimationin [11]) canbeusedto guideglobal
routing andhigh-level or early-stagedesigndecisions. The sim-
plest interconnectstructure,parallel bus structure,is assumedin
this work. We intendto further incorporatevariousSINO formu-
lationsandestimationto a global routerfor signalandpower net
co-design.
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