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Abstract

In this paperwe studythe modelingandlayoutoptimizationfor on-chipinterconnecstructurego minimizetheinduc-
tive coupling. Wefirst investigatehe characteristicef mutual(aswell asself) inductancdor coplanarmicro-stripline,and
stripline structuresandexaminethe effectivenesf designfreedomssuchaswire sizing, spacingandshielding.We then
propose€ormula-based. sy modelsasthe figuresof meritfor inductive couplingin thethreeinterconnecstructuresand
applythe proposednodelsto automaticallysynthesizeon-chipinterconnecstructures.Experimentshov thatcompared
to the couplingcoeficientscomputedoy anumericalfield solver, the k. s y modelshave about15%differencefor coplanar
structuresand have negligible differencefor micro-striplineandstripline structures.In addition, interconnecstructures

meetinggivennoisespecificationganbe synthesizednstantlyusingproposedk. s y models.

*This work makesuseof machineglonatedy Intel, whosegenerousionationis greatlyappreciatedRelatedworks andupdateon this work canbe
foundathttp://eda.ece.wisc.edu.
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1 Introduction

Aswemoveinto gigahertzircuit designsn nanometetechnologieson-chipinductancébecomesnoreandmoreimportant
due to the longer wires, shorterrise times, and lower resistve wires (causedby relatively thicker and wider wires on
top metallayersandthe useof copperto replacealuminum). Therefore,modelingand layout optimizationfor on-chip
inductancehave beendrawing increasinglymore attentions. The inductancemodelscan be classifiedinto the following
catgyories: (i) numericalbasednductancesxtractionsuchas[1][6][2] thatareaccurate put aretoo expensve to be used
for thefull-chip level, and(ii) formulaor tablebasednductanceextractionsuchas([7][4] thatarereasonablyaccurateand
efficientenoughto be usedfor full-chip level timing analysisandsimulation.However, all aforementionednethodsdo not
provide enoughinsightsto guidethelayoutdesign.Eventhoughwe mayapplyiterative layout,extraction,simulationbased
onthesemethodso achiere anoptimallayoutdesign,we cannot afford thisiterative proceduregor mostdesigns.

The characteristicof on-chip self inductancehave beenstudiedrecentlyin [9], and a few layout techniqueshave
beenexamined. However, without consideringmutualinductance the resultinglayout designsmight be far away from
the optimal. In this paper we study the modelingand layout optimizationto minimize the inductive coupling. We first
investigatethe characteristicof on-chip mutual inductance(as well as self) for coplanar micro-stripline and stripline
structures.With respecto the on-chipinductive coupling, we also examineimpactsof layout designfreedoms suchas
wire sizing,spacingandshielding.We thenproposeefficient k. r ; modelsfor the on-chipinductive coupling,which canbe
usedasfiguresof meritto guidelayoutoptimization.We finally applythe proposednodelsto synthesizenin-coston-chip
interconnectstructuresto meetthe noise specifications.This paperis part of our efforts to develop an integratedset of
modelsandalgorithmsfor interconnecplanningand optimizationunderaccurateRLC modelsfor giga-scalesystem-on-
chip designs.Furthermoreaspartof the efforts, the proposedk. ;; modelfor coplanarstructureshasbeenusedto study
the simultaneoushieldinginsertionandnetorderingproblemto minimize both capacitve andinductive coupling[5].

Theremainderof this paperis organizedasfollows: we studythe coplanarinterconnecstructurein Section2, andthe
micro-striplineand stripline structuresn Section3. Formula-based:, ¢y modelsare developedfor the two interconnect
structuredn the two sections.We thenapply the k. r; modelsto synthesizes4-bit wide bus structuresn Section4, and
verify the synthesizednterconnecstructuresvia the numericalinductanceextractiontool FastHenry[. We concludethe

paperin Section5.

2 Coplanar Structures

2.1 Characteristicsof Inductance

In this section,we considerparallelwires of the samelengthin the samelayer. In additionto the signal wire (in short,

s-wires), thereareothertwo typesof coplanamwires. Onetypeis power/ground grids (in short,P/G grids), andthe other
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typeis shielding wires (in short, g-wires). P/G grids areoften muchwider than s-wires, on the otherhand,g-wires often
have similar widths as s-wires, andaredirectly connectedo P/G grids. As shavn in Figure 1, two edgewireslabeledby

P andG arepartof the power andgroundgrids, wires labeledby s aresignalwires, andwireslabeledby g areshielding

wires.
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Figurel: The cross-sectiowiew of a coplanarinterconnecstructure. P andG standfor wires of P/G grids, s standsfor
signalwires,andg standgfor shieldingwires.

In experimentdn the section,we assumehatall s-wiresandg-wires have the samewidth w, either0.8um or 1.6um,
andthe edge-to-edgspaced betweens-wiresandg-wiresis uniform, either0.8um or 1.6um. As shavn in Figurel, we
assumehe distancebetweerP/G gridsandthe edges-wire is 12um, andthe width of the P/G gridsis 2um. Thethickness
of all wiresis 2um, which is atypical thicknessor globalinterconnectdik e thosein stravmantechnologieg10]. Unless
specifiedthelengthfor thosewiresis 2000um.

The coplanarstructurewe study contains18 s-wires, which from left to right are numberedirom 1 to 18. We call
the group of s-wires sandwichedby a pair of adjacentg-wires or P/G grids asa block, andthe numberof s-wiresin a
block asthe block size. Whenthereis no g-wire, the 18 s-wires within the P/G grids canbe representethy P18sG. If
we insertone g-wire uniformly within the s-wires, the coplanarstructurecanbe representedby P9sg9sG. Similarly, if
we uniformly inserttwo andfive g-wires amongthoses-wires, respectiely, we canrepresenthe coplanarstructureby
P6sg6sg6sG (or in short, P(6s9)26sG) and P(3sg)®3sG, respectiely. To considerthe impactof P/G grids and g-wires
(aswell asP/G planedateron), we computedheloop inductance by thenumericalinductancesxtractiontool FastHenryin
this paper In addition,we assumehatunlessotherwisespecifiedtheclock frequeng of thetargetdesignis 3G H z, andset
thesignificantfrequeng [8] as30G H z whenwe run FastHenry In thefollowing, we first studycoplanairstructuresithout

shieldingwires, thencoplanarstructureswith shieldingwires.

2.2 Coplanar Structureswithout Shielding Wires

We studythe inductancefor the P18sG structurewithout ary g-wire. Figure2 shavs the self inductanceof the first s-
wire (wire 1) andthe mutualinductancebetweenit andother s-wires. Clearly, the mutualinductances significantwhen
comparedo theselfinductanceThe mutualinductancebetweernwire 1 andwire 2 is 77% of theselfinductanceof wire 1.
This meansthe noiseand delay inducedby mutualinductanceare substantiallyimportant. Moreover, eventhoughit is
well acceptedhatthevaluefor couplingcapacitancéetweemon-adjacentviresis insignificant,it is nottruefor coupling

inductanceAlthoughthe mutualinductancalecreasefor non-adjacent-wires,themutualinductancebetweerwire 1 and
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wire 3 is still 65% of the self inductancdor wire 1, andis still 80% of the mutualinductancebetweenwire 1 andwire 2.

Thereforewe cannotignorethe mutualinductancébetweemon-adjacentvires, either
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Figure2: Selfandmutualinductancdor thewire 1 in the P18sG coplanarstructure.

In addition, the loop inductancds not sensitve to wire sizing and spacing. As shovn in Figure 2, whenwe double
the wire width from 0.8um to 1.6um, the total width of the P18sG structureis increasedyy 149%. However, the self
inductanceof wire 1 is decreasednly by 10%, andthe mutualinductanceébetweernwire 1 andothers-wiresis decreased
by from 7%to 14%. Whenwe doublethe spacefrom 0.8 um to 1.6um, thetotal width is increasedy 151%. However, the
self inductanceof wire 1 is evenincreasedy 2% (dueto beingmoved further away from the P/G grids), andthe mutual

inductancebetweerwire 1 andary others-wire is decreasetly from 7%to 19%.

2.3 Coplanar Structureswith Shielding Wires

We studytheinductanceor 18 s-wireswhen g-wires areinsertedamongthem. As shavn in Figure 3, wheng-wiresare
inserted all inductancgboth self andmutual)decreaself we insertone g-wire (P9sg9sG in thefigure),comparedo the
inductancdor P18sG, selfinductances reducedby 15%,total mutualinductancgthe sumof all mutualinductancewith
respecto wire 1) is reducedby 49%, andthe total width increase®nly by 5%. Whenwe insertmore g-wires, asshavn
by P(6sg)%6sG and P(3sg)°3sG casesn Figure3, theselfinductanceof wire 1 is respectiely reducedy 22%and37%,
andtotal mutualinductances respectrely reducedby 69% and89%. Theincreaseof the total width for theinterconnect
structureis only 11%and28%, respectiely.

For thoses-wires that are separatedby the g-wires, Figure 3 shavs that the mutualinductancebetweenthemis very
small, if it is not negligible. The maximummutual inductanceoutsidethe block is only 8% of the maximummutual

inductancewithin a block. Thereforewe are able to assumehe inductive effects are mainly limited inside eachblock
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Figure3: Selfandmutualinductancefor wire 1 in the P18sG, P9sg9sG, P(6sg)26sG and P(3sg)®3sG coplanarstruc-
tures.

withoutlosingmuchaccurag.
Giventhe above studies,we concludethat comparedo wire sizing and spacing,shieldingis muchmore effective to
reduceinductance especiallymutualinductance. To guide the interconnecistructuresynthesisusing shielding, we will

developaneffective couplingmodelin next subsection.

2.4 Effective Coupling Model

For ary two givens-wires: andj, the couplingcoeficientk;; betweerthemis definedas:

kij = S - @
whereL;; andLL;; is selfinductanceof wire ¢ andyj, and L;; is mutualinductancebetweerthem. It is well known that &;;
providesthefirst-orderapproximatiorfor the couplingbetweertwo s-wires.
We proposethe following modelto approximatek;;. Whenwire i and;j arein differentblocks, k;; is zerd'. When
wire ¢ andj arein asameblock, we first computelintermediatdunctions f andg (definedbelow), thenobtainthe coupling
coeficientk;; asthemeanof f(i) andg(j).

We useFigure4 to illustratehow to computek;;. Let g; andg, bethe g-wiresor P/G gridsboundinga block, and N,

N;, N; andN,, betheorderingof thosefour wiresfrom left to right. We assumef (¢;) = 9(g,) = 0, andf(j) = g(3) = 1.

If N; < N;, wedefinef(i) = xj:%ﬂl andg(j) = % Then,we computethe couplingcoeficientk;; = M

We call this modelfor the couplingcoeficientaseffective couplingmodel,denotedask, sy model.

1Here,k¢j canbealsoapproximatedy a smallconstant.
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Figure4: Cross-sectioniew of ablock.

Thek, ;¢ modelis independendf thewidth andlengthof s- andg-wire. In orderto validatethis simplificationfor width
andlength,we computek;; of P(6s9)?6sG structurevia FastHenryin Table1. We usethreecombinationsof wire width
andlength. Comparedvith thefirst row in thetable,whenwe changehewire lengthfrom 2000m to 1000um (Seerow 2
in thetable),the maximumdifferencefor k;; is only 3%. Whenwe changethe wire width from 0.8um to 1.6 um (seerow
3 in thetable),the maximumdifferencefor k;; is only 2.6%. Therefore the couplingcoeficient k is not sensitie to wire

width andlength.

Width, spaceandlength@wm) | ki2 ki3 k14 kis kie
w=0.8,d=0.8,1=2000 0.71(0%) 0.53(0%) 0.41(0%) 0.31(0%) 0.21(0%)
w=0.8,d=0.8,1=1000 0.72(1.0%) 0.54(1.8%) 0.42(2.3%) 0.32(2.7%) 0.22(3.0%)
w=1.6,d=0.8,1=2000 0.71(0.4%) 0.54(1.9%) 0.42(2.3%) 0.32(2.3%) 0.21(2.6%)

Table1: Couplingcoeficientsbetweerthewire 1 to others-wiresinsideablock for the P(6s9)%6sG structure.
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Figure5: Comparisorbetweercouplingcoeficientsobtainedoy k. sy modelandFastHenry

In orderto verify our modelwith respecto the spacebetweerwiresandto furtherexamtheaccurag of it, we compare

k;; computedoy FastHenryandour k. sy modelin Figure5. In thefigure,x-axisis couplingcoeficientgivenby FastHenry
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andy-axisis couplingcoeficientgivenby the k. sy model. Two structuresareused:P(6s9)*6sG and P(3sg)°3sG. Three
dashedines standfor differenceof 0%, 15% and—15%, respectrely. Whend = 0.8 m, mostof the pointslie within the
+15% errorrange. At the sametime, mostof thosek;; calculatedby the k. y; modelarelarger thanthosecalculatedoy
FastHenry Thereforethe k.;; modeltendsto be conserative andis safeto be usedin designs.Furthermorewhenthe
block sizedecreaseom 6 to 3, theerrorof thek, s modelis reducedlt impliesthatour modelhashigheraccurag when
blocksizeis smaller Whend = 1.6um, thek. ¢y modelis moreconserativecomparedo themodelin d = 0.8um. Hence,
it is safeto assumehatthe k. s modelis independendf spacing.Thek, s modelwill beusedin Section4 to synthesize

coplanaiinterconnecstructures.

3 Striplineand Micro-stripline Structures

3.1 Characteristicsof Inductance

o
=

D2

Total n wires D1
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Figure6: Cross-sectioniew of stripline structure.

In this section,we studythe micro-striplineandstripline structureswherepower/groundplanes(in short,P/G planes)
areusedascurrentreturnpathfor s-wires. Whenthereis only oneP/G plane,it is a micro-stripline structure.Whenthere
aretwo P/Gplanesit is a stripline structure.As showvn in Figure6, if therearen s-wiresin astripline structure jt maybe
representedly (Dy,ns, D), whereD; is thesurface-to-surdicedistancebetweerthelower P/G planeandthe signallayer,
and D, is the surface-to-surdicedistancebetweenthe upperP/G groundplaneandthe signallayer. Similarly, a micro-
stripline with n s-wires canberepresentetly (D, ns), whereD is the surface-to-surécedistancebetweenP/G planeand
signallayerin the structure.We use0.10um technologyof the stravmantechnologie§10] in this section. The thickness
for bothsignalandP/Glayersis 2.0um, andthe I LT (i.e., Inter-LayerThicknesspetweeradjacentmetallayersis 1.4um.
Therefore|jf the P/G planein a micro-striplinestructureis two-layeraway from the signallayerandthereare 18 s-wires,
the interconnecstructurecanbe representedby (4.8um, 18s). We considerpitch-space (i.e., the centerto-centerspace)
betweens-wires, which is differentfrom the edge-to-edgspaced usedin Section2. In the following, we first studythe

effectsof P/Gplanesandthedistancebetweerthe signallayerandP/G planesandtheninvestigateheimpactsof thewidth
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of P/G planesandthe wire sizingandspacingof the signalwires.

3.1.1 Effectsof Ground Plane
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Figure 7: Self and mutual inductancefor leftmost s-wire in coplanar structure P18sG and in stripline structure
(1.4pm, 18s,4.8um).

Wefirst comparehetwo following structuresP18sG coplanaistructureandthestriplinestructure(1.4um, 18s,4.8um).
For both structuresthe wire width is 0.8um andthe pitch-spaces 1.6um. For stripline structure the P/G planewidth is
2000um, whichis sufficientfor currentreturningat 30G H z (seeexperimentsn Section3.1.2lateron). As shovn in Fig-
ure 7, comparedo the inductancdor the coplanarstructure self andtotal mutualinductanceor the stripline structureis
reducedvy 32%and70%,respectiely.

Toinvestigatehedifferencebetweemmicro-striplineandstripline structureswe comparehefollowing threestructures:
micro-striplinestructure(1.4um, 18s), striplinestructure(1.4um, 18s, 4.8 um) andstriplinestructure(1.4um, 18s, 1.4um).
The width of all P/G planesis 2000um. For the stripline structure(Dy,ns, D2) andmicro-striplinestructure(Dy, ns), if
D, < D,, we definethat (D;,ns) is areduced micro-stripline structure of (Dy,ns, Dy). For example,micro-stripline
(1.4pum, 18s) is a reducemicro-striplinestructureof stripline structure(1.4um, 18s,4.8um) and (1.4um, 18s, 1.4um).
Figure8 shaws the self andmutualinductanceof the leftmosts-wire in the threeinterconnecstructures.\We obsenre the
following:

First, both self and mutualinductancewill be reducedwhenthereare more P/G planespresented.Comparedo the
micro-striplinestructure(1.4um, 18s), self and total mutualinductanceof the leftmost s-wire in the stripline structure
(1.4pm, 18s, 1.4um) arereducedoy 19%and54%,respectiely.

Secondtheshieldingeffect of groundplaneis mainly determinecy thenearesgroundplane becausenostof thecur-

rentin s-wiresreturnsfrom thecloses®/G plane.Thatis demonstratedly thefactthatfor theselfandmutualinductanceof
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Figure8: Selfandmutualinductancdor leftmostwire in micro-striplinestructureandstripline structures.

theleftmostwire thereis only 6% and23%differencedetweerthestriplinestructure(1.4um, 18s, 4.8um) andits reduced

micro-striplinestructure(1.4um, 18s). Also, both self andmutualinductanceof the reducedmicro-striplinestructureare

largerthanthoseof its correspondingtripline structures.
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Figure9: Self andmutualinductancédor leftmostwire in micro-striplinestructureg1.4um, 18s) and (4.8 um, 18s).

Furthermorewe study the impactsof the distancebetweenthe P/G planeandthe signallayer. We usetwo micro-
stripline structureq(1.4um, 18s) and(4.8um, 18s), wherethe P/G planeis one-layerandtwo-layeraway from the signal
layer, respectiely. As shown in Figure 9, whenthe P/G planeis one-layeraway, the self andtotal mutualinductanceof
the leftmostwire are 26% and59% smalley comparedo the casewherethe P/G planeis two-layeraway. Therefore the

distancebetweerthe P/G planeandthe signallayerhasgreatimpactoninductance.
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3.1.2 Effectsof P/G Plane Width
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Figure10: Cross-sectioniew of amicro-striplinestructurefor W = 5, 10, 15, 20, 25, 30, 35, 40, 45, 200pum

To studytheimpactsof the P/G planewidth, we considerthe micro-striplinestructureshavn in Figure10, wherefrom
left to right, wiresare s1 to s6, respectiely. We assumehatall wiresare0.8m wide, andthe pitch-spacéetweensl
ands2, betweens3 ands4, andbetweens5 ands6 is 1.6um. The edge-to-edgspacebetweens2 ands3, aswell asthat
betweers4 ands5, is 6.4um. Thetotal width of thesignallayeris 20um. Keepingthemicro-striplinestructuresymmetric,
we shrinkthewidth of planeW, from 200um to 5um at stepof 5um, andobsene thechange®f L1, and L34, whereL;o

is themutualinductancébetweenwire s1 ands2, and L34 the mutualinductancebetweerwire s3 ands4.
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Figure1l: Mutual inductancel.;, and L34 of differentP/G planewidthsandfrequencies.

As shavn in Figurel1,theinductancecurve is flat whenthe P/G planewidth is large enough.However, whenthe P/G
planewidth is shrunkcloseto the total width of the bus structure(20um in this experiment),L,, and L34 areincreased
quickly. This overalltrendis independenof the frequeng.

Let T bethe total width of the signallayer, and D be the surface-to-surfcedistancebetweenthe P/G planeandthe
signallayer We proposehatthe P/Gplanewidth W = T + 2 x D is sufficientandprovidesa nicetradeof betweersilicon

areaandthe shieldingquality. As shovn in Table2, the mutualinductanceof W = T' 4+ 2D areat most6.5%largerthan
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themutualinductanceof W = 200um. Ontheotherhand,if we usethe P/Gplanewidth W = T', themutualinductances

upto 16.7%larger.

D betweenayers | Inductance¢H) | W =200um | W =T + 2D W=T
D = 1.4um Lis 47.88 51.00(6.5%) | 53.94(12.7%)
Las 47.66 48.41(1.6%) | 48.62(2.0%)
D =4.8um Li» 77.97 82.87(6.3%) | 91.14(16.9%)
L3y 77.70 80.39(3.5%) | 82.94(6.7%)

Table2: L1> and L34 for differentP/G planewidth.

3.1.3 Effectsof Wiresizing and Spacing

To studythe impactsof wire sizing and spacing,we changethe wire width of the micro-striplinestructure(1.4um, 18s)
with P/G planewhenthe planewidth W = 2000um. We usepitch-spaces = 3.2um, andchangethe wire width from
0.8um to 1.6um andto 2.4um, respectrely. As shown in Figure 12, the self inductanceis reducedby 15% and 28%,
respectiely. Totalmutualinductancehowever, only has0.4%and7% differencevhenwire widthsaredoubledandtripled.
It is obsenedin [3] thatmutualloop inductanceof two wiresis solely decidedby the two wires (their lengths,widthsand
thicknessesandthe spacingbetweernthem). Our experimentsherefurther shav thatthe wire width haslittle impactson
the mutualinductanceof two wiresin micro-striplineandstripline structuresand mutualinductancemainly dependon

thepitch-spacéetweertwo wires. Therefore spacingbut notwire sizing,is aneffective layoutfreedomto changemutual

inductance.

—>—  w=0.8um
—e— w=1.6um
—k— w=2.4um

Inductance(H)

2 4 6 8 10 12 14 16 18
Wire order number

Figure12: Selfandmutualinductanceor leftmostwire in (1.4um, 18s) structureswith differentwire width.
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3.2 Effective Coupling Model

Basedonthosestudieson micro-striplineandstripline structuresye proposedormula(2) to modelthecouplingcoeficient
k;; betweertwo wiress and:

kij = e @)

wheres is the pitch spacingbetweerwire i andwire j, anda andb areconstantglependingon the wire width? and P/G
planedistanceD. A two-dimensiortablefor a andb (seeanexamplein Table3) canbebuilt for micro-striplinestructure,
andathree-dimensiotiablefor a andb (seeanexamplein Table4) canbe built for stripline structure.We call (2) ask. ¢

modelfor micro-striplineandstripline structures.

Wire width o8 16 iy
Distanceof P/Gplané w=08um w=16pm w=24pm

D = L4um | (0.48,0.74) (0.39,0.80) (0.28,0.88)
D =48um | (0.35,0.71) (0.28,0.76)  (0.20,0.83)

Table3: Two dimensionatableof (a, b) for micro-striplinestructures.

Wire width
Distanceof P/Gplanes w=08pm w=16um  w=24um
D; = Ldum D, = L4um | (1.27,0.23) (0.45,0.95) (0.34,0.99)
Dy = Ldum Do =4.8um | (0.72,0.51) (0.48,0.72) (0.35,0.77)
Dy = 4.8um Ds = 4.8um | (0.63,0.40) (0.50,0.50) (0.37,0.56)

Table4: Threedimensionatableof (a, b) for striplinestructures.

In fact,the k. r  modelfor thereducedmnicro-striplinestructuress a conserative modelfor the corresponderstripline
structuresin Table5, we comparahek;; of micro-striplinestructurg(1.4um, 18s), striplinestructure(1.4pum, 18s, 1.4pm)
andstriplinestructure(1.4pm, 18s, 4.8m), columns2-6 arethecouplingk, ; betweertheleftmosts-wire andothers-wires
in thosestructuredor all k;; > 0.02. It is clearthatthe couplingk;; of reducedmicro-striplinestructurearealwayslarger

thanthoseof the stripline structures.

InterconnecStructures| k12 kis  kia  kis ks
(1.4pm, 18s) 056 0.33 0.20 0.13 0.09
(1.4pm, 18s,4.8um) | 0.53 029 0.16 0.10 0.06
(1.4pm, 18s,1.4pm) | 0.47 0.21 0.10 0.05 0.02

Table5: Couplingk;; for micro-striplineandstripline structureswhenk;; > 0.02.

Our k. r¢ modelis independenbf the lengthof s-wires. To validatethis simplification,we computek;; for different
wire lengthsvia FastHenryin Table 6 for micro-striplinestructure(1.4um, 18s). The pitch-spacebetweeneachwire is
3.2um, andthewire width is 0.8 um. Whenwe changahewire lengthfrom 2000um to 1000pm, the maximumdifference

for k;; is lessthan0.4%.

2Althoughthewire width haslittle impactson mutualinductanceit affectsselfinductanceandin turn couplingcoeficientsk;;.
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Width andlength(um) k12 ki3 k14 k1s kis
w = 0.8,1 = 2000 0.32(0%)  0.14(0%)  0.07(0%)  0.04(0%)  0.03(0%)
w=08,1=1000  0.32(0.05%) 0.14(0.22%) 0.07(0.23%) 0.04(0.29%) 0.03(0.37%)

Table6: Couplingk;; for amicro-striplinestructureof differentlengthswhenk;; > 0.02.

To examthe accurag of the k. model,we comparek;; computedby FastHenryandour k. sy modelin Figure13.
In Figurel3(a)andFigure13(b),x-axisis couplingcoeficientgivenby FastHenryandy-axisis couplingcoeficientgiven
by the k. model. Threemicro-striplinestructuresandtwo stripline structuresare used. They all have 18 s-wires, and
differentcombinationsof wire width anddistancebetweenayersareused. As onecanseefrom the figures,the error of
the k.;y modelis negligible for micro-striplinestructure.The k. modelhasrelatively large errorfor stripline structure
whenk;; is lessthan0.1. Note thatthe erroris notimportantfor suchsmall couplingk;;. Thereforethe k. ¢y modelfor

micro-striplineandstripline structurerasmuchhigheraccurag comparedo thatfor coplanarstructures.

1r ® 1r 2
N N 0% e ’ 0% .~ -
x D =4.8um wire width=0.8um it % D =1.4um D ,=4.8um width=0.8um e
0.9 O D=1.4um wire width=0.8um e 0.9 D =1.4um D" =4.8um width=1.6um ’
= o 1 2
* D=1.4um wire width=1.6um .
08t o 08t
0.7 . 0.7
%
5 06F ; 5 06F
B ; B
£ o £
05 o 05
< 7 <
S S
04 04
x-
Q- (o]
0.3 e 0.3
- x
02 N a 02k )
o =0
%7 .
0.1 0.1 e
> B
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
K via Fasthenry K via Fasthenry
(@) (b)

Figure13: Comparisorbetweercouplingcoeficientscomputedy FastHenryandk, s » model: (a) micro-striplinestructure,
and(b) stripline structure.

4 Synthesis of On-chip Interconnect Structures

Thek.r; modelsfor coplanarandmicro-stripline/striplinestructureanbe usedto synthesizeon-chipinterconnecstruc-
turesto minimize inductive coupling. In the following, we will usek. ¢y modelsto design64-bit bus structurego achieve

givennoisespecificationsWe computethetotal couplingfor eachwire ¢ as:

n
Ki= Yk ©)
F=1(j#4)
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wherek;; is coupling coeficient betweenwire ¢ andwire j, n is the total wire number We considerboth coplanarand
micro-striplinestructuresandassumehatthelayerstackups given. We alsoassumehatthewire width is always0.8um,

andtheedge-to-edgepacesn thecoplanaistructurebetweerall the s- andg-wiresareuniformandequalto 0.8 um. Based
on our studiesof on-chipinductancdn Section2 and 3, we considershieldinsertionfor coplanarstructuresandspacing
for micro-striplinestructuresWe will comparehe costof resultinginterconnecstructuresanduseFastHenryto verify the
results.

In thefollowing example thenoisespecificationare K; < 4 andK; < 2, respectiely. For themicro-striplinestructure,
we increasehe pitch-spacédetweernwire from 0.8 um at stepof 0.1um, until the maximumkK; < 4 andK; < 2. For the
coplanarstructurewe startwith two edgeP/G grids,andinsertmoreg-wiresamongthe s-wiresuntil themaximumkKk; < 4
andK; < 2. Essentially, themaximumkK; of k. ;¢ modelfor coplanarstructuredependsn the maximumblock size. For
givenn wiresanda maximumblock sizem, the structurecanalwaysbe dividedinto [%] blocks. Thenwe let asmary as
possiblecentralblockshave block size(m — 1), andlet m bethesizeof restblocks’.

Table7 summarizeshe synthesizednterconnecstructuresTo reducethe noisespecificatiorfrom K; < 4 to K; < 2,
thetotal width of the micro-striplinestructures increasedy 73%,andthetotal width of the coplanarstructureis increased
by 8%. We alsocomparghe maximumk; obtainedby bothk, s ; modelsandFastHenry ThemaximumK; obtainedoy our
modelsare8%, 8%, 12% and-5% differentfrom thoseobtainedby FastHenryrespectiely. As verified by FastHenrythe
synthesizedhterconnecstructuresneetthetarmget K;. Thetotaltime usedto synthesizeéhoseinterconnecstructuresased

on k. ¢y modelsarelessthanl secondlt takessereralthousandsecondso verify aninterconnecstructureby FastHenry

Interconnect | Tamet | Synthesized Maximum K; Total wire Runningtime
structures K; structures kesr models| FastHenry| width(um) Synthesis FastHenry
micro-stripline | 4 s=1.5um 3.85(8%) 3.56 95.3(0%) < 1 Second| 4575Seconds
2 s =2.6um 1.95(8%) 1.80 164.6(73%)| <« 1 Second| 6243Seconds
coplanar 4 P(759)%(6s9)%(7s9)'7sG | 3.54(12%) | 3.17 116.0(0%) | <« 1 Second| 1623Seconds
2 P(459)'%4sG 1.71(-5%) 1.80 125.6(8%) | <« 1 Second| 1726Seconds

Table7: Synthesisandverificationof interconnecstructuresatisfyingnoisespecifications.

We further conductedhe following experimentgo associatek; with the noisevalue. We assumehatthe wire length
is 2000m, the driver for eachwire is 130x of the minimum inverterin a representatie 0.18 um CMOS technology and
the recevver 40x of the minimum inverter The worst-casesignal patternis appliedasthe following: all signalwires are
simultaneouslyswitchingup with rising time of 80ps, exceptthatoneof the two centralwiresis thevictim. We measure
thenoiseat thefar-endof the victim wire (theinput nodeof recever) via SPICEsimulation.For the coplanatinterconnect
structure:P18sG, P(6s9)*6sG and P(3sg)°3sG, Table8 shavs the relationshipbetweenk; andon-chipnoiseobtained
by SPICE.It is clearthatwith moreg-wiresinsertedinto the interconnecstructuresthe noisedecreaseas K; does. For

K; < 2, thenoiseis lessthan20% of VDD for this interconnecstructure.

3Thecentralwires have moreinductive couplingthanthe edgewires,somakingthe centralblock smallercanalleviate this effect.
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Interconnecstructure  K; of victim  Noise(V) Noise/VDD

P18sG 7.68 0.71 55%
P(659)°6sG 3.03 0.38 29%
P(359)°3sG 1.27 0.17 13%

Table8: Maximum K; andon-chipinterconnechoises.

5 Conclusions and Discussions

In this paperwe have studiedthe characteristicef on-chipinductancdor coplanaymicro-stripline andstriplinestructures,
and have examinedimpactsof layout designfreedomssuchaswire sizing, spacing,and shielding. We have proposed
formula-based:. ¢y modelsasthefiguresof meritfor inductive couplingin thethreeinterconnecstructures Experiments
shawv thatthe k. modelfor the coplanarstructurehaslessthan 15% differencecomparedo the coupling coeficients
computedby the numericalfield solver FastHenry andthe k.¢y modelfor the micro-striplineandstripline structurehas
negligible difference We have alsoappliedtheproposednodelsto automaticallysynthesizen-chipinterconnecstructures.
The automaticsynthesiscan be finishedinstantly and resultinginterconnectstructuresmeetthe noise specificationas
verifiedby FastHenry

In the future,we planto build the explicit relationbetweerthe noiseandinductive andcapacitve couplingcoeficients,

andapplythe new noisemodelto layoutoptimizationin deepsub-microndesigns.
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