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Abstract— The designof robust and areaefficient power distri-
bution networks for high speed high compleity integratedcircuits
hasbecomea challengingtask. The integrity of the high frequeng
signalsdependaupon the impedancecharacteristicef the on-chip
power distribution networks. The electricalcharacteristic®f these
multi-layer power distribution grids and the relevant designimpli-
cationsarethe subjectof this paper Eachgrid layerwithin a multi-
layerpowerdistributiongrid typically hassignificantlydifferentelec-
trical properties.Unlike singlelayer grids, the electricalcharacter
isticsof amulti-layergrid canvary significantlywith frequeng. As
thefrequeng increasesalargeshareof thecurrentflow is transfered
from thelow resistanceipperlayersto thelow inductancdower lay-
ers. Theinductanceof a multi-layer grid thereforedecreasesvith
frequeny, while theresistancéncreasesvith frequeng. Therefore,
ascomparedo power distribution grids built exclusively in the up-
per, low resistancenetallayers,amulti-layerpower distributiongrid
extendingto thelower interconnectayersexhibits superiotigh fre-
queng impedancecharacteristics.An analytic modelis also pre-
sentedto determinethe impedancecharacteristicof a multi-layer
grid from theinductive andresistive propertieof the comprisingin-
dividual grid layers.

I. INTRODUCTION

Thedesignof on-chipmulti-layerpower distribution gridsin high
speedintegratedcircuits (ICs) hasbecomea challengingproblem.
The increasen die size, the larger numberof interconnectayers,
and the decreasindine pitch have all increasedhe physicalcom-
plexity of the power grid structure Furthermoreinductive effectsin
on-chipinterconnechave becomemore significantwith increasing
circuit speed.Rolustandareaefficient designof multi-layer power
distribution gridsthereforerequiresathoroughunderstandingf the
electricalpropertiesf theseinterconnecstructures.

Theon-goingminiaturizationof integratedcircuit (IC) featuresize
hasincreasedhe averagecurrentper circuit areaaswell asthe slew
rateof the currenttransientsvith eachtechnologygenerationplac-
ing strict requirementn the on-chip power distribution network.
The high currentscauselarge ohmic I R voltagedropsandthe fast
currenuransienmausdargeinduct'weL% voltagedrops(AT noise)
in power distribution networks. To maintainthelocal supplyvoltage
within specifieddesignmaigins, power distribution networks should
be low impedanceas seenfrom the power terminalsof the circuit
elements.

The useof decouplingcapacitords an effective techniqueto re-
ducethe inductanceof the pawer distribution networks at high fre-
quencies. The efficacy of decouplingcapacitorsdependson the
impedancef the conductorsonnectinghe capacitorgo the power
load and source. Optimal allocationof on-chip decouplingcapac-
itancedependauponthe impedancecharacteristic®f the intercon-
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Fig.1. A multi-layerpower distributiongrid. Thegroundlinesarelight grey, the power
linesaredarkgrey.

nect. Rolust and areaefficient designof multi-layer power dis-
tribution grids thereforerequiresa thoroughunderstandingf the
impedancepropertiesof the power distributing interconnectstruc-
tures.

Power distribution networks in high performanceligital ICs are
commonlystructuredasa multi-layer grid, asshawvn in Fig. 1. The
electricalpropertiesof thesemulti-layer grids arethe subjectof this
paper

The paperis organizedasfollows. Existingwork on the electri-
cal propertiesof power distribution gridsis reviewed in Sectionll.
The electricalpropertiesof multi-layer power distribution grids are
discussedn Sectionlll. A casestudyof a two layer power grid is
presentedn SectionlV. The designimplicationsof the impedance
propertiesof amulti-layergrid arediscussedn SectionV. Thecon-
clusionsaresummarizedn SectionVI.

I1. BACKGROUND

On-chippower distribution grids have traditionally beenconsid-
eredasresistve networks[1]. Theinductanceof the on-chippower
distribution networks hasbeenneglectedbecausé¢he network induc-
tancehasbeendominatedby the parasiticinductanceof the package
pins, traces,and bondwires. This situationis changingdueto the
higherswitching speedsf integratedcircuits [2] andthe lower in-
ductanceof adwancedflip chip packaging.Priorenotedin [3] that
replacingwide power andgroundlineswith narraver interdigitated
power andgroundlinesreducesheselfinductancef thesupplynet-
work. Zhengand Tenhuner{4] proposedeplacingthe wide powver
andgroundlines with an array of interdigitatednarrav power and
groundlines, decreasinghe characteristitmpedanceof the power
grid.

Theinductive propertief singlelayerpower gridshave beende-
scribedby the authorsin [5]. In grid layerswith alternatingpower
andgroundlines, long distancenductive couplingis greatlydimin-
isheddueto cancellationfurning theinductive couplinginto, effec-
tively, alocal phenomenonThe grid inductancetherefore behaes
similarly to the grid resistanceincreasedinearly with grid length
anddecreaseswerselylinearly with grid width (i.e., the numberof
linesin thegrid). Theelectricalpropertieof power distributiongrids
canthereforebeconvenientlyexpressedy a dimension-independent
sheetesistanceRn andsheetinductancelq [6]. Theinductanceof
thepower grid layerscanbe efficiently estimatedisingsimplemod-
elscomprisedf afew interconnectines.
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Area/inductance/resistan¢eadeofs in power distribution grids
have alsobeeninvestigated6]. The sheetinductanceof power dis-
tribution grids is shawvn to increasdinearly with line width under
two differenttradeof scenarios. Underthe constraintof constant
grid area,a tradeof exists betweenthe grid inductanceand resis-
tance. The variation of inductancewith frequeng in single layer
power gridshasbeencharacterizeth [7]. Thisvariationis relatively
moderatetypically lessthan10% of thelow frequeng inductance.

Power distribution grids in modernintegrated circuits typically
consistof mary grid layers,spanninganentirestackof interconnect
layers. The objective of the presentinvestigationis to characterize
theelectricalpropertiesof thesemulti-layergrids,adwancingthe ex-
isting work beyondindividual grid layers.

The power and groundlines within eachlayer of a multi-layer
power distribution grids are orthogonalto the linesin the adjacent
layers.Orthogonalineshave zeromutualpartialinductanceasthere
is no magnetidinkage[8]. Orthogonalgrid layerscanthereforebe
evaluatedindependently A multi-layer grid can be consideredo
consistof two stacksof layers,with all of thelinesin eachstackpar
allel to eachother asshavn in Fig. 2. Grid linesin one stackare
orthogonalto the linesin the otherstack. Grid layersin eachstack
only affect the grid inductancein the direction of the linesin the
stack.This behaior is analogouso the propertiesof grid resistance.

ELECTRICAL PROPERTIES OF MULTI-LAYER GRIDS

Fig. 2. A multi-layer grid consistsof two stacksof layers. The lines in eachstack
areparallelto eachother Thelayersin onestackdeterminethe resistve andinductive
characteristicef themulti-layergrid in thedirectionof thelinesin thatstack,while the
layersin the otherstackdeterminehe characteristicin the orthogonatirection.

To characterizea multi-layer grid, the electricalpropertiesof the
two stacksof single layer grids, as shavn in Fig. 2, needto be
determined. The problemis therebyreducedto determiningthe
impedancecharacteristicof a stackof several individual grid lay-
erswith linesin the samedirection.

The layersof a typical multi-layer power distribution grid have
significantlydifferentelectricalproperties Linesin the upperlayers
tendto bethick andwide, forming alow resistancelobalpower dis-
tribution grid. Linesin the lower layerstendto bethinner narraver,
andhave a smallerpitch. The lower the metallayer, the smallerthe
metal thicknesswidth, and pitch. The uppergrid layerstherefore
have a relatively high inductanceand low resistancewhereasthe
lowerlayershave arelatively low inductanceandhighresistanc¢6].
The lower the layer, the higherthe resistanceandthe lower the in-
ductanceof thatlayer

The variationwith frequeng of the impedanceof eachlayerin
a grid stackcomprisedof N grid layersis schematicallyshavn in
Fig. 3. The layersare numberedfrom 1 (the uppermostayer) to
N (thelowestlayer). The grid layer resistancéncreasewith layer
number Ry < Ry < ... < Ry, andthe inductancedecreases
with layernumbey Ly > L, > ... > Ly. At low frequencies,
the uppermostayer hasthe lowestimpedanceasthe layer with the
lowestresistance.This layer, howvever, hasthe highestinductance
and, consequentlythe lowesttransitionfrequeny f; = %’z—i as
comparedo otherlayers(seeFig. 3). Thetransitionfrequeng is the
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Fig. 3. Impedancef theindividual grid layerscomprisinga multi-layergrid.

frequeng at which the impedanceof a specificgrid layer changes
in characterfrom resistive to inductive. At this frequeng, the in-
ductive impedancef a grid layeris equalto theresistive impedance
(neglecting skin and proximity effects),i.e, R1 = wL;. Thegrid
impedancencreasedinearly with frequeng above fi. The low-
estgrid layer hasthe highestresistanceandthe lowestinductance;
therefore this layer hasthe highesttransitionfrequeng fn. Asthe
inductanceof the upperlayersis higherthanthe lower layers,the
impedanceof an upperlayer exceedsthe impedanceof ary lower
layerabove a certainfrequeng. For example,theimpedanceof the
first layer Ry + wL; =~ wL; equalsthe magnitudeof the second
layerimpedanceR; + wL» =~ R» andexceedgheimpedancef this
layerabove frequeny fi, = %ﬁ—f asshowvn in Fig. 3. Similarly,
theimpedancef layerk exceedgheimpedancef layerl, k < [, at

1= 575

An entireétackof grid layerscannotbe accuratelydescribedy a
single RL circuit dueto the aforementionediifferencesamongthe
electricalpropertiesof the individual grid layers. A stackof mul-
tiple grid layerscan, howvever, be modeledby several parallel RL
brancheseachbranchcharacterizinghe electricalpropertiesof one
of thecomprisinggrid layers,asshavn in Fig. 4. Notethatthismodel
disrggardsmagneticcouplingamongthe grid layers. Magneticcou-
pling betweertwo grid layersis significantonly wheretheline pitch
in both layersis the sameandthe separatiorbetweenthe two lay-
ersis smallerthanthe line pitch. This configurationis uncommon;
thereforemagnetiacouplingamonggrid layerscanbe generallyne-
glected.

. Ll
(000
000

- 000

Ry W Ly

Fig. 4. Equialentcircuit of astackof IV grid layers.

Dueto thedifferencein the electricalpropertiesof the individual
layers,the magnitudeof the currentin eachgrid layer variessignifi-
cantlywith frequeng. At low frequenciesthelow resistanceipper
mostlayeris the pathof lowestimpedanceasshavn in Fig. 3. The
uppermostayerhasthe greateseffect on the overall low frequeng
resistanc@ndinductanceof thegrid stack,asthelargestshareof the
overall currentflows throughthis layer As thefrequeng increases
to fi. = iﬁ—f andhigher the impedanceof the uppermostayer
wLi exceedsthe impedanceof the seconduppermostayer Rz, as
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shawvn in Fig. 3. The seconduppermostayer, therefore carriesthe
largestshareof the overall currentandmostaffectstheoverallinduc-
tanceandresistancewithin this frequeng range. As the frequeny
exceedsf,s = % %21, thenext layerin thestackbecomeshe pathof
leastimpedanceandsoon. The processontinuesuntil at very high
frequencieshelowestlayercarriesmostof the overall current.

As the frequenciesncrease the majority of the overall current
is progressiely transferedfrom the layers of low resistanceand
high inductanceo the layersof high resistanceandlow inductance.
Therefore the overall grid inductancedecreasewith frequeng and
the overall grid resistancancreaseswith frequeng. A qualitative
plot of the variationof inductancewith frequeng is shawvn in Fig. 5.
At low frequeng, all of thelayersexhibit a purelyresistive behaior
andthecurrentis partitionedamongthelayersaccordingo theresis-
tanceof eachlayer Theshareof the overall currentflowing through

layern is
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Notethati; > 2 > ... > iy asR1 < R» < ... < Ry. Theover
all resistancef amulti-layergrid REF atlow frequeny is therefore
determinedy a parallelconnectiorof all of theindividual layerre-
sistances,
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Thelow frequeny inductanceof amulti-layergrid LY ¥ is, however,
L¥F = 012 + Lyi2 + ...+ Lyix ~ L, (3)
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Fig. 5. Variationof inductanceandresistanceof a multi-layer stackwith frequeng.
As the signal frequeng increasesthe currentflow shifts to the high resistancejow
inductancedayers,decreasingheoverallinductancef thegrid andincreasingheoverall
resistance.

At very high frequenciestheresistancandinductancesxchange
roles. All grid layersexhibit a purely inductve behaior andthe
currentis partitionedamongthe layersaccordingto the inductance
of eachlayer. Theshareof the overall currentflowing throughlayer

nis

n - - .
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The relationamongthe currentsof eachlayer is reversedas com-
paredto thelow frequeng case:i; < i2 < ... < in. Theoverall
inductanceof the multi-layer grid at high frequeng L{ ¥ is there-
fore determinedby a parallelconnectionof the individual layerin-
ductances,

(4)

N
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2 Hk;él L

Ly = Li||Ls||... ||ILy = (5)

Thehighfrequeny resistancef a multi-layergrid R{ ¥ is

REF = Ryi? + Ryil + ...+ Rni% ~ R, (6)

dueto Ry > Ry andiny > i forary k # N.

The grid resistanceaindinductancevary with frequeng between
thesdimiting low andhigh frequenyg cases.f thedifferencein the
electricalpropertiesof the layersis sufiiciently high, the variation
of theinductanceandresistancevith frequeng hasa staircase-lik
shapeasshavnin Fig. 5. As thefrequeng increaseshegrid layers
consecutiely sene asprimary currentpaths,dominatingthe overall
grid impedancavithin a specificfrequeng range.

IV. CASE STUDY OF A TWO LAYER GRID

The electrical propertiesof a two layer stack are evaluatedin
this sectionto quantitatvely illustratethe conceptslescribedn Sec-
tionlll. Theparametersfthegridlayersaredescribedn Fig.6. The
inductanceaxtractionprogramFastHenry[9] is usedto explore the
inductive propertiesof grid structuresA resistvity of 1.72u£ - cm
is usedin theanalysiswhereanadwancedprocessvith coppetrinter
connects assumed10].

1 pm

0.5 pm
2 pm

10 pm

Fig.6. Generaliew of atwo layerstack.Thegroundlinesarewhite colored thepower
linesaregrey colored.

The FastHenry-gtractedsheetinductanceandsheetresistancef
thetwo layerstackis shavnin Figs. 7 and8. Notethattheinductance
andresistancef theindividual grid layers,alsoshavn in Figs.7 and
7, vary little with frequeng. The inductanceandresistancef the
two layer stack, however, vary significantly with signal frequeng
dueto currentredistribution, asdiscussedh Sectionlll.
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Fig. 7. Inductanceof a two layer stackversussignalfrequeng. Both FastHenrydata
(solid line) andanalyticmodeldata(dottedline) areshavn. Theindividual inductance
of thetwo comprisinggrid layersis shavn for comparisor(FastHenrydata).

Theinductive andresistve characteristicef atwo layerstackcan
alsobe analyticallydeterminedusingthe circuit modelasshavn in
Fig. 4. AssumingL;> = 0 asdiscussedn Sectionlll, the loop
inductanceandresistanc®f atwo layerstackare,respectiely,

_ Li(R} 4+ w’LiL2) + Ly (R} + w’LyLy)

Lo = , 7
0 (R1+ R2)? + w?(L1 + L2)? ™
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Fig. 8. Resistancef a two layer stackversussignalfrequeng. Theindividual resis-
tanceof thetwo comprisinggrid layersandthe parallelresistancef theindividual layer
resistanceareshowvn for comparison.

R — Ri(RiRs + w?L3) + Ra(RiR> + w>L3) ®)
0 (R1 + R2)2 + w?(L1 + L3)? :

The variation of the grid inductanceand resistancewith frequeng
accordingto the analyticmodelsdescribeddy (7) and(8) is alsoil-
lustratedin Figs. 7 and 8 by the dottedlines. The analyticmodel
satishctorilydescribeshevariationof grid inductanceandresistance
with frequeng. Thediscrepang betweertheanalyticandFastHenry
dataathighfrequenciess dueto proximity effectswhicharenotcap-
turedby themodelshavn in Fig. 4.

Having determinedhe variationwith frequeny of the resistance
andinductancein the previous sectionsiit is possibleto character
izethefrequeny dependenimpedanceharacteristicsf atwo layer
stack. Theimpedancemagnitudedeterminedaccordingto the ana-
lytic models(7) and(8) is shawn in Fig. 9 by the dottedline. The
low frequeng valuesof theindividual layerinductanceL, and L»,
and resistance R, and R», are usedin the analytic model. The
impedancemagnitudebasedon FastHenryextracteddatais shavn
by thesolidline. Theextractedmpedancef theindividual grid lay-
ersis alsoshawvn for comparisonNotethattheimpedanceharacter
isticsof theindividual layersshavn in Fig. 9 bearcloseresemblance
to theschematigraphshavn in Fig. 3. As discussedn Sectionlll,
thelow resistanceippergrid layerdominategsheimpedanceharac-
teristicsatlow frequencieswhile thelow inductancdower grid layer
determinesheimpedanceharacteristicat high frequencies.
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Fig. 9. Impedancanagnitudeof a two layer stackversussignalfrequeng. Both the
extracted(solid line) and analytic (dottedline) dataare shavn. Theimpedanceof the
two comprisinggrid layersis alsoshavn.

V. DESIGN IMPLICATIONS

Currentredistritution amonglayersof a multi-layer grid hassev-
eralbeneficialeffects. Theimpedancef a power distribution grid is
minimizedacrossan entirefrequeng spectrumasshavn in Fig. 3.

The lower impedanceof the currentpath betweenthe power load
and surroundingdecouplingcapacitorsreducesthe on-chip pover
supplynoise. Relatively low inductanceandhigh resistancet high
frequenciesncreasethe dampingfactor of the power distribution
grid (proportionalto R/+/L), therebypreventing resonanbscilla-
tionsin power distribution networks operatingat high frequencies.
Corversely resonanbpscillationsare morelikely at lower frequen-
cies,wheretheinductancas relatively high andtheresistancés low.

Redistritution of the grid currenttoward the lower layersat high
frequenciedncreaseghe currentdensityin the power and ground
linesin thesdower grid layers,degradingthe electromigrationrelia-
bility of thepower distribution grid. Thesignificanceof theseeffects
will increasasthefrequeng of thecurrentdeliveredthroughtheon-
chip power distribution grid increasesvith higheroperatingspeeds.
An analysisof theseeffectsis thereforenecessaryo ensurethe de-
signquality of high speectircuits.

V1. CONCLUSIONS

The electrical characteristicsof multi-layer power distribution
gridsareinvestigatedn this paper The grid layersof a multi-layer
power distribution grid typically have significantly differentelectri-
calpropertiesTheuppemetallayerscomprisedf thickerandwider
linesarelow resistancandhigh inductancethelower metallayers
comprisedf thinnerandnarraverlinesarerelatively highresistance
andlow inductance.Due to this differencein layer properties the
electricalcharacteristicof multi-layer grids can vary significantly
with frequeng. As signalfrequenciesncreasethe majority of the
currentflow shiftsfrom thelowerresistanceipperayersto thelower
inductancdower layers. The inductanceof a multi-layergrid there-
fore decreasesvith frequeng, while the resistanceancreaseswith
frequeng. A methodto analyticallydetermineghe electricalproper
tiesof a multi-layer grid from the inductive andresistve properties
of thecomprisinggrid layersis described Theimplicationsof these
electricalcharacteristicon the designof high performancepover
distributiongridsarealsodiscussedTheelectromigrationeliability
of the power andgroundlinesin the lower grid layerswill degrade
dueto theincreasen currentdensityat high frequencies.
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