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Abstract— The designof robust and areaefficient power distri-
bution networks for high speed,high complexity integratedcircuits
hasbecomea challengingtask. The integrity of thehigh frequency
signalsdependsupon the impedancecharacteristicsof the on-chip
power distribution networks. The electricalcharacteristicsof these
multi-layer power distribution grids and the relevant designimpli-
cationsarethesubjectof this paper. Eachgrid layerwithin a multi-
layerpowerdistributiongrid typicallyhassignificantlydifferentelec-
trical properties.Unlike singlelayer grids, the electricalcharacter-
isticsof a multi-layergrid canvary significantlywith frequency. As
thefrequency increases,alargeshareof thecurrentflow is transfered
from thelow resistanceupperlayersto thelow inductancelower lay-
ers. The inductanceof a multi-layer grid thereforedecreaseswith
frequency, while theresistanceincreaseswith frequency. Therefore,
ascomparedto power distribution grids built exclusively in theup-
per, low resistancemetallayers,amulti-layerpowerdistributiongrid
extendingto thelower interconnectlayersexhibitssuperiorhigh fre-
quency impedancecharacteristics.An analytic model is also pre-
sentedto determinethe impedancecharacteristicsof a multi-layer
grid from theinductive andresistivepropertiesof thecomprisingin-
dividualgrid layers.

I . INTRODUCTION

Thedesignof on-chipmulti-layerpower distributiongridsin high
speedintegratedcircuits (ICs) hasbecomea challengingproblem.
The increasein die size, the larger numberof interconnectlayers,
and the decreasingline pitch have all increasedthe physicalcom-
plexity of thepower grid structure.Furthermore,inductive effectsin
on-chipinterconnecthave becomemoresignificantwith increasing
circuit speed.Robustandareaefficient designof multi-layerpower
distribution gridsthereforerequiresa thoroughunderstandingof the
electricalpropertiesof theseinterconnectstructures.

Theon-goingminiaturizationof integratedcircuit (IC) featuresize
hasincreasedtheaveragecurrentpercircuit areaaswell astheslew
rateof thecurrenttransientswith eachtechnologygeneration,plac-
ing strict requirementson the on-chippower distribution network.
The high currentscauselarge ohmic

���
voltagedropsandthe fast

currenttransientscauselargeinductive �������� voltagedrops( 	 � noise)
in power distributionnetworks.To maintainthelocalsupplyvoltage
within specifieddesignmargins,power distributionnetworksshould
be low impedanceasseenfrom the power terminalsof the circuit
elements.

The useof decouplingcapacitorsis an effective techniqueto re-
ducethe inductanceof the power distribution networks at high fre-
quencies. The efficacy of decouplingcapacitorsdependson the
impedanceof theconductorsconnectingthecapacitorsto thepower
load andsource. Optimal allocationof on-chipdecouplingcapac-
itancedependsuponthe impedancecharacteristicsof the intercon-
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Fig. 1. A multi-layerpowerdistributiongrid. Thegroundlinesarelight grey, thepower
linesaredarkgrey.

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

Power distribution networks in high performancedigital ICs are
commonlystructuredasa multi-layergrid, asshown in Fig. 1. The
electricalpropertiesof thesemulti-layergridsarethesubjectof this
paper.

The paperis organizedasfollows. Existingwork on the electri-
cal propertiesof power distribution grids is reviewed in SectionII.
The electricalpropertiesof multi-layerpower distribution grids are
discussedin SectionIII. A casestudyof a two layer power grid is
presentedin SectionIV. Thedesignimplicationsof the impedance
propertiesof amulti-layergrid arediscussedin SectionV. Thecon-
clusionsaresummarizedin SectionVI.

I I . BACKGROUND

On-chippower distribution grids have traditionally beenconsid-
eredasresistive networks [1]. Theinductanceof theon-chippower
distributionnetworkshasbeenneglectedbecausethenetwork induc-
tancehasbeendominatedby theparasiticinductanceof thepackage
pins, traces,andbondwires. This situationis changingdueto the
higherswitchingspeedsof integratedcircuits [2] andthe lower in-
ductanceof advancedflip chip packaging.Priorenotedin [3] that
replacingwide power andgroundlineswith narrower interdigitated
powerandgroundlinesreducestheself inductanceof thesupplynet-
work. ZhengandTenhunen[4] proposedreplacingthewide power
andgroundlines with an arrayof interdigitatednarrow power and
groundlines, decreasingthe characteristicimpedanceof the power
grid.

Theinductivepropertiesof singlelayerpowergridshavebeende-
scribedby the authorsin [5]. In grid layerswith alternatingpower
andgroundlines, long distanceinductive couplingis greatlydimin-
isheddueto cancellation,turningtheinductive couplinginto, effec-
tively, a local phenomenon.Thegrid inductance,therefore,behaves
similarly to the grid resistance:increaseslinearly with grid length
anddecreasesinverselylinearly with grid width (i.e., thenumberof
linesin thegrid). Theelectricalpropertiesof powerdistributiongrids
canthereforebeconvenientlyexpressedby adimension-independent
sheetresistance

��

andsheetinductance� 
 [6]. Theinductanceof

thepower grid layerscanbeefficiently estimatedusingsimplemod-
elscomprisedof a few interconnectlines.

V-473

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

0-7803-7762-1/03/$17.00 ©2003 IEEE 



Area/inductance/resistancetradeoffs in power distribution grids
have alsobeeninvestigated[6]. Thesheetinductanceof power dis-
tribution grids is shown to increaselinearly with line width under
two different tradeoff scenarios.Under the constraintof constant
grid area,a tradeoff exists betweenthe grid inductanceand resis-
tance. The variation of inductancewith frequency in single layer
powergridshasbeencharacterizedin [7]. Thisvariationis relatively
moderate,typically lessthan10%of thelow frequency inductance.

Power distribution grids in modernintegratedcircuits typically
consistof many grid layers,spanninganentirestackof interconnect
layers. The objective of the presentinvestigationis to characterize
theelectricalpropertiesof thesemulti-layergrids,advancingtheex-
istingwork beyondindividualgrid layers.

I I I . ELECTRICAL PROPERTIES OF MULTI-LAYER GRIDS

The power and groundlines within eachlayer of a multi-layer
power distribution grids areorthogonalto the lines in the adjacent
layers.Orthogonallineshavezeromutualpartialinductanceasthere
is no magneticlinkage[8]. Orthogonalgrid layerscanthereforebe
evaluatedindependently. A multi-layer grid can be consideredto
consistof two stacksof layers,with all of thelinesin eachstackpar-
allel to eachother, asshown in Fig. 2. Grid lines in onestackare
orthogonalto the lines in the otherstack. Grid layersin eachstack
only affect the grid inductancein the direction of the lines in the
stack.Thisbehavior is analogousto thepropertiesof grid resistance.

Fig. 2. A multi-layer grid consistsof two stacksof layers. The lines in eachstack
areparallelto eachother. Thelayersin onestackdeterminetheresistive andinductive
characteristicsof themulti-layergrid in thedirectionof thelinesin thatstack,while the
layersin theotherstackdeterminethecharacteristicsin theorthogonaldirection.

To characterizea multi-layergrid, theelectricalpropertiesof the
two stacksof single layer grids, as shown in Fig. 2, needto be
determined. The problem is therebyreducedto determiningthe
impedancecharacteristicsof a stackof several individual grid lay-
erswith linesin thesamedirection.

The layersof a typical multi-layer power distribution grid have
significantlydifferentelectricalproperties.Linesin theupperlayers
tendto bethick andwide,formingalow resistanceglobalpowerdis-
tributiongrid. Linesin thelower layerstendto bethinner, narrower,
andhave a smallerpitch. The lower themetallayer, thesmallerthe
metal thickness,width, andpitch. The uppergrid layerstherefore
have a relatively high inductanceand low resistance,whereasthe
lower layershavearelatively low inductanceandhighresistance[6].
The lower the layer, the higherthe resistanceandthe lower the in-
ductanceof thatlayer.

The variationwith frequency of the impedanceof eachlayer in
a grid stackcomprisedof � grid layersis schematicallyshown in
Fig. 3. The layersare numberedfrom 1 (the uppermostlayer) to� (the lowestlayer). Thegrid layer resistanceincreaseswith layer
number,

����������������������
, and the inductancedecreases

with layer number, � ��� � ����������� � � . At low frequencies,
the uppermostlayerhasthe lowestimpedanceasthe layer with the
lowest resistance.This layer, however, hasthe highestinductance
and,consequently, the lowest transitionfrequency � � � ��"!�#%$& $ , as
comparedto otherlayers(seeFig. 3). Thetransitionfrequency is the
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Fig. 3. Impedanceof theindividualgrid layerscomprisinga multi-layergrid.

frequency at which the impedanceof a specificgrid layer changes
in characterfrom resistive to inductive. At this frequency, the in-
ductive impedanceof agrid layeris equalto theresistive impedance
(neglectingskin andproximity effects), i.e.,

�� �UT � � . The grid
impedanceincreaseslinearly with frequency above � � . The low-
estgrid layer hasthe highestresistanceandthe lowest inductance;
therefore,this layerhasthehighesttransitionfrequency � � . As the
inductanceof the upperlayersis higher than the lower layers,the
impedanceof an upperlayer exceedsthe impedanceof any lower
layerabove a certainfrequency. For example,the impedanceof the
first layer

��WVXT � �ZY[T � � equalsthe magnitudeof the second
layerimpedance

���\V]T � �^Y_��� andexceedstheimpedanceof this
layerabove frequency � 1-2

� ��"! #\`& $ , asshown in Fig. 3. Similarly,
theimpedanceof layer a exceedstheimpedanceof layer b , a � b , at�dcde\f � ��"! #%g&)h .

An entirestackof grid layerscannotbeaccuratelydescribedby a
single

� � circuit dueto the aforementioneddifferencesamongthe
electricalpropertiesof the individual grid layers. A stackof mul-
tiple grid layerscan,however, be modeledby several parallel

� �
branches,eachbranchcharacterizingtheelectricalpropertiesof one
of thecomprisinggrid layers,asshown in Fig.4. Notethatthismodel
disregardsmagneticcouplingamongthegrid layers.Magneticcou-
pling betweentwo grid layersis significantonly wheretheline pitch
in both layersis the sameandthe separationbetweenthe two lay-
ersis smallerthanthe line pitch. This configurationis uncommon;
therefore,magneticcouplingamonggrid layerscanbegenerallyne-
glected.

� � i � � �
� � i � � �

� � i � � �
.
.
.

.

.

.

Fig. 4. Equivalentcircuit of astackof j grid layers.

Dueto thedifferencein theelectricalpropertiesof the individual
layers,themagnitudeof thecurrentin eachgrid layervariessignifi-
cantlywith frequency. At low frequencies,thelow resistanceupper-
mostlayer is thepathof lowestimpedance,asshown in Fig. 3. The
uppermostlayerhasthegreatesteffect on theoverall low frequency
resistanceandinductanceof thegrid stack,asthelargestshareof the
overall currentflows throughthis layer. As the frequency increases
to � 1-2

� ��"!k#\`& $ andhigher, the impedanceof the uppermostlayerT � � exceedsthe impedanceof the seconduppermostlayer
� �

, as
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shown in Fig. 3. Theseconduppermostlayer, therefore,carriesthe
largestshareof theoverallcurrentandmostaffectstheoverall induc-
tanceandresistancewithin this frequency range.As the frequency
exceeds� 2-3

� ��"! #6l& ` , thenext layerin thestackbecomesthepathof
leastimpedanceandsoon. Theprocesscontinuesuntil at very high
frequenciesthelowestlayercarriesmostof theoverall current.

As the frequenciesincrease,the majority of the overall current
is progressively transferedfrom the layers of low resistanceand
high inductanceto thelayersof high resistanceandlow inductance.
Therefore,theoverall grid inductancedecreaseswith frequency and
the overall grid resistanceincreaseswith frequency. A qualitative
plot of thevariationof inductancewith frequency is shown in Fig. 5.
At low frequency, all of thelayersexhibit apurelyresistivebehavior
andthecurrentis partitionedamongthelayersaccordingto theresis-
tanceof eachlayer. Theshareof theoverall currentflowing through
layer m is ion � � np �c�q � � c

� r c-sq n � cp �ftq � r c-sq%f � c
�

(1)

Notethat
i �u� i ���v���w�E� i �

as
��u�X���k�v�����x�X���

. Theover-
all resistanceof amulti-layergrid

� &)yz at low frequency is therefore
determinedby a parallelconnectionof all of theindividual layerre-
sistances,

� &Eyz �_���?{|���-{}�����?{|���_� r �c�q � � cp �ftq � r c-sq6f � c
�

(2)

Thelow frequency inductanceof amulti-layergrid � &Eyz is, however,

� &Eyz � � � i � � V � � i �� V������wV � � i �� Y � �w~ (3)

dueto � �W� ��c and
i ��� i c for any a����� .
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Fig. 5. Variationof inductanceandresistanceof a multi-layer stackwith frequency.
As the signal frequency increases,the currentflow shifts to the high resistance,low
inductancelayers,decreasingtheoverall inductanceof thegridandincreasingtheoverall
resistance.

At very high frequencies,theresistanceandinductanceexchange
roles. All grid layersexhibit a purely inductive behavior and the
currentis partitionedamongthe layersaccordingto the inductance
of eachlayer. Theshareof theoverall currentflowing throughlayerm is i n � � np �c�q � � c

� r c-sq n ��cp �ftq � r c-sq6f ��c
�

(4)

The relationamongthe currentsof eachlayer is reversedascom-
paredto the low frequency case:

i � � i � ��������� i �
. Theoverall

inductanceof the multi-layer grid at high frequency ��� yz is there-
fore determinedby a parallelconnectionof the individual layer in-
ductances,

� � yz � � � { � � {������d{ � � � r �c�q � ��cp �ftq � r c-sq%f ��c
�

(5)

Thehigh frequency resistanceof amulti-layergrid
� � yz is� � yz �_�� i � � V���� i �� V_���w�wV ��� i ���¡ ��� ~

(6)

dueto
���¢��� c and

i �£� i c for any a¤�� � .
The grid resistanceandinductancevary with frequency between

theselimiting low andhigh frequency cases.If thedifferencein the
electricalpropertiesof the layersis sufficiently high, the variation
of the inductanceandresistancewith frequency hasa staircase-like
shape,asshown in Fig. 5. As thefrequency increases,thegrid layers
consecutively serve asprimarycurrentpaths,dominatingtheoverall
grid impedancewithin aspecificfrequency range.

IV. CASE STUDY OF A TWO LAYER GRID

The electrical propertiesof a two layer stack are evaluatedin
thissectionto quantitatively illustratetheconceptsdescribedin Sec-
tion III. Theparametersof thegrid layersaredescribedin Fig.6. The
inductanceextractionprogramFastHenry[9] is usedto explore the
inductive propertiesof grid structures.A resistivity of 1.72 ¥�¦�§ cm
is usedin theanalysis,whereanadvancedprocesswith copperinter-
connectis assumed[10].

¨6©Hª�«}¬
�«®¬ ¯ ¨°«}¬

¯ «}¬ ª�¨°«}¬
¯ ª�¨°«}¬

Fig.6. Generalview of atwo layerstack.Thegroundlinesarewhitecolored,thepower
linesaregrey colored.

TheFastHenry-extractedsheetinductanceandsheetresistanceof
thetwo layerstackisshown in Figs.7and8. Notethattheinductance
andresistanceof theindividualgrid layers,alsoshown in Figs.7 and
7, vary little with frequency. The inductanceandresistanceof the
two layer stack,however, vary significantlywith signal frequency
dueto currentredistribution,asdiscussedin SectionIII.
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Fig. 7. Inductanceof a two layerstackversussignalfrequency. Both FastHenrydata
(solid line) andanalyticmodeldata(dottedline) areshown. Theindividual inductance
of thetwo comprisinggrid layersis shown for comparison(FastHenrydata).

Theinductiveandresistivecharacteristicsof a two layerstackcan
alsobeanalyticallydeterminedusingthecircuit modelasshown in
Fig. 4. Assuming � �Ö���Ø×

as discussedin SectionIII, the loop
inductanceandresistanceof a two layerstackare,respectively,

� z � � �?Ù �
�� VÚT � � � � �wÛ V � �ÏÙ � � � V�T � � � � �wÛÙ � � V � �wÛ � VÚT � Ù � � V � �wÛ � ~

(7)
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Fig. 8. Resistanceof a two layer stackversussignalfrequency. The individual resis-
tanceof thetwo comprisinggrid layersandtheparallelresistanceof theindividual layer
resistancesareshown for comparison.

� z � ��� Ù ���2���òV�T � � �� Û V���� Ù ���0���òVÚT � � � � ÛÙ ��}V���� Û � V�T � Ù � ��V � � Û � �
(8)

The variationof the grid inductanceandresistancewith frequency
accordingto theanalyticmodelsdescribedby (7) and(8) is alsoil-
lustratedin Figs. 7 and8 by the dottedlines. The analyticmodel
satisfactorilydescribesthevariationof grid inductanceandresistance
with frequency. Thediscrepancy betweentheanalyticandFastHenry
dataathighfrequenciesis dueto proximityeffectswhicharenotcap-
turedby themodelshown in Fig. 4.

Having determinedthevariationwith frequency of the resistance
and inductancein the previous sections,it is possibleto character-
ize thefrequency dependentimpedancecharacteristicsof atwo layer
stack. The impedancemagnitudedeterminedaccordingto the ana-
lytic models(7) and(8) is shown in Fig. 9 by the dottedline. The
low frequency valuesof theindividual layerinductance,� � and � � ,
and resistance,

��
and

���
, are usedin the analytic model. The

impedancemagnitudebasedon FastHenryextracteddatais shown
by thesolid line. Theextractedimpedanceof theindividualgrid lay-
ersis alsoshown for comparison.Notethattheimpedancecharacter-
isticsof theindividual layersshown in Fig. 9 bearcloseresemblance
to theschematicgraphshown in Fig. 3. As discussedin SectionIII,
thelow resistanceuppergrid layerdominatestheimpedancecharac-
teristicsat low frequencies,while thelow inductancelowergrid layer
determinestheimpedancecharacteristicsat high frequencies.
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Fig. 9. Impedancemagnitudeof a two layer stackversussignalfrequency. Both the
extracted(solid line) andanalytic(dottedline) dataareshown. The impedanceof the
two comprisinggrid layersis alsoshown.

V. DESIGN IMPLICATIONS

Currentredistribution amonglayersof a multi-layergrid hassev-
eralbeneficialeffects.Theimpedanceof apowerdistributiongrid is
minimizedacrossanentirefrequency spectrum,asshown in Fig. 3.

The lower impedanceof the currentpath betweenthe power load
and surroundingdecouplingcapacitorsreducesthe on-chip power
supplynoise.Relatively low inductanceandhigh resistanceat high
frequenciesincreasethe dampingfactor of the power distribution
grid (proportionalto

����� � ), therebypreventing resonantoscilla-
tions in power distribution networks operatingat high frequencies.
Conversely, resonantoscillationsaremorelikely at lower frequen-
cies,wheretheinductanceis relatively highandtheresistanceis low.

Redistribution of thegrid currenttoward the lower layersat high
frequenciesincreasesthe currentdensityin the power andground
linesin theselowergrid layers,degradingtheelectromigrationrelia-
bility of thepowerdistributiongrid. Thesignificanceof theseeffects
will increaseasthefrequency of thecurrentdeliveredthroughtheon-
chip power distribution grid increaseswith higheroperatingspeeds.
An analysisof theseeffectsis thereforenecessaryto ensurethede-
signqualityof highspeedcircuits.

VI . CONCLUSIONS

The electrical characteristicsof multi-layer power distribution
gridsareinvestigatedin this paper. Thegrid layersof a multi-layer
power distribution grid typically have significantlydifferentelectri-
calproperties.Theuppermetallayerscomprisedof thickerandwider
linesarelow resistanceandhigh inductance;thelower metallayers
comprisedof thinnerandnarrowerlinesarerelatively highresistance
andlow inductance.Due to this differencein layer properties,the
electricalcharacteristicsof multi-layer grids canvary significantly
with frequency. As signalfrequenciesincrease,the majority of the
currentflow shiftsfrom thelowerresistanceupperlayersto thelower
inductancelower layers.Theinductanceof a multi-layergrid there-
fore decreaseswith frequency, while the resistanceincreaseswith
frequency. A methodto analyticallydeterminetheelectricalproper-
tiesof a multi-layergrid from the inductive andresistive properties
of thecomprisinggrid layersis described.Theimplicationsof these
electricalcharacteristicson the designof high performancepower
distributiongridsarealsodiscussed.Theelectromigrationreliability
of thepower andgroundlines in the lower grid layerswill degrade
dueto theincreasein currentdensityat high frequencies.
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