
ECETechniqueReport.NO. ECE-2000-01. 1

ModelingandLayoutOptimizationfor On-chipInductiveCoupling
�

Lei HeandMin Xu

Departmentof ElectricalandComputerEngineering

Universityof Wisconsin-Madison

1415EngineeringDrive

Madison,WI 53706

Tel: (608)262-3736,Fax: (608)265-4623

Email: lhe@ece.wisc.edu,mxu@cae.wisc.edu

December23,1999

Abstract

In thispaper, westudythemodelingandlayoutoptimizationfor on-chipinterconnectstructuresto minimizetheinduc-

tivecoupling.Wefirst investigatethecharacteristicsof mutual(aswell asself) inductancefor coplanar, micro-stripline,and

striplinestructures,andexaminetheeffectivenessof designfreedomssuchaswire sizing,spacing,andshielding.We then

proposeformula-based������� modelsasthefiguresof merit for inductive couplingin thethreeinterconnectstructures,and

apply theproposedmodelsto automaticallysynthesizeon-chipinterconnectstructures.Experimentsshow thatcompared

to thecouplingcoefficientscomputedby a numericalfield solver, the ������� modelshave about15%differencefor coplanar

structures,andhave negligible differencefor micro-striplineandstripline structures.In addition,interconnectstructures

meetinggivennoisespecificationscanbesynthesizedinstantlyusingproposed������� models.

�
This work makesuseof machinesdonatedby Intel, whosegenerousdonationis greatlyappreciated.Relatedworksandupdateon this work canbe

foundathttp://eda.ece.wisc.edu.
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1 Introduction

As wemoveinto gigahertzcircuit designsin nanometertechnologies,on-chipinductancebecomesmoreandmoreimportant

due to the longer wires, shorterrise times, and lower resistive wires (causedby relatively thicker and wider wires on

top metal layersandthe useof copperto replacealuminum). Therefore,modelingandlayout optimizationfor on-chip

inductancehave beendrawing increasinglymoreattentions.The inductancemodelscanbe classifiedinto the following

categories: (i) numericalbasedinductanceextractionsuchas[1][6][2] thatareaccurate,but aretoo expensive to be used

for thefull-chip level, and(ii) formulaor tablebasedinductanceextractionsuchas[7][4] thatarereasonablyaccurateand

efficientenoughto beusedfor full-chip level timing analysisandsimulation.However, all aforementionedmethodsdo not

provideenoughinsightsto guidethelayoutdesign.Eventhoughwemayapplyiterativelayout,extraction,simulationbased

on thesemethodsto achieveanoptimallayoutdesign,wecannot afford this iterativeprocedurefor mostdesigns.

The characteristicsof on-chip self inductancehave beenstudiedrecently in [9], and a few layout techniqueshave

beenexamined. However, without consideringmutual inductance,the resultinglayout designsmight be far away from

the optimal. In this paper, we studythe modelingandlayout optimizationto minimize the inductive coupling. We first

investigatethe characteristicsof on-chip mutual inductance(as well as self) for coplanar, micro-striplineand stripline

structures.With respectto the on-chip inductive coupling,we alsoexamineimpactsof layout designfreedoms,suchas

wire sizing,spacing,andshielding.Wethenproposeefficient �
	��
� modelsfor theon-chipinductivecoupling,whichcanbe

usedasfiguresof merit to guidelayoutoptimization.We finally applytheproposedmodelsto synthesizemin-coston-chip

interconnectstructuresto meetthe noisespecifications.This paperis part of our efforts to develop an integratedsetof

modelsandalgorithmsfor interconnectplanningandoptimizationunderaccurateRLC modelsfor giga-scalesystem-on-

chip designs.Furthermore,aspartof the efforts, theproposed��	��
� modelfor coplanarstructureshasbeenusedto study

thesimultaneousshieldinginsertionandnetorderingproblemto minimizebothcapacitiveandinductivecoupling[5].

Theremainderof this paperis organizedasfollows: we studythecoplanarinterconnectstructurein Section2, andthe

micro-striplineandstripline structuresin Section3. Formula-based� 	���� modelsaredevelopedfor the two interconnect

structuresin the two sections.We thenapply the ��	��
� modelsto synthesize��� -bit wide bus structuresin Section4, and

verify thesynthesizedinterconnectstructuresvia thenumericalinductanceextractiontool FastHenry[6]. We concludethe

paperin Section5.

2 Coplanar Structures

2.1 Characteristics of Inductance

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

� -wires), thereareothertwo typesof coplanarwires. Onetype is power/ground grids (in short,P/G grids), andtheother
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type is shielding wires (in short, � -wires). P/Ggridsareoftenmuchwider than � -wires,on theotherhand, � -wiresoften

have similar widthsas � -wires,andaredirectly connectedto P/Ggrids. As shown in Figure1, two edgewires labeledby
�

and � arepartof thepower andgroundgrids,wires labeledby � aresignalwires,andwires labeledby � areshielding

wires.
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Figure1: Thecross-sectionview of a coplanarinterconnectstructure.
�

and � standfor wiresof P/Ggrids, � standsfor
signalwires,and � standsfor shieldingwires.

In experimentsin thesection,we assumethatall � -wiresand � -wireshave thesamewidth � , either ��� ��� � or !�� ��� � ,

andtheedge-to-edgespace" between� -wiresand � -wires is uniform, either �#� ��� � or !�� ��� � . As shown in Figure1, we

assumethedistancebetweenP/Ggridsandtheedge� -wire is !�$�� � , andthewidth of theP/Ggridsis $�� � . Thethickness

of all wiresis $�� � , which is a typical thicknessfor global interconnectslike thosein strawmantechnologies[10]. Unless

specified,thelengthfor thosewiresis $����
��� � .

The coplanarstructurewe study contains18 � -wires, which from left to right arenumberedfrom 1 to 18. We call

the groupof � -wires sandwichedby a pair of adjacent� -wires or P/G grids asa block, and the numberof � -wires in a

block asthe block size. Whenthereis no � -wire, the 18 � -wires within the P/G grids canbe representedby
� !�� � � . If

we insertone � -wire uniformly within the � -wires, the coplanarstructurecanbe representedby
�&% � � % � � . Similarly, if

we uniformly insert two andfive � -wires amongthose � -wires, respectively, we canrepresentthe coplanarstructureby
� � � �'� � �'� � � (or in short,

�)( � � �'*�+,� � � ) and
�)(.- � �#*�/ - � � , respectively. To considerthe impactof P/Ggridsand � -wires

(aswell asP/Gplaneslateron),wecomputedtheloop inductance by thenumericalinductanceextractiontool FastHenryin

thispaper. In addition,weassumethatunlessotherwisespecified,theclock frequency of thetargetdesignis
- �&021 , andset

thesignificantfrequency [8] as
- ���&021 whenwerunFastHenry. In thefollowing,wefirst studycoplanarstructureswithout

shieldingwires,thencoplanarstructureswith shieldingwires.

2.2 Coplanar Structures without Shielding Wires

We studythe inductancefor the
� !3� � � structurewithout any � -wire. Figure2 shows the self inductanceof the first � -

wire (wire 1) andthe mutualinductancebetweenit andother � -wires. Clearly, the mutualinductanceis significantwhen

comparedto theself inductance.Themutualinductancebetweenwire 1 andwire 2 is 77%of theself inductanceof wire 1.

This meansthe noiseanddelay inducedby mutual inductancearesubstantiallyimportant. Moreover, even thoughit is

well acceptedthatthevaluefor couplingcapacitancebetweennon-adjacentwiresis insignificant,it is not truefor coupling

inductance.Althoughthemutualinductancedecreasesfor non-adjacent� -wires,themutualinductancebetweenwire 1 and
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wire 3 is still 65%of theself inductancefor wire 1, andis still 80%of themutualinductancebetweenwire 1 andwire 2.

Therefore,wecannot ignorethemutualinductancebetweennon-adjacentwires,either.
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Figure2: Self andmutualinductancefor thewire 1 in the
� !�� � � coplanarstructure.

In addition, the loop inductanceis not sensitive to wire sizing andspacing. As shown in Figure2, whenwe double

the wire width from ��� ��� � to !
� ��� � , the total width of the
� !3� � � structureis increasedby 149%. However, the self

inductanceof wire 1 is decreasedonly by 10%,andthemutualinductancebetweenwire 1 andother � -wires is decreased

by from 7%to 14%.Whenwedoublethespacefrom ��� ��� � to !
� ��� � , thetotalwidth is increasedby 151%.However, the

self inductanceof wire 1 is even increasedby 2% (dueto beingmovedfurtheraway from the P/Ggrids),andthemutual

inductancebetweenwire 1 andany other � -wire is decreasedby from 7%to 19%.

2.3 Coplanar Structures with Shielding Wires

We studythe inductancefor !�� � -wireswhen � -wiresareinsertedamongthem. As shown in Figure3, when � -wiresare

inserted,all inductance(bothself andmutual)decrease.If we insertone � -wire (
�&% � � % � � in thefigure),comparedto the

inductancefor
� !�� � � , self inductanceis reducedby 15%,total mutualinductance(thesumof all mutualinductancewith

respectto wire 1) is reducedby 49%,andthe total width increasesonly by 5%. Whenwe insertmore � -wires,asshown

by
�)( � � �#*�+3� � � and

�)(4- � �#*�/ - � � casesin Figure3, theself inductanceof wire 1 is respectively reducedby 22%and37%,

andtotal mutualinductanceis respectively reducedby 69%and89%. The increaseof thetotal width for the interconnect

structureis only 11%and28%,respectively.

For those � -wires that areseparatedby the � -wires, Figure3 shows that the mutual inductancebetweenthemis very

small, if it is not negligible. The maximummutual inductanceoutsidethe block is only 8% of the maximummutual

inductancewithin a block. Thereforewe areable to assumethe inductive effectsare mainly limited insideeachblock
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Figure3: Self andmutualinductancefor wire 1 in the
� !3� � � ,

�&% � � % � � ,
�)( � � �'* + � � � and

�)(.- � �#* / - � � coplanarstruc-
tures.

without losingmuchaccuracy.

Given the above studies,we concludethat comparedto wire sizing andspacing,shieldingis muchmoreeffective to

reduceinductance,especiallymutual inductance.To guide the interconnectstructuresynthesisusingshielding,we will

developaneffectivecouplingmodelin next subsection.

2.4 Effective Coupling Model

For any two given � -wires 5 and 6 , thecouplingcoefficient �
798 betweenthemis definedas:

� 7:8<;
= 7:8> = 7?7A@ = 8�8 (1)

where
= 7B7 and

= 8�8 is self inductanceof wire 5 and 6 , and
= 7:8 is mutualinductancebetweenthem.It is well known that � 7:8

providesthefirst-orderapproximationfor thecouplingbetweentwo � -wires.

We proposethe following modelto approximate�
798 . Whenwire 5 and 6 are in differentblocks, ��7:8 is zero1. When

wire 5 and6 arein asameblock,wefirst computerintermediatefunctions C and � (definedbelow), thenobtainthecoupling

coefficient � 7:8 asthemeanof C ( 5�* and � ( 6�* .
We useFigure4 to illustratehow to compute� 798 . Let ��D and ��E bethe � -wiresor P/Ggridsboundinga block,and FHGID ,

FJ7 , FK8 and F GLE betheorderingof thosefour wiresfrom left to right. WeassumeC ( � D * ; � ( � E * ; � , and C ( 6M* ; � ( 5�* ; ! .
If FJ7ONPF&8 , we define C ( 5�* ;RQTSVUWQYX�ZQ\[�UWQYX�Z , and � ( 6M* ; Q X^] UWQ_[Q X^] UWQ S . Then,we computethecouplingcoefficient �
798 ; ��`?7Bacb G `98da

+ .

We call this modelfor thecouplingcoefficientaseffectivecouplingmodel,denotedas � 	���� model.
1Here, e3f g canbealsoapproximatedby a smallconstant.
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Figure4: Cross-sectionview of ablock.

The � 	��
� modelis independentof thewidth andlengthof � - and� -wire. In orderto validatethissimplificationfor width

andlength,we compute� 798 of
�)( � � �#*�+,� � � structurevia FastHenryin Table1. We usethreecombinationsof wire width

andlength.Comparedwith thefirst row in thetable,whenwechangethewire lengthfrom $����
��� � to !����
��� � (seerow 2

in thetable),themaximumdifferencefor � 7:8 is only 3%. Whenwe changethewire width from �#� ��� � to !
� ��� � (seerow

3 in thetable),themaximumdifferencefor � 7:8 is only 2.6%. Therefore,thecouplingcoefficient � is not sensitive to wire

width andlength.

Width, spaceandlength(hji ) ��k.l ��k4m ��k4n ��k.o ��k4pqsrut�v w�x�yzr{t�v w�x�|�r{}3t�t3t 0.71(0%) 0.53(0%) 0.41(0%) 0.31(0%) 0.21(0%)qsrut�v w�x�yzr{t�v w�x�|�r�~Lt�t3t 0.72(1.0%) 0.54(1.8%) 0.42(2.3%) 0.32(2.7%) 0.22(3.0%)qsr�~3v ��x�yzr{t�v w�x�|�r{}3t�t3t 0.71(0.4%) 0.54(1.9%) 0.42(2.3%) 0.32(2.3%) 0.21(2.6%)

Table1: Couplingcoefficientsbetweenthewire 1 to other � -wiresinsideablock for the �K� � ���
� l � ��� structure.
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Figure5: Comparisonbetweencouplingcoefficientsobtainedby �
����� modelandFastHenry.

In orderto verify ourmodelwith respectto thespacebetweenwiresandto furtherexamtheaccuracy of it, wecompare

�
�9  computedby FastHenryandour � ����� modelin Figure5. In thefigure,x-axisis couplingcoefficientgivenby FastHenry
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andy-axisis couplingcoefficientgivenby the � 	��
� model.Two structuresareused:
�)( � � �#*�+3� � � and

�)(4- � �'*�/ - � � . Three

dashedlinesstandfor differenceof ��¡ , !�¢
¡ and £&!�¢�¡ , respectively. When " ; �#� ��� � , mostof thepointslie within the
¤ !�¢�¡ error range.At the sametime, mostof those�
7:8 calculatedby the ��	��
� modelarelarger thanthosecalculatedby

FastHenry. Thereforethe � 	��
� modeltendsto be conservative andis safeto be usedin designs.Furthermore,whenthe

blocksizedecreasesfrom 6 to 3, theerrorof the � 	��
� modelis reduced.It impliesthatourmodelhashigheraccuracy when

blocksizeis smaller. When " ; !�� ��� � , the ��	��
� modelis moreconservativecomparedto themodelin " ; �#� ��� � . Hence,

it is safeto assumethat the ��	��
� modelis independentof spacing.The �
	���� modelwill beusedin Section4 to synthesize

coplanarinterconnectstructures.

3 Stripline and Micro-stripline Structures

3.1 Characteristics of Inductance

s s

w

s s

......

s
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Figure6: Cross-sectionview of striplinestructure.

In this section,we studythemicro-striplineandstriplinestructures,wherepower/groundplanes(in short,P/G planes)

areusedascurrentreturnpathfor ¥ -wires. Whenthereis only oneP/Gplane,it is a micro-stripline structure.Whenthere

aretwo P/Gplanes,it is a stripline structure.As shown in Figure6, if therearen ¥ -wiresin a striplinestructure,it maybe

representedby ¦.§)¨�©�ª\¥
©d§¬«�­ , where§®¨ is thesurface-to-surfacedistancebetweenthelowerP/Gplaneandthesignallayer,

and § « is the surface-to-surfacedistancebetweenthe upperP/G groundplaneandthe signal layer. Similarly, a micro-

striplinewith n ¥ -wirescanberepresentedby ¦.§¯©�ª\¥
­ , where § is thesurface-to-surfacedistancebetweenP/Gplaneand

signallayer in thestructure.We use °#±B²3°�³ ´ technologyof thestrawmantechnologies[10] in this section.Thethickness

for bothsignalandP/Glayersis µ#± °�³ ´ , andthe ¶�·A¸ (i.e., Inter-LayerThickness)betweenadjacentmetallayersis ²�± ¹�³ ´ .

Therefore,if theP/Gplanein a micro-striplinestructureis two-layeraway from thesignallayerandthereare18 ¥ -wires,

the interconnectstructurecanbe representedby ¦4¹�± º�³ ´»©,²3º�¥
­ . We considerpitch-space (i.e., the center-to-centerspace)

between¥ -wires,which is differentfrom the edge-to-edgespace¼ usedin Section2. In the following, we first studythe

effectsof P/GplanesandthedistancebetweenthesignallayerandP/Gplanes,andtheninvestigatetheimpactsof thewidth
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of P/Gplanesandthewire sizingandspacingof thesignalwires.

3.1.1 Effects of Ground Plane
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Figure 7: Self and mutual inductancefor leftmost � -wire in coplanarstructure
� !3� � � and in stripline structure( !
� �
� �¾½3!3� � ½d��� ��� �¯* .

Wefirst comparethetwo followingstructures,
� !3� � � coplanarstructure,andthestriplinestructure

( !
� �
� �¾½3!3� � ½d��� ��� �¯* .
For bothstructures,thewire width is �#� ��� � andthepitch-spaceis !�� ��� � . For striplinestructure,theP/Gplanewidth is

$��
����� � , which is sufficient for currentreturningat
- ���&021 (seeexperimentsin Section3.1.2lateron). As shown in Fig-

ure7, comparedto the inductancefor thecoplanarstructure,self andtotal mutualinductancefor thestriplinestructureis

reducedby 32%and70%,respectively.

To investigatethedifferencebetweenmicro-striplineandstriplinestructures,wecomparethefollowing threestructures:

micro-striplinestructure
( !�� ��� �»½,!3� � * , striplinestructure

( !
� �
� �¾½3!3� � ½d��� ��� �¯* andstriplinestructure
( !
� �
� �¾½3!3� � ½3!�� ��� �¯* .

Thewidth of all P/Gplanesis $����
��� � . For thestriplinestructure
(4¿®À ½�Á � ½ ¿ + * andmicro-striplinestructure

(4¿®À ½dÁ � * , if
¿®ÀÃÂÄ¿ + , we definethat

(4¿®À ½dÁ � * is a reduced micro-stripline structure of
(4¿®À ½�Á � ½ ¿ + * . For example,micro-stripline

( !
� �
� �¾½3!3� � * is a reducemicro-striplinestructureof stripline structure
( !
� �
� �¾½3!3� � ½d��� ��� �¯* and

( !�� ��� �»½,!3� � ½,!�� ��� �¯* .
Figure8 shows theself andmutualinductanceof the leftmost � -wire in the threeinterconnectstructures.We observe the

following:

First, both self andmutual inductancewill be reducedwhentherearemoreP/G planespresented.Comparedto the

micro-striplinestructure
( !
� �
� �¾½3!3� � * , self and total mutual inductanceof the leftmost � -wire in the stripline structure

( !
� �
� �¾½3!3� � ½3!�� ��� �¯* arereducedby 19%and54%,respectively.

Second,theshieldingeffectof groundplaneis mainlydeterminedby thenearestgroundplane,becausemostof thecur-

rentin � -wiresreturnsfrom theclosestP/Gplane.Thatis demonstratedby thefactthatfor theselfandmutualinductanceof
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Figure8: Self andmutualinductancefor leftmostwire in micro-striplinestructureandstriplinestructures.

theleftmostwire thereis only 6%and23%differencesbetweenthestriplinestructure
( !
� �
� �¾½3!3� � ½d��� ��� �¯* andits reduced

micro-striplinestructure
( !�� ��� �»½,!�� � * . Also, bothself andmutualinductanceof the reducedmicro-striplinestructureare

largerthanthoseof its correspondingstriplinestructures.
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Figure9: Self andmutualinductancefor leftmostwire in micro-striplinestructures
( !
� �
� �¾½3!3� � * and

( �j� ��� �¾½3!3� � * .

Furthermore,we study the impactsof the distancebetweenthe P/G planeand the signal layer. We usetwo micro-

striplinestructures
( !�� ��� �»½,!�� � * and

( �j� ��� �¾½3!3� � * , wheretheP/Gplaneis one-layerandtwo-layeraway from thesignal

layer, respectively. As shown in Figure9, whenthe P/G planeis one-layeraway, the self andtotal mutualinductanceof

the leftmostwire are26%and59%smaller, comparedto thecasewheretheP/Gplaneis two-layeraway. Therefore,the

distancebetweentheP/Gplaneandthesignallayerhasgreatimpacton inductance.
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3.1.2 Effects of P/G Plane Width
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Figure10: Cross-sectionview of amicro-striplinestructurefor ÅÇÆÉÈ'©3²3°#©3²�È#©�µ�°�©�µ
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To studytheimpactsof theP/Gplanewidth, we considerthemicro-striplinestructureshown in Figure10,wherefrom

left to right, wires are ¥�² to ¥�Ë , respectively. We assumethat all wires are °�± º�³ ´ wide, andthe pitch-spacebetween¥
²
and ¥
µ , between¥�Ê and ¥3¹ , andbetween¥
È and ¥3Ë is ²
± Ë�³ ´ . Theedge-to-edgespacebetween¥
µ and ¥�Ê , aswell asthat

between¥3¹ and ¥
È , is Ë#± ¹�³ ´ . Thetotalwidth of thesignallayeris µ�°�³ ´ . Keepingthemicro-striplinestructuresymmetric,

we shrinkthewidth of plane Å , from µ�°�°�³ ´ to È�³ ´ at stepof È�³ ´ , andobservethechangesof ·Ì¨�« and ·ÎÍ�Ï , where ·Ì¨�«
is themutualinductancebetweenwire ¥
² and ¥�µ , and ·ÐÍdÏ themutualinductancebetweenwire ¥�Ê and ¥3¹ .
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Figure11: Mutual inductance· ¨�« and · ÍdÏ of differentP/Gplanewidthsandfrequencies.

As shown in Figure11, theinductancecurve is flat whentheP/Gplanewidth is largeenough.However, whentheP/G

planewidth is shrunkcloseto the total width of the bus structure( µ�°�³ ´ in this experiment),·O¨�« and ·ÎÍ�Ï areincreased

quickly. This overall trendis independentof thefrequency.

Let ¸ be the total width of the signal layer, and § be the surface-to-surfacedistancebetweenthe P/G planeandthe

signallayer. WeproposethattheP/Gplanewidth ÅÇÆÑ¸2ÒÓµÕÔ¬§ is sufficientandprovidesanicetradeoff betweensilicon

areaandtheshieldingquality. As shown in Table2, themutualinductanceof ÅÖÆ×¸ØÒÙµ�§ areat most6.5%largerthan
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themutualinductanceof Ú ; $������ � . On theotherhand,if weusetheP/Gplanewidth Ú ;ØÛ , themutualinductanceis

up to 16.7%larger.

Ü
betweenlayers Inductance(Ý�Þ ) ß r{}3t3t h�i ß rsàÃá¾} Ü ß rsàÜ r�~�v â hji ã k.l 47.88 51.00(6.5%) 53.94(12.7%)ã m�n 47.66 48.41(1.6%) 48.62(2.0%)Ü rsâ
v w hji ãäk.l 77.97 82.87(6.3%) 91.14(16.9%)ã\m�n 77.70 80.39(3.5%) 82.94(6.7%)

Table2: ã k.l and ã m�n for differentP/Gplanewidth.

3.1.3 Effects of Wire sizing and Spacing

To studythe impactsof wire sizing andspacing,we changethe wire width of the micro-striplinestructure
( !�� ��� �»½,!�� � *

with P/G planewhenthe planewidth Ú ; $��
����� � . We usepitch-space� ; - �9$�� � , andchangethe wire width from

�#� ��� � to !�� ��� � andto $'� ��� � , respectively. As shown in Figure12, the self inductanceis reducedby 15% and28%,

respectively. Totalmutualinductance,however, only has0.4%and7%differencewhenwire widthsaredoubledandtripled.

It is observedin [3] thatmutualloop inductanceof two wires is solely decidedby thetwo wires(their lengths,widthsand

thicknesses,andthe spacingbetweenthem). Our experimentsherefurther show that the wire width haslittle impactson

the mutual inductanceof two wires in micro-striplineandstripline structures,andmutual inductancemainly dependson

thepitch-spacebetweentwo wires.Therefore,spacing,but not wire sizing,is aneffective layoutfreedomto changemutual

inductance.
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Figure12: Selfandmutualinductancefor leftmostwire in
( !�� ��� �»½,!3� � * structures,with differentwire width.
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3.2 Effective Coupling Model

Basedonthosestudiesonmicro-striplineandstriplinestructures,weproposedformula(2) to modelthecouplingcoefficient

� 798 betweentwo wires 5 and 6 :
� 7:8<;På Uçæ�è�é (2)

where � is the pitch spacingbetweenwire 5 andwire 6 , and ê and ë areconstantsdependingon the wire width2 andP/G

planedistance
¿

. A two-dimensiontablefor ê and ë (seeanexamplein Table3) canbebuilt for micro-striplinestructure,

anda three-dimensiontablefor ê and ë (seeanexamplein Table4) canbebuilt for striplinestructure.We call (2) as �
	��
�
modelfor micro-striplineandstriplinestructures.

ì ì ì ì ì ì ì ì ì ì ì ì ì ì ìDistanceof P/Gplane

Wire width q{rít�v w h�i q{r�~�v � hji qír{}�v â h�i
Ü rØ~3v â h�i (0.48,0.74) (0.39,0.80) (0.28,0.88)Ü ríâ�v w h�i (0.35,0.71) (0.28,0.76) (0.20,0.83)

Table3: Two dimensionaltableof ��î x^ï � for micro-striplinestructures.

ì ì ì ì ì ì ì ì ì ì ì ì ì ì ìDistanceof P/Gplanes

Wire width qsr{t�v w h�i qír�~3v � h�i qíru}�v â h�i
Ü k rØ~3v â h�i Ü l r�~�v â h�i (1.27,0.23) (0.45,0.95) (0.34,0.99)Ü k rØ~3v â h�i Ü l rsâ
v w h�i (0.72,0.51) (0.48,0.72) (0.35,0.77)Ü k ríâ�v w h�i Ü l rsâ
v w h�i (0.63,0.40) (0.50,0.50) (0.37,0.56)

Table4: Threedimensionaltableof ��î x�ï � for striplinestructures.

In fact,the � 	��
� modelfor thereducedmicro-striplinestructuresis aconservativemodelfor thecorrespondentstripline

structures.In Table5,wecomparethe �
798 of micro-striplinestructure
( !
� �
� �¾½3!3� � * , striplinestructure

( !�� ��� �»½,!�� � ½,!
� �
� �Ã*
andstriplinestructure

( !�� ��� �»½,!3� � ½���� ��� �¯* , columns2-6arethecoupling � À 8 betweentheleftmost � -wire andother � -wires

in thosestructuresfor all � À 8Jð ��� ��$ . It is clearthat thecoupling � 7:8 of reducedmicro-striplinestructurearealwayslarger

thanthoseof thestriplinestructures.

InterconnectStructures ��k.l ��k4m ��k4n ��k.o ��k4p
� ~�v â h�i x,~Iw ��� 0.56 0.33 0.20 0.13 0.09� ~�v â h�i x,~Iw � x�â�v w h�i)� 0.53 0.29 0.16 0.10 0.06� ~�v â h�i x,~Iw � xI~3v â h�i)� 0.47 0.21 0.10 0.05 0.02

Table5: Coupling � f g for micro-striplineandstriplinestructures,when � f g<ñ t�v t
} .

Our � 	���� modelis independentof the lengthof � -wires. To validatethis simplification,we compute� 798 for different

wire lengthsvia FastHenryin Table6 for micro-striplinestructure
( !�� ��� �»½,!�� � * . The pitch-spacebetweeneachwire is

- �9$�� � , andthewire width is ��� ��� � . Whenwechangethewire lengthfrom $��
����� � to !3���
��� � , themaximumdifference

for ��7:8 is lessthan �#� �M¡ .
2Althoughthewire width haslittle impactsonmutualinductance,it affectsself inductanceandin turn couplingcoefficients e3f g .
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Width andlength( h�i ) ��k.l ��k4m ��k4n ��k.o ��k4pq{rít�v w�x�|#r{},t�t�t 0.32(0%) 0.14(0%) 0.07(0%) 0.04(0%) 0.03(0%)q{rít�v w�x�|#r�~It�t�t 0.32(0.05%) 0.14(0.22%) 0.07(0.23%) 0.04(0.29%) 0.03(0.37%)

Table6: Coupling � f g for a micro-striplinestructureof differentlengths,when � f g ñ t�v t
} .

To exam the accuracy of the ��	��
� model,we compare��7:8 computedby FastHenryandour ��	��
� model in Figure13.

In Figure13(a)andFigure13(b),x-axisis couplingcoefficientgivenby FastHenryandy-axisis couplingcoefficientgiven

by the � 	��
� model. Threemicro-striplinestructuresandtwo stripline structuresareused. They all have 18 � -wires, and

differentcombinationsof wire width anddistancebetweenlayersareused.As onecanseefrom the figures,the error of

the � 	��
� modelis negligible for micro-striplinestructure.The � 	���� modelhasrelatively largeerror for striplinestructure

when ��7:8 is lessthan0.1. Note that theerror is not importantfor suchsmall coupling �
798 . Therefore,the ��	��
� modelfor

micro-striplineandstriplinestructureshasmuchhigheraccuracy comparedto thatfor coplanarstructures.
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Figure13: Comparisonbetweencouplingcoefficientscomputedby FastHenryand �
	��
� model:(a)micro-striplinestructure,
and(b) striplinestructure.

4 Synthesis of On-chip Interconnect Structures

The � 	��
� modelsfor coplanarandmicro-stripline/striplinestructurescanbeusedto synthesizeon-chipinterconnectstruc-

turesto minimize inductivecoupling. In thefollowing, we will use � 	���� modelsto design��� -bit busstructuresto achieve

givennoisespecifications.We computethetotal couplingfor eachwire 5 as:

ò 7\;
óô

8dõ À `98
öõ÷7Ba � 7:8 (3)
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where � 798 is couplingcoefficient betweenwire 5 andwire 6
½'Á is the total wire number. We considerboth coplanarand

micro-striplinestructures,andassumethatthelayerstackupis given.We alsoassumethatthewire width is always �#� ��� � ,

andtheedge-to-edgespacesin thecoplanarstructurebetweenall the � - and � -wiresareuniformandequalto ��� ��� � . Based

on our studiesof on-chipinductancein Section2 and3, we considershieldinsertionfor coplanarstructures,andspacing

for micro-striplinestructures.Wewill comparethecostof resultinginterconnectstructures,anduseFastHenryto verify the

results.

In thefollowingexample,thenoisespecificationsare
ò 7äNÙ� and

ò 7YN�$ , respectively. For themicro-striplinestructure,

we increasethepitch-spacebetweenwire from �#� ��� � at stepof ���?!3� � , until themaximum
ò 7 NÑ� and

ò 7 N×$ . For the

coplanarstructure,westartwith two edgeP/Ggrids,andinsertmore � -wiresamongthe � -wiresuntil themaximum
ò 7 NÙ�

and
ò 7 N�$ . Essentially, themaximum

ò 7 of � 	��
� modelfor coplanarstructuredependson themaximumblock size.For

given Á wiresanda maximumblock size � , thestructurecanalwaysbedividedinto ø óùJú blocks.Thenwe let asmany as

possiblecentralblockshaveblocksize
( �û£�!�* , andlet � bethesizeof restblocks3.

Table7 summarizesthesynthesizedinterconnectstructures.To reducethenoisespecificationfrom
ò 7 NØ� to

ò 7 NP$ ,
thetotalwidth of themicro-striplinestructureis increasedby 73%,andthetotalwidth of thecoplanarstructureis increased

by 8%. Wealsocomparethemaximum
ò 7 obtainedby both � 	��
� modelsandFastHenry. Themaximum

ò 7 obtainedby our

modelsare8%,8%, 12%and-5% differentfrom thoseobtainedby FastHenry, respectively. As verifiedby FastHenry, the

synthesizedinterconnectstructuresmeetthetarget
ò 7 . Thetotal timeusedto synthesizethoseinterconnectstructuresbased

on � 	��
� modelsarelessthan1 second.It takesseveralthousandssecondsto verify aninterconnectstructureby FastHenry.

Interconnect Target Synthesized Maximum ü f Total wire Runningtime
structures ü f structures ������� models FastHenry width(h�i ) Synthesis FastHenry
micro-stripline 4 � rØ~�v ý h�i 3.85(8%) 3.56 95.3(0%) þ ~ Second 4575Seconds

2 � ru}�v � h�i 1.95(8%) 1.80 164.6(73%) þ ~ Second 6243Seconds
coplanar 4 ÿ��������	� l ��
����	� p �������	� k ����
 3.54(12%) 3.17 116.0(0%) þ ~ Second 1623Seconds

2 ÿ��������	� k.o ����
 1.71(-5%) 1.80 125.6(8%) þ ~ Second 1726Seconds

Table7: Synthesisandverificationof interconnectstructuressatisfyingnoisespecifications.

We furtherconductedthefollowing experimentsto associate
ò 7 with thenoisevalue. We assumethat thewire length

is $��
����� � , the driver for eachwire is 130x of theminimum inverterin a representative �#�B!3��� � CMOS technology, and

the receiver 40x of the minimum inverter. The worst-casesignalpatternis appliedasthe following: all signalwires are

simultaneouslyswitchingup with rising time of �
��� � , exceptthatoneof the two centralwires is thevictim. We measure

thenoiseat thefar-endof thevictim wire (theinput nodeof receiver)via SPICEsimulation.For thecoplanarinterconnect

structure:
� !3� � � ,

�)( � � �#*�+3� � � and
�)(4- � �'*�/ - � � , Table8 shows therelationshipbetween

ò 7 andon-chipnoiseobtained

by SPICE.It is clearthatwith more � -wires insertedinto the interconnectstructures,thenoisedecreasesas
ò 7 does.For

ò 7 Â $ , thenoiseis lessthan20%of VDD for this interconnectstructure.
3Thecentralwireshave moreinductive couplingthantheedgewires,somakingthecentralblocksmallercanalleviate thiseffect.
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Interconnectstructure ü f of victim Noise(V) Noise/VDD
� ~Lw �,� 7.68 0.71 55%�K� � ���
� l � ��� 3.03 0.38 29%�K���
���
� o ����� 1.27 0.17 13%

Table8: Maximum ü f andon-chipinterconnectnoises.

5 Conclusions and Discussions

In thispaper, wehavestudiedthecharacteristicsof on-chipinductancefor coplanar, micro-stripline,andstriplinestructures,

andhave examinedimpactsof layout designfreedomssuchaswire sizing, spacing,and shielding. We have proposed

formula-based� 	��
� modelsasthefiguresof merit for inductivecouplingin thethreeinterconnectstructures.Experiments

show that the � 	��
� model for the coplanarstructurehaslessthan15% differencecomparedto the couplingcoefficients

computedby the numericalfield solver FastHenry, andthe � 	��
� model for the micro-striplineandstripline structurehas

negligibledifference.Wehavealsoappliedtheproposedmodelsto automaticallysynthesizeon-chipinterconnectstructures.

The automaticsynthesiscan be finished instantly, and resulting interconnectstructuresmeet the noisespecificationas

verifiedby FastHenry.

In thefuture,weplanto build theexplicit relationbetweenthenoiseandinductiveandcapacitivecouplingcoefficients,

andapplythenew noisemodelto layoutoptimizationin deepsub-microndesigns.
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