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ABSTRACT
3-D technologypromiseshigherintegrationdensityandlower in-
terconnectioncomplexity anddelay. At present,however, notmuch
work on circuit applicationshasbeendonedueto lack of insight
into 3-D circuit architectureandperformance.In this paper, we in-
vestigatethe interconnectdistributionsof 3-D circuits. We divide
the3-D interconnectsinto horizontalwires andverticalwires and
derive their wire-lengthdistributions, respectively. Basedon the
stochasticwire-lengthdistributions,we calculate3-D circuit inter-
connectdelaydistribution. Weshow that3-D structureseffectively
reducethenumberof longdelaynets,significantlyreducethenum-
berof repeatersneeded,anddramaticallyimprovetheperformance.
With 3-D structures,acircuit canwork at a muchhigherclock rate
(double,eventriple) thanwith 2-D.However, wealsoshow thatthe
impactsof verticalwireson chip areaandinterconnectdelaymay
limit thenumberof device layersthatwe canintegrate.

1. INTRODUCTION
Thecomplexity of integratedcircuitshasgrown dramaticallyover

thepastfew decades.Thetrendis likely to continuein thenext sev-
eraltechnologygenerations.TheInternational Technology Roadmap
for Semiconductors (ITRS)projectsthatVLSI technologywill reach
tera-scaleintegrationin theyear2014[1], which meansthatmore
and more transistorswill be closely packed and connected. To
accommodatethis increasingnumberof transistorsandincreasing
complexity of interconnect,ITRS predictsthat in 2014(theendof
theroadmap),thechipsizewouldbewell over ���������	��
 , thefea-
turesizeassmallas ������ , andthenumberof metallayersasmany
as ��� . Accompanying thosetrendsareproblemssuchasthestrong
quantumeffect andshortchanneleffect of ultra-mini devices,the
complexity of global interconnectionspanningover a vast single
device layer, andmorepronouncedinterconnectdelay, all of which
poseseriouschallengesto the2-D processtechnologyandcircuit
design.3-Dimensionalintegrationcanprovide a viablesolutionto
thoseproblems.

Although 3-D circuit conceptsappearedin the early 1980s[2;
3; 4; 5], and many studieson processtechnologyhave beenre-
ported[6; 7; 8; 9], not muchwork hasbeendoneon circuit ap-
plicationsdueto lack of designtoolsandmethodologiesandlack
of insight into circuit architectureandperformance.Most of the
currentcircuit and physicaldesigntechniquesare basedon 2-D
technologies,andthey cannotbeeasilyextendedto handle3-D in-
tegration. A main purposeof realizing3-dimensionalintegration
is to reducetheinterconnectcomplexity anddelay. Therefore,it is
imperative to gainthoroughunderstandingof wiring requirements
andits impactsonthearchitectureandperformanceof 3-D circuits.

A schematicof 3-D circuit structurewith 3 devicelayersis shown
in Figure1. Intuitively, 3-D technologyofferscompactlogic gates�
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and,in general,compactfunctionalblocksandcircuit structures.In
3-D circuits,transistorsarestacked in severaldevice layers,rather
than spannedin a vast single device layer. Although that over-
comestheproblemof long andcomplicatedwirings in 2-D layout,
we foreseea new problemarisingfrom theconnectionsof gatesin
differentdevice layers. Typically, we ignoretheeffectsof vias in
multi-metallayersof 2-D circuits.Unfortunately, thesamecannot
be said for the vertical channelsthat connectonedevice layer to
anotherin 3-D structures(seeFigure1). The processtechnology,
materials,andstructureof the3-D verticalchannelsarecompletely
differentfrom thoseof 2-D metalcontacts.A largenumberof verti-
calchannelsin a3-D structurecanbedetrimentalto theintegration
densitydueto theadditionalarearequiredfor suchchannels.The
combinedparasiticeffectsof severalverticalchannelsmaysignif-
icantly impactthecircuit performance,especiallyfor circuitswith
large logic depth. Our studyshows that morethan ����� of wires
go throughverticalchannelsin a 8-device-layerstructure.Without
carefulplanning,theimpactof theverticalchannelsmaynegatethe
advantagesthat3-D structuresoffer.

Figure1: Schematicof 3-D circuit structure.

In this paper, we studythe interconnectdistributionsof 3-D cir-
cuits. In orderto bestunderstandthewiring requirements,we di-
vide theoverall wires into two parts:horizontalwiresandvertical
wires.For awire connectingonegateto another, wedefinethepor-
tions thatareparallelto thedevice layersasa horizontalwire and
theportionsthatareperpendicularto thedevice layersasa vertical
wire (Figure2). Horizontalwiresdeterminetheoverall routingre-
sourceson top of eachdevice layer, andaregenerallyrealizedby
metal layers. The vertical wires arerealizedby vertical channels
andhave an impacton theareasof device layers.Both horizontal
andverticalwirescontributeto theoverall interconnectiondelay.

2. STOCHASTIC 3-D WIRE-LENGTH DISTRIBUTIONS

2.1 Rent’s Rule



Figure2: Definition of horizontalandverticalwire.

Severalearlyworkswereverysuccessfulin predictingwire-length
distributionandaverageinterconnectionlengthin 2-D circuits[10;
11; 12; 13; 14]. Theprimary assumptionsin thoseanalyseswere
basedonawell-establishedempiricalrelationshipcommonlyknown
asRent’sRule.Thisrelationshipcorrelatesthenumberof signalin-
put andoutputterminals� , to thenumberof gates� , in a random
logic network by asimplepower law expression:��������� � (1)

where � is a proportionalityconstant,and !#"$�#%&!'%(��) is the
interconnectcomplexity constant.We refer to � and ! asRent’s
parameters.

This empiricalrelationshipholdsfor almostall largeVLSI sys-
tems. For example,the numberof external I/O pins for the Intel
microprocessorfamily, from theIntel 4004in 1971up to thePen-
tium Proin 1996,matcheswell with Rent’sRule[13].

Two extensionsof Rent’s Rule play key roles in its successful
applicationto thecharacterizationof 2-D wire-lengthdistribution:* Rent’s Rule(with thesameparameters)holdsfor all subcir-

cuitswhena circuit is partitioned.* Thenumberof interconnections,+ , amongagroupof subcir-
cuits,is proportionalto thetotal terminalcountof all thesub-
circuits, �-,/.0,/1�2 , andtheconstantof proportionality, 3 , holds
hierarchically[10; 11;12]:+4�536�-,/.0,/1�287 (2)

In [13], Davis, et. al. presenteda derivationof 2-D wire-length
distribution andgave a closedform expression.In this section,we
make anon-trivial extensionof thisapproachto 3-D homogeneous
circuits. By homogeneous,we assumethatall gatepairsat a hori-
zontaldistanceof 9 areequallylikely to connectto eachotherre-
gardlessof thedevice layersthey arein.

Considera systemwith � gatesdistributedin � device layers.
To simplify thecalculation,we assumethatthegatesareplacedin

a squarearray, asshown in Figure3. Therefore,thereare : ;<(=: ;< cells in theentirearray. Eachcell has � gatesstackedverti-
cally. Theoverall connectionsamongall gates,+�,/.0,/1�2 , is indepen-
dentof thenumberof device layers,� , andis givenby [11]:+�,/.0,/1�2>�'3?�@�#"A�CBD� ��E6F )G7 (3)

All theconnectionsamonggateswithin eachcell arein thever-
tical directionanddo not contribute to the horizontalwires. The

Figure3: 4-device-layer3-D Circuit Partitioning.

totalnumberof suchconnections,+�H I , canbecalculatedby apply-
ing Equation(3) to eachcell andmultiplying it by thetotalnumber
of cells, ;< :+�H IJ� �� 3?�@�D"A�KBD����ELF0)M�'3?���#"A�NBD����ELFO)G7 (4)

Thetotalnumberof horizontalwires, +�P Q>RLQ , is thetotalnumber
of interconnectionsamongall cells. It canbeobtainedby subtract-
ing thetotal numberof connectionswithin eachcell from thetotal
numberof connectionsamongall gates:+�P QSRLQ��'+ ,/.0,/1�2 BT+�H IJ�'3?���D"U����ELFVBW�X��E6FG)G7 (5)

2.2 Horizontal Wire-Length Distribution
Although the derivation of 3-D horizontalwire-lengthdistribu-

tion is similar to theapproachgiven in [13], many uniquefeatures
of 3-D structures,i.e.,multi-device layers,verticalwires,etc.,need
to beconsidered.For simplification,we highlight only thosesteps
uniqueto 3-D structures.

To obtainthe overall wire-lengthdistribution, we first calculate
thestochasticwire-lengthdistribution of a singlecell at thecorner
(andhence,obtainthe wire-lengthdistribution of all gatesin that
cell). Oncethe stochasticwire-lengthdistribution is determined
for the cornercell, we “remove” it from the systemin order to
prevent multiple countingof interconnectswhenwe calculatethe
remainderof thewiring distribution. Thesameprocessis repeated
for all cells in the systemby scanningall cells from the top row
to the bottomrow andfrom the left to the right in eachrow. The
wire-lengthdistribution for all the � gatesin � device layersis
obtainedby aggregatingthewire-lengthdistribution for individual
cells(seeFigure 3).

In orderto countthenumberof horizontalconnectionsof length9
thata cell at "UY I �[Z I ) has,we considercellsthatareof a horizontal
distance9 away from it. Thesecellsarelocatedon thecircumfer-
enceof a partial Manhattancircle with center "UY>I��[Z�I�) andradius9 . A Manhattancircle with center "UYSI��[Z�I�) andradius 9 , wherethe
radiusis measuredby Manhattandistance( 9N�]\ YKB^Y>I�\/_�\ ZMB^Z�I \ ),
is asquaretilted by `��a . It is calledpartialManhattancircleasonly
half thecellsonthecircumferenceneedsto beconsidered;theother
half hasalreadybeencountedandremoved.For a largesquaregate
array, mostManhattancirclesareentirelycontainedwithin thear-
ray exceptfor thosewhosecentersarewithin distance9 from the



boundary. However, dueto thesymmetricalpropertiesof theMan-
hattanb circle andthegatearray, andfor thepurposeof calculating
the expectednumberof connectionsbetweena gatepair, we treat
all partialManhattancirclesascontainedwithin thegatearray, like
the oneshown in Figure3. Theerror causedby suchan approxi-
mationis latercorrectedby anormalizationequation(seeEquation
(14)). We denotethe individual gatesat thecenterof theManhat-
tancircle asset c , thegateswithin thepartialManhattancircle as
set d , andthegateson thecircumferenceof thepartialManhattan
circle asset e . Thenumbersof gatesin c , d , and e aredenoted
as �gf , �ih , and �^j , respectively. Thus,� f �'�Dk (6)� h ��l0m 2 ELFn

lGm F �o�	pg�5�	9�"q9rBs��)Gk (7)� j ���o��9�7 (8)

Theexpectednumberof connectionsfrom set c to set e is then
givenby:+>"q9�)?�'3?�@�X�utv"A�w_W9�"q9KBs��)[)8�gBx"q9�"q9wBx��)[)8�_y"q9�"q9?_���)[) � Bx"A�w_z9�"q9V_'��)[) �o{ 7 (9)

The total numberof gate pairs between c and e are �o�|
09 .
Therefore,the averagenumberof interconnectsconnectingeach
gatepair separatedby a horizontallength 9 in a givenpartialMan-
hattancircle is obtainedby dividing the numberof connections,+>"q9�) , by thetotalnumberof gatepairs, �o� 
 9 :+�}A~ � "q9�)M� 3?�J� ��E 
��9 t�"A�r_W9�"q9wBx��)[)8��Bx"q9�"q9wBx��)[)8�_y"q9�"q9?_5��)[)8��Bx"A�w_z9�"q9V_'��)[)8� { 7 (10)

Applying binomial expansion,+�}A~ � "q9�) canbe simplified asfol-
lows: +�}A~ � "q9�)V��z3��@����E 
 !�"A�NB�!>)�9 
 ��E>��7 (11)

Thetotalnumberof gatepairs �]"q9�) in : ;< = : ;< squarearray,

separatedby a length 9 is givenby:�]"q9�)M���(� 
��G����#����� 
�� ;<�� �G� ;<��A� �N� �r� � ;<��<K�� � � � ;< ��� � � � � ;< � � � � � ;< � (12)

wheretheterm � 
 arisesfrom thefactsthateachcell has� gates,
andtherearetotally �|
 potentialgatepairsbetweentwo cells.

Thehorizontalwire-lengthdistribution, �L"q9�) , is given by multi-
plying the averagenumberof interconnectsconnectingeachgate
pair, +�}�~ � "q9�) , by thenumberof gatepairs, �]"q9�) :
�6"q9�)V�¡ ¢¢¢¢¢£ ¢¢¢¢¢¤

¥ P�¦>§ � � � � �4¨ � ¨ � ���� ����� 
 � ;< � �G� ;< � � 
 ��E>� ��N� �K� � ;<	�F� ¥ P�¦>§ � � � � �^¨ � ¨ � � � ;< ��� � � � 
 ��E>� �� ;<©� � � � � ;<	� (13)

where ª P is the normalizationcoefficient that canbe determined
by thefollowing equation:� m 
�« ¬n � m F �L"q9�)V�'+�P QSRLQM7 (14)

Thus,we obtainthefinal 3-D circuit horizontalwire-lengthdis-
tribution function, �L"q9�) , asfollows:�L"q9�)V�®�(¯ � ���� ���G� 
 � ;< � �G� ;< � � 
 ��ES� � �N� �K� � ;< �° � � � � ;< �X� � � � 
 ��E>� � � ;<®� � � � � ;<	� (15)

where± � 3?�J� � ;< "A�CB²"o;< ) ��E6F )Bi"o;< ) � F�³ 
 ��E 
 �8´�µ·¶��¸ 
 ��ELF�¹$¸ ��E6F�¹8¸ 
 ��E � ¹ B Fº � _ 
 « ¬
 ��ELF B ¬��E6F 7 (16)

If !�� F
 , applying »/¼/½¿¾ÀuÁ$ÂSÃ/Ä8Å » ’s rule,

±
convergesto± � ��3?�@� � " ;< B�: ;< ): ;< "AB@��Æ�Ç ;< B#ÈC_x��Æ�ÇC`É)-_s` ;< BÊ
� 7 (17)

Notethatwhen �Ë�®� , Equation(15) givesthewire-lengthdis-
tributionof 2-D circuitsderivedby Davis et. al. [13].

2.3 Vertical Wire-Length Distribution
In thissubsection,wederive theverticalwire-lengthdistribution.

Considertwo � -stacked-gatecells Ì and Í in a homogeneous
systemas shown in Figure 4. Thereare a total of � 
 potential
gatepairs. Among those �|
 potentialgatepairs, � pairsare in
the samedevice layers, ���ÎB5� pairsareonedevice layer apart,�o�ÏBz` pairsaretwo device layersapart,andsoon. Connections
amonggatepairsatthesamedevicelayersdonotgoto otherdevice
layersandthusdo not contribute to the vertical wires. Therefore,
only �yB F< of the total horizontalwires, +�P Q>R6Q , is connected
with verticalwires.Thatis, thenumberof wiresconsistingof both
horizontalwiresandverticalwires, + H P , is+ H PÐ� "A�NB �� )�+�P Q>RLQ� "A�NB �� )�3?�@�#"U����ELFMB#����E6FG)G7 (18)

Figure4: 4-device-layerpotentialconnectionsbetweentwo cells.

Thenumberof wiresconsistingof bothhorizontalwiresandver-
tical wires, + H P , plusthenumberof wiresconsistingof only verti-
cal wires, + H I , is thetotal numberof verticalwires, + H Q>RLQ .+�H Q>RLQ � + H P@_s+�H I� 3?�@�#"A�CB#�X��E6FrBT����E 
 _ � ��E6F� )G7 (19)

InspectingFigure4, the vertical wire-lengthdistribution canbe
easilyobtained: Ñ "$Ò·)V�5ª H "8�o�ÓB#��Òu)G� (20)

where Ò	�]� , � , ..., �ÓB�� is thelengthof verticalwiresin unit of
onedevice layer depth(distancebetweentwo neighboringdevice
layers). ªLH is thenormalizationcoefficient. Thenormalizationis
necessaryfor obtainingthe distribution of the entiresystemsince



theexpression( �o�ÏB²��Ò ) givesonly therelative numberof wires
with vertical length Ò for � 
 potentialconnectionsbetweentwo
cells.Thenormalizationequationcanbewritten as:Ô m < ELFnÔ m F

Ñ "$Ò·)M�'+�H Q>RLQ � (21)

Thus,we obtainthefinal distribution of vertical wires,

Ñ "$Òu) , of
theentiresystemas:Ñ "$Òu)M� 3����#"A�NB#� ��ELF B#� ��E 
M_z� E6F � ��ELF )�#"U�©B²��) "8���ÓBz�oÒ·)G� (22)

where Ò��¿� , � , ..., �ÓB²� .
Notethatwhen �Õ�Ê� , +�H Q>RLQ ��� , as2-D circuitsdo nothave

verticalwires.

3. IMPLICATIONS OF WIRE-LENGTH DISTRIBUTIONS
Figure 5 plots the horizontalwire-lengthdistributions with re-

spectto thenumberof device layersfor �Ö�Ê� , ` , × and ��È , where�Ø�Ù� correspondsto the 2-dimensionalcase. We observe that
theglobal interconnectsaswell asthe local interconnectsaresig-
nificantly reducedby 3-D structures.We alsoobserve that there
is a higherreductionof horizontalwires whenthe numberof de-
vice layersis larger. However, the reductionof horizontalwires
is achievedat theexpenseof verticalwires. 3-D structuresreduce
thewire lengthby stackingdevicesinto severalsmallerdevice lay-
ersinsteadof spanningthemin a single,but largedevice layer. A
connectionbetweentwo gatescanbe realizedby going througha
shortenedhorizontalwire anda vertical wire. Somenetsmay go
throughonly verticalwires.

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

Horizontal Wire Length (Unit: Gate Pitch)

N
um

be
r o

f H
or

iz
on

ta
l W

ir
es

m=1 
m=4 
m=8 
m=16

α=0.74 
A=3.8
N=1000000
p=0.66 

Figure5: Horizontalwire-lengthdistributions.

Figure6 plotstheverticalwire-lengthdistributions.It shows that
eventhoughthenumberof longverticalwiresis relativesmall,the
absolutenumberof netsspanninglong vertical wires is consider-
ably large. The largenumberof long verticalwires may limit the
numberof thedevice layersthatcanbeintegrated.

To bestunderstandtheeffectof theverticalwires,wealsoplot the
percentageof thetotalwiresthatcontainsverticalwires(Figure7).
Thepercentagerapidly approaches������� after �Ú�Û× . The large
numberof vertical wires will have significant impactson circuit
layoutandfabricationprocess.For circuitswith largelogic depth,
theverticalwiresmayevenimpacttheperformance.

4. 3-D DELAY DISTRIBUTION
To assesstheimpactof 3-D structuresonthecircuit performance,

we calculate3-D interconnectdelaydistribution. To simplify the
calculation,we assumethat eachgateis a two-input NAND gate,
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Figure6: Verticalwire-lengthdistributions.
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Figure7: Percentageof wiresconsistingverticalwiresversusnum-
berof device layers� .

as shown in Figure 8. Basedon transistordensitypredictedby
ITRSandonperformancerequirements,thesizesof thetransistors
areestimatedto be ÜDÝuÞ�ßMÝT�Ï��� and Ü � Þ�ß � �Ö��� . Also, for a
netwith bothhorizontalwire andverticalwire, we assumethatthe
verticalwire is in themiddleof thenet regardlessof the lengthof
the net (Figure9). We denotethe resistanceandcapacitanceof a
horizontalwire with onegatepitch as à and á , respectively; and
denotetheresistanceandcapacitanceas à Ñ>â à and á Ñ�â á , respec-
tively for averticalwire with onedevice layerdepth,whereà Ñ andá Ñ arethecoefficientsthat relatetheresistancesandcapacitances
of vertical wires andhorizontalwires. The distributionsareplot-
ted underthe assumptionthat tungstenplugsareusedasvertical
channels;à Ñ and á Ñ areestimatedto be ��� and �ã7 ×� , respectively.

Figure8: 2-inputNAND gateandrepeater.

Table1 lists thedevice andinterconnectparametersfor ��×��o�-�
technologynodeidentifiedby ITRS [1]. Baseon thesedata,the



Figure9: 3-D wire andits circuit model.

Table1: DeviceandInterconnectParametersat180nmTechnology
Node

Parameter Value

Assumed
Transistorcount 22M

Averagegatefanout 3
Minimum gatelength, ä�å·æ�ä ´Éçéèãê�ë 140

nMOSFETswitchingresistance,ì åãíVî�ïuå çéð�ñyòÉê�ë 2400
Inputcapacitance,óLô åuõ ç ì åCö ì ´ ëAç/÷�ø õ òÉê�ë 2.54

Outputcapacitance,ó�ù�ú�û õ ç ìiå ö ì ´oëAç/÷�ø õ òÉê�ë 2.04
Horizontalinterconnectresistance,ü ç/ðXñ�ýAê�ë 3.3

Horizontalinterconnectcapacitance,ówþï ç/÷�ø õ òÉê�ë 0.2
Lengthof onegatepitch, çéòÉê�ë 9
Width of thewires, ÿGä å çéèãê�ë 280

Wire aspectratio 2.2

Derived
Gateswitchingresistance,í?û çéð-ë 1714

Gateinput capacitance,ó ô å û ç/÷�øVë 7.112
Gateoutputcapacitance,ó ù�ú�û û ç/÷�øVë 5.712

Horizontalwire resistancepergatepitch, í çéð-ë 1.719
Horizontalwire capacitancepergatepitch, ó ç/÷�øVë 1.8

Verticalwire resistanceperdevice layerdepthð 17.19
Verticalwire capacitanceperdevice layerdepth ÷�ø 1.53

impact of 3-D integration on circuit performanceis investigated
usingtheElmoredelaymodel[10].

Figure10plotsthedelaydistributionswith respectto thenumber
of device layersfor �Ï�¿� , ` , × , and ��È ( �Ï�¿� correspondsto the
2-D case).Clearlywe seethatevery 3-D delaydistribution shows
two distinct regionscomparedto 2-D distribution (solid line). We
referto theregionthatcontainstheshort-delaynetsaslocal region;
andrefer theregion thatcontainsthelong-delaynetsastheglobal
region.

We observe that as the numberof device layers increases,the
rangeof the local region increasesandthe rangeof theglobal re-
gion decreases.Two factorscontributeto this scenario.First,with
moredevice layers,morelong-delaynetsin 2-D arereducedand
convertedinto short-delaynetsin 3-D. Thus,thelocal region is en-
larged.Theincreaseof netsin thelocal regioncompensatesfor the
decreaseof netsin theglobalregionsothattheconservationof total
netsis maintained.We canthereforeconcludethat3-D structures
effectively reducethelong-delaynetsto achievehighperformance.
Second,the influenceof vertical wires is more pronouncedwith
theincreasingnumberof device layersandmayeventurn theshort
delaynetsin 2-D to moderatedelaynetsin 3-D. Whenthecontri-
bution of verticalwiresis significantenough,thelocal region may
even be further extendedand may completelycancelthe benefit
broughtby 3-D structures.This againimplies that vertical wires
maylimit thenumberof thedevice layersthatcanbeintegrated.

Thedetrimentaleffectof verticalwiresonshortinterconnections
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Figure10: Delaydistributionsfor variousnumbersof devicelayers.

canbe furtherobserved from Figure11, wherethedelaydistribu-
tions with respectto differentvertical wire resistanceandcapac-
itancenormalizationcoefficients is plotted. For comparisonpur-
poses,2-dimensionaldistributionis alsoincluded.Figure11shows
thattheresistanceandcapacitanceof verticalwireshave almostno
impacton long delaynets.However, astheresistanceandcapaci-
tanceof theverticalwiresincrease,thenumberof short-delaynets
increases.
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Figure11: Delaydistributionsfor variousverticalwire resistances
andcapacitances.

5. REPEATER INSERTION AND CIRCUIT PERFORMANCE
Whenthe resistanceof the interconnectionis comparableto or

larger than the on-resistanceof the driver, the propagationdelay
increasesquadraticallywith respectto the interconnectionlength.
With judiciousinsertionof repeaters,thedelaybecomeslinear[10;
15]. In this subsection,we investigatetheimpactof 3-D structures
on repeaterinsertion.

To simplify thecalculation,weassumethatall repeatersareiden-
tical. Eachrepeateris implementedby cascadingtwo inverters.
Thecircuit structureandtransistorsizingof repeatersareshown in
Figure8. Weusetheresultsin [10; 15] to determinethenumberof
repeatersrequiredto minimizedelay.

Figure12 plots thenumberof repeatersneededto minimize the
interconnectdelayasmuchaspossiblewith respectto thenumber
of device layersfor �Î��� , � , ` , × , and ��È . Fromtheplot, we see
that thenumberof repeatersis significantlyreducedin 3-D struc-
tures. This is especiallyimportantfor circuitswith high intercon-
nect complexity (interconnectcomplexity is describedby Rent’s
constant! — higher! correspondsto highercomplexity with more



globalnets).For example,for !|�¿�ã7 ×�� , a 2-D layoutneedsabout� � repeaters� everyhundredgates,whichis unacceptablyhigh. With× -device-layerintegration,thenumberof repeaterscanbereduced
to � perhundredgates,andonly  for � �Ö��È . Figure12 shows
that3-D structuressignificantlyrelieve thedifficulty of placement
androutingdueto repeaterinsertion.Moreover, reducingthenum-
ber of repeaterswill further reducethe chip areaandincreasethe
integrationdensity.

Figure12: Numberof repeaterswith respectto thenumberof de-
vice layers.

In addition,evenwith amuchlargernumberof repeatersinserted,
2-D circuits arestill not ableto achieve the sameperformanceof
3-D. Figure13 plots theworstcaseclock frequency versusdiffer-
ent 3-D circuits. Here,we assumethat the worst caseclock pe-
riod is proportionalto thelongestdelaynetafterrepeaterinsertion.
For comparison,wenormalizethemwith respectto the2-D caseat!��5�ã7 � � . 3-D circuitsshow significantperformanceimprovement.
Most of themcanbeclockedat ratesdoubleor eventriple thoseof
2-D. Fromtheplot, weobserve thathigher! indeedcorrespondsto
higherinterconnectcomplexity, whichhaslongerdelay, thuslower
clock rate.Therefore,it canbea goodoptionfor high interconnect
complexity circuitsto adopt3-D integrationto improve theperfor-
mance.

Figure13: Worstcaseclock rate.

6. CONCLUSIONS
We divide the3-D wires into horizontalpartsandverticalparts.

Theclosedform expressionsfor horizontalandverticalwire-length

distributionsarederived.Weshow that3-D structuressignificantly
reducetheglobalwires.However, wepaythepenaltyof increasing
the numberof vertical wires. The large numberof vertical wires
may impact the integration density, chip size, andcircuit perfor-
mance.

Basedon wire-lengthdistributions,we furtherstudy3-D circuit
delaydistributionandrepeaterinsertion.3-D structureseffectively
reducethe long-delaynets,and improve the circuit performance.
The increasingnumberof device layerswould reducethe long-
delaynetsmore,but wouldalsoturntheshort-delaynetsinto longer
delaynets. This mayseta ceiling on how many device layerswe
canintegrate.Wealsoshow that3-D structuressignificantlyreduce
therepeatersneededto minimizetheinterconnectdelay;sucha re-
ductionnot only savesthe chip areaandincreasesthe integration
density, but alsorelievesthedifficulty of pre-layoutchip sizeesti-
mationandlayoutfloor planning. Finally, we show thatwith 3-D
structures,circuitscanwork atmuchhigherclock frequenciesthan
with 2-D.
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