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ABSTRACT

3-D technologypromiseshigherintegration densityand lower in-
terconnectiorompleity anddelay At presenthowever, notmuch
work on circuit applicationshasbeendonedueto lack of insight
into 3-D circuit architectureandperformanceln this paperwein-
vestigatethe interconnectistributionsof 3-D circuits. We divide
the 3-D interconnectsnto horizontalwires andvertical wires and
derive their wire-lengthdistributions, respectiely. Basedon the
stochastiavire-lengthdistributions,we calculate3-D circuit inter-
connectelaydistribution. We shawv that3-D structuresffectively
reducethe numberof long delaynets significantlyreducethenum-
berof repeateraeededanddramaticallymprove theperformance.
With 3-D structuresa circuit canwork ata muchhigherclock rate
(double eventriple) thanwith 2-D. However, we alsoshav thatthe
impactsof verticalwires on chip areaandinterconnectielaymay
limit thenumberof device layersthatwe canintegrate.

1. INTRODUCTION

Thecompleity of integratedcircuitshasgrown dramaticallyover
thepastfew decadesThetrendis likely to continuein thenext sev-
eraltechnologygenerationsThelnternational Technology Roadmap
for Semiconductors (ITRS) projectsthatVLSI technologywill reach
tera-scalantegrationin theyear2014[1], which meanshatmore
and more transistorswill be closely pacled and connected. To
accommodatehis increasinghumberof transistorsandincreasing
compleity of interconnect|TRS predictsthatin 2014 (the endof
theroadmap)the chip sizewould bewell over 1000mm?, thefea-
turesizeassmallas25nm, andthenumberof metallayersasmary
as10. Accomparying thosetrendsareproblemssuchasthe strong
quantumeffect and shortchanneleffect of ultra-mini devices,the
compleity of global interconnectiorspanningover a vastsingle
device layer, andmorepronouncednterconnectlelay all of which
poseseriouschallengego the 2-D procesgechnologyand_circuit
design.3-Dimensionalntegrationcanprovide a viable solutionto
thoseproblems.

Although 3-D circuit conceptsappearedn the early 1980s][2;
3; 4; 5], and mary studieson processtechnologyhave beenre-
ported[6; 7; 8; 9], not muchwork hasbeendoneon circuit ap-
plicationsdueto lack of designtools andmethodologiesndlack
of insightinto circuit architectureand performance.Most of the
currentcircuit and physical designtechniquesare basedon 2-D
technologiesandthey cannotbe easilyextendedio handle3-D in-
tegration. A main purposeof realizing 3-dimensionaintegration
is to reducetheinterconnectompleity anddelay Thereforejt is
imperatve to gainthoroughunderstandin@f wiring requirements
andits impactsonthearchitectureandperformancef 3-D circuits.

A schematiof 3-D circuit structurewith 3 device layersis shavn
in Figurel. Intuitively, 3-D technologyoffers compactogic gates
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and,in generalcompacfunctionalblocksandcircuit structuresin
3-D circuits, transistorsarestacledin severaldevice layers,rather
than spannedn a vast single device layer Although that over-
comesthe problemof long andcomplicatedwiringsin 2-D layout,
we foreseea new problemarisingfrom the connection®f gatesin
differentdevice layers. Typically, we ignorethe effectsof viasin
multi-metallayersof 2-D circuits. Unfortunately the samecannot
be saidfor the vertical channelsthat connectone device layer to
anotherin 3-D structureqseeFigure1). The procesgechnology
materialsandstructureof the3-D verticalchannelarecompletely
differentfrom thoseof 2-D metalcontacts A largenumberof verti-
calchannelsn a 3-D structurecanbedetrimentato theintegration
densitydueto the additionalarearequiredfor suchchannels.The
combinedparasiticeffectsof severalvertical channelamay signif-
icantly impactthe circuit performanceespeciallyfor circuits with
large logic depth. Our study shavs that morethan90% of wires
gothroughverticalchannelsn a 8-device-layerstructure Without
carefulplanning theimpactof theverticalchannelsnaynegatethe
adwantageshat3-D structureffer.
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Figurel: Schematiof 3-D circuit structure.

In this paper we studythe interconnecdistributionsof 3-D cir-
cuits. In orderto bestunderstandhe wiring requirementsye di-
vide the overall wiresinto two parts: horizontalwires andvertical
wires. For awire connectingonegateto anotherwe definethepor-
tionsthatare parallelto the device layersasa horizontalwire and
theportionsthatareperpendiculato the device layersasa vertical
wire (Figure2). Horizontalwires determinethe overall routing re-
sourcen top of eachdevice layer, andaregenerallyrealizedby
metallayers. The vertical wires arerealizedby vertical channels
andhave animpacton the areasof device layers. Both horizontal
andverticalwires contritute to the overall interconnectiordelay

2. STOCHASTIC 3-D WIRE-LENGTH DISTRIBUTIONS

2.1 Rent'sRule
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Figure2: Definition of horizontalandverticalwire.

Severalearlyworkswerevery successfuh predictingwire-length
distribution andaverageinterconnectionengthin 2-D circuits[10;
11; 12; 13; 14]. The primary assumptiongn thoseanalysesvere
basednawell-establisheémpiricalrelationshipcommonlyknown
asRentsRule. Thisrelationshipcorrelateshenumberof signalin-
putandoutputterminalsT’, to the numberof gatesV, in arandom
logic network by a simplepower law expression:

T = AN?, 1)

where A is a proportionalityconstantandp (0 < p < 1) is the
interconnecttompleity constant.We referto A andp asRents
parameters.

This empiricalrelationshipholdsfor almostall large VLSI sys-
tems. For example,the numberof external l/O pins for the Intel
microprocessofamily, from the Intel 4004in 1971up to the Pen-
tium Proin 1996,matchesvell with Rents Rule[13].

Two extensionsof Rents Rule play key rolesin its successful
applicationto the characterizatiowf 2-D wire-lengthdistribution:

e Rents Rule (with the sameparametersholdsfor all subcik
cuitswhenacircuit is partitioned.

e Thenumberof interconnections], amongagroupof subcik
cuits, is proportionato thetotal terminalcountof all thesub-
circuits, Tto1q1, @andthe constanof proportionality «, holds
hierarchically{10; 11;12]:

I= aTtotal . (2)

In [13], Davis, et. al. presented derivation of 2-D wire-length
distribution andgave a closedform expression.In this section,we
male anon-trivial extensionof this approacho 3-D homogeneous
circuits. By homogeneousye assumehatall gatepairsat a hori-
zontaldistanceof £ areequallylikely to connectto eachotherre-
gardlesf thedevice layersthey arein.

Considera systemwith IV gatesdistributedin m device layers.
To simplify the calculation we assumeéhatthe gatesareplacedin

a squarearray asshavn in Figure 3. Therefore,thereare,/% X

,/% cellsin theentirearray Eachcell hasm gatesstacled verti-

cally. The overall connectionamongall gates,l;tq1, iS indepen-
dentof the numberof device layers,m, andis givenby [11]:

Liotal ZQAN(]_ _prl). 3)

All the connectionamonggateswithin eachcell arein the ver-
tical directionand do not contritute to the horizontalwires. The
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Figure3: 4-device-layer3-D Circuit Partitioning.

total numberof suchconnections], o, canbecalculatedy apply-
ing Equation(3) to eachcell andmultiplying it by thetotal number
of cells, &L

Io = %aAm(l—mp_l) = aAN(1 —m*™h). (4)

Thetotal numberof horizontalwires, I, ror, is thetotalnumber
of interconnectionamongall cells. It canbe obtainedby subtract-
ing thetotal numberof connectionsvithin eachcell from thetotal
numberof connectionamongall gates:

Inror = Iiotat — Ivo = aAN(m? ' — N*7 1), (5)

2.2 Horizontal Wire-Length Distribution

Although the derivation of 3-D horizontalwire-lengthdistribu-
tion is similar to the approactgivenin [13], mary uniquefeatures
of 3-D structuresi.e., multi-device layers verticalwires,etc.,need
to be consideredFor simplification,we highlight only thosesteps
uniqueto 3-D structures.

To obtainthe overall wire-lengthdistribution, we first calculate
the stochastiavire-lengthdistribution of a singlecell atthe corner
(andhence obtainthe wire-lengthdistribution of all gatesin that
cell). Oncethe stochasticwire-lengthdistribution is determined
for the cornercell, we “remove” it from the systemin orderto
prevent multiple countingof interconnectsvhenwe calculatethe
remainderof thewiring distribution. The sameprocesss repeated
for all cellsin the systemby scanningall cells from the top row
to the bottomrow andfrom the left to theright in eachrow. The
wire-lengthdistribution for all the N gatesin m device layersis
obtainedby aggr@atingthe wire-lengthdistribution for individual
cells(seeFigure 3).

In orderto countthenumberof horizontalconnection®f length?
thatacell at(zo, yo) has,we considercellsthatareof a horizontal
distancef away from it. Thesecellsarelocatedon the circumfer
enceof a partial Manhattancircle with center(zo,y0) andradius
£. A Manhattarcircle with center(xo, yo) andradius¢, wherethe
radiusis measuretby Manhattardistance¢ = |z —zo|+ |y —yol),
isasquardilted by 45°. It is calledpartialManhattarcircle asonly
halfthecellsonthecircumferenceneedso beconsideredtheother
half hasalreadybeencountedandremoved. For alargesquaregate
array mostManhattarcirclesareentirely containedwithin the ar
ray exceptfor thosewhosecentersarewithin distancef from the



boundary However, dueto the symmetricabropertiesof the Man-

hattancircle andthe gatearray andfor the purposeof calculating
the expectednumberof connectiondetweena gatepair, we treat
all partialManhattarcirclesascontainedvithin thegatearray like

the oneshawn in Figure 3. The error causedby suchan approxi-
mationis latercorrectedhy anormalizationequation(seeEquation
(14)). We denotethe individual gatesat the centerof the Manhat-
tancircle assetX, the gateswithin the partial Manhattarcircle as
setY’, andthe gateson the circumferenceof the partial Manhattan
circleassetZ. Thenumbersof gatesin X, Y, andZ aredenoted
asNx, Ny, andNz, respectiely. Thus,

Nx =m; (6)
r=Il-1
Ny = Z 2mr = ml(£ —1); @)
r=1
Nz =2md. (8)

The expectednumberof connectiongrom setX to setZ is then
givenby:

I() = aAmP[(1+£(£—-1))? — (£(£ —1))*
+((L+1))P — (1 + £L(£+ 1))7]. 9)
The total numberof gate pairs betweenX and Z are 2m?2¢.
Therefore,the averagenumberof interconnectxonnectingeach
gatepair separatedby a horizontallength/ in a given partial Man-

hattancircle is obtainedby dividing the numberof connections,
I(¢), by thetotal numberof gatepairs,2m?¢:

aAmP~? p D
——r [+ = 1) = (e ~1))

+(L+1))° — (1 +£(£+1))"]. (10)

Teup (E) =

Applying binomial expansion,Z.,,(£) canbe simplified asfol-
lows:

Leop(f) = aAmP~2p(1 — p)€*~*. (1)

Thetotalnumberof gatepairsM (€) in 1/ & x 4/ X squarearray
separatetby alength/ is givenby:
1<¢ N.
<<V

M(D) = m2(& — 22, /N | 9N,
| ey -ee VE <e<2,/8;
wherethetermm? arisesrom thefactsthateachcell hasm gates,
andtherearetotally m? potentialgatepairsbetweertwo cells.
The horizontalwire-lengthdistribution, h(£), is given by multi-
plying the averagenumberof interconnectsonnectingeachgate
pair, I..p(£), by thenumberof gatepairs, M (£):

ThaAm? (1 —p)p(l — 202 /X 4 20N yp20—4,

h(t) = L<e< /30 3
- %I‘haAmp(l - p)p(Q\/g — 0)3¢2r—4,

VE<e<2 /X

whereI';, is the normalizationcoeficient that can be determined
by thefollowing equation:

1=2\/%
> k() = Inror. (14)

{=1

Thus, we obtainthe final 3-D circuit horizontalwire-lengthdis-
tribution function, h(¢), asfollows:

O(& 902, /N 4 opNy2p—a
h(é):{ (5 =2/ 3 2 5)

92,/ _ g)3go—4,

where
AmPE (1 — (K-t
(ﬁ) 142p—22p—1 _ 1 + 2@ _ i
m/ p(2p—1)(»p—1)(2p—3) 6p ' 2p—-1  p—1
If p= 3, applying?' H dspital’srule, © convergesto
2aAmp(% — 4/ %)
0= 17)

VE(2m Y —6+2n4) +4Y - 2

Notethatwhenm = 1, Equation(15) givesthe wire-lengthdis-
tribution of 2-D circuitsderived by Daviset. al. [13].

2.3 Vertical Wire-Length Distribution

In this subsectionwe derive the verticalwire-lengthdistribution.
Considertwo m-stacled-gatecells P and @ in a homogeneous
systemas shavn in Figure 4. Thereare a total of m? potential
gatepairs. Among thosem? potentialgatepairs, m pairsarein
the samedevice layers,2m — 2 pairsareonedevice layer apart,
2m — 4 pairsaretwo device layersapart,andsoon. Connections
amonggatepairsatthesamedevice layersdonotgoto otherdevice
layersandthusdo not contrikute to the vertical wires. Therefore,
only 1 — % of the total horizontalwires, I, ror, is connected
with verticalwires. Thatis, the numberof wiresconsistingof both
horizontalwiresandverticalwires, I, 1, is

1
I, = (1——=)iror
m
= 1—=L)aaN@mr Nt 1)
m
Cell P [Potential Cell O

C

ﬂ Device Layer 4

Device Layer 3

Device Layer 2

Device Layer 1

Figure4: 4-device-layerpotentialconnectiondbetweertwo cells.

Thenumberof wiresconsistingof bothhorizontalwiresandver-

tical wires, I, 5, plusthe numberof wires consistingof only verti-
calwires, I, o, is thetotal numberof verticalwires, I, ror.

Iytor = Iyn+ 1o

NPt

= QAN(1—-NP7' —mP2 4 ). (19)

InspectingFigure4, the vertical wire-lengthdistribution canbe
easilyobtained:

v(k) = Ty(2m — 2k), (20)

wherek =1, 2, ..., m — 1 is thelengthof verticalwiresin unit of
onedevice layer depth(distancebetweentwo neighboringdevice
layers). T, is the normalizationcoeficient. The normalizationis
necessaryor obtainingthe distribution of the entire systemsince



the expression(2m — 2k) givesonly therelative numberof wires
with vertical length & for m? potentialconnectionsbetweentwo
cells. Thenormalizationequationcanbewritten as:

k=m-1

v(k) = L, o, (21)
k=1

Thus, we obtainthe final distribution of vertical wires, v(k), of
theentiresystemas:

aAN(1 — NP7 —mP~2 f m~ NPT
m(m — 1)

v(k) = (2m — 2k), (22)
wherek =1,2,...m— 1.

Notethatwhenm = 1, I,_ror = 0, as2-D circuitsdo nothave
verticalwires.

3. IMPLICATIONSOF WIRE-LENGTH DISTRIBUTIONS

Figure 5 plots the horizontalwire-lengthdistributions with re-
spectto the numberof device layersfor m = 1, 4, 8 and16, where
m = 1 correspondgo the 2-dimensionakase. We obsere that
the globalinterconnectaswell asthe local interconnectaresig-
nificantly reducedby 3-D structures. We also obsenre that there
is a higherreductionof horizontalwires whenthe numberof de-
vice layersis larger However, the reductionof horizontalwires
is achieved at the expenseof vertical wires. 3-D structureseduce
thewire lengthby stackingdevicesinto severalsmallerdevice lay-
ersinsteadof spanninghemin a single,but large device layer A
connectionbetweentwo gatescanbe realizedby going througha
shortenechorizontalwire anda vertical wire. Somenetsmay go
throughonly verticalwires.
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Figure5: Horizontalwire-lengthdistributions.

Figure6 plotstheverticalwire-lengthdistributions. It shavs that
eventhoughthe numberof long verticalwiresis relative small,the
absolutenumberof netsspanninglong vertical wires is consider
ably large. The large numberof long vertical wires may limit the
numberof thedevice layersthatcanbeintegrated.

To bestunderstandheeffectof theverticalwires,wealsoplotthe
percentagef thetotal wiresthatcontainsverticalwires (Figure7).
The percentageapidly approacheg00% afterm = 8. Thelarge
numberof vertical wires will have significantimpactson circuit
layoutandfabricationprocess.For circuitswith large logic depth,
theverticalwiresmay evenimpactthe performance.

4. 3-DDELAY DISTRIBUTION

To assestheimpactof 3-D structuresnthecircuit performance,
we calculate3-D interconnectelay distribution. To simplify the
calculation,we assumehat eachgateis a two-input NAND gate,
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Figure6: Verticalwire-lengthdistributions.
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Figure7: Percentagef wiresconsistingverticalwiresversushum-
berof device layersm.

as shavn in Figure 8. Basedon transistordensity predictedby
ITRS andon performanceequirementsthe sizesof thetransistors
areestimatedo be W,,/L,, = 10 andW, /L, = 10. Also, for a
netwith both horizontalwire andverticalwire, we assumehatthe
verticalwire is in the middle of the netregardlessof the lengthof
the net (Figure9). We denotethe resistanceand capacitancef a
horizontalwire with onegatepitch as R andC, respectiely; and
denoteheresistancandcapacitancasRv* R andCv*C, respec-
tively for averticalwire with onedevice layerdepth,whereRv and
Cv arethe coeficientsthatrelatethe resistanceandcapacitances
of vertical wires and horizontalwires. The distributionsare plot-
ted underthe assumptiorthat tungstenplugs are usedas vertical
channelsRv andCv areestimatedo be10 and0.85, respectiely.

Figure8: 2-inputNAND gateandrepeater

Table1 lists the device andinterconnecparametergor 180nm
technologynodeidentifiedby ITRS [1]. Baseon thesedata,the
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Tablel: Device andinterconnecParameterat 180nmTechnology
Node

I Parameter [ Value ]|
Assumed
Transistorcount 22M
Averagegatefanout 3

Minimum gatelength,L, , L, (nm) 140
nMOSFETswitchingresistanceW,, Rswn (2 — pm) 2400
InputcapacitanceCin /(Wn + Wy ) (f F/pm) 2.54
OutputcapacitanceC oyt / (Wn + Wp)(fFF/um) 2.04

Horizontalinterconnectesistancep(Q2 — cm) 3.3

Horizontalinterconnectapacitance(” (# F/um) 0.2

Lengthof onegatepitch, (um) 9
Width of thewires,2L,, (nm) 280
Wire aspectatio 2.2
Derived

GateswitchingresistanceR; (£2) 1714
Gateinputcapacitance(in ¢+ (f F) 7.112
Gateoutputcapacitance o+ (£ F) 5.712
Horizontalwire resistanceergatepitch, R(£2) 1.719

Horizontalwire capacitanc@ergatepitch, C(f F') 18
Verticalwire resistanc@erdevice layerdepthQ2 17.19
Verticalwire capacitanc@erdevice layerdepthf F 1.53

impact of 3-D integration on circuit performances investigated
usingthe Elmoredelaymodel[10].

Figure10 plotsthedelaydistributionswith respecto the number
of device layersfor m = 1, 4, 8, and16 (m = 1 correspondso the
2-D case).Clearlywe seethatevery 3-D delaydistribution shavs
two distinctregionscomparedo 2-D distribution (solid line). We
referto theregion thatcontainghe short-delaynetsaslocal region;
andrefertheregion thatcontainsthe long-delaynetsasthe global
region.

We obsere that as the numberof device layersincreasesthe
rangeof the local region increasesandthe rangeof the globalre-
gion decreasesTwo factorscontributeto this scenario.First, with
more device layers,morelong-delaynetsin 2-D arereducedand
corvertedinto short-delaynetsin 3-D. Thus,thelocalregionis en-
larged. Theincreaseof netsin thelocal region compensatefor the
decreasef netsin theglobalregion sothattheconseration of total
netsis maintained.We canthereforeconcludethat 3-D structures
effectively reducethelong-delaynetsto achieve high performance.
Second the influenceof vertical wires is more pronouncedwith
theincreasinghumberof device layersandmayeventurntheshort
delaynetsin 2-D to moderatedelaynetsin 3-D. Whenthe contri-
bution of verticalwiresis significantenough thelocal region may
even be further extendedand may completelycancelthe benefit
broughtby 3-D structures. This againimplies that vertical wires
may limit thenumberof the device layersthatcanbeintegrated.

Thedetrimentakffect of verticalwireson shortinterconnections
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Figure10: Delaydistributionsfor variousnumberf device layers.

canbe further obsered from Figure 11, wherethe delaydistribu-

tions with respectto differentvertical wire resistanceand capac-
itance normalizationcoeficientsis plotted. For comparisonpur

poses2-dimensionadlistributionis alsoincluded.Figure11 shavs

thattheresistancandcapacitancef verticalwireshave almostno

impacton long delaynets. However, asthe resistancendcapaci-
tanceof theverticalwiresincreasethe numberof short-delaynets
increases.
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Figurel1l: Delaydistributionsfor variousvertical wire resistances
andcapacitances.

5. REPEATERINSERTION AND CIRCUIT PERFORMANCE

Whenthe resistanceof the interconnectioris comparableo or
larger thanthe on-resistancef the driver, the propagationdelay
increasegjuadraticallywith respecto the interconnectiorength.
With judiciousinsertionof repeatersthedelaybecomedinear[10;
15]. In this subsectionye investigatehe impactof 3-D structures
onrepeateinsertion.

To simplify thecalculationwe assuméhatall repeaterareiden-
tical. Eachrepeateris implementedby cascadingwo inverters.
Thecircuit structureandtransistorsizing of repeaterareshavn in
Figure8. We usetheresultsin [10; 15] to determinethe numberof
repeatersequiredto minimize delay

Figure 12 plots the numberof repeatersmieededo minimize the
interconnectelayasmuchaspossiblewith respecto the number
of device layersfor m = 1, 2, 4, 8, and16. Fromtheplot, we see
thatthe numberof repeaterss significantlyreducedn 3-D struc-
tures. This is especiallyimportantfor circuitswith high intercon-
nect complity (interconnecttompleity is describedoy Rents
constanp — higherp correspond$o highercomplexity with more



globalnets).For example,for p = 0.80, a 2-D layoutneedsabout
30 repeatersvery hundredyateswhichis unacceptabliigh. With
8-device-layerintegration,the numberof repeaterganbereduced
to 9 perhundredgates,andonly 5 for m = 16. Figure12 shaws
that 3-D structuressignificantlyrelieve the difficulty of placement
androutingdueto repeateinsertion.Moreover, reducingthe num-
ber of repeaterswill furtherreducethe chip areaandincreasehe
integrationdensity
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Figure12: Numberof repeatersvith respecto the numberof de-
vice layers.

In addition,evenwith amuchlargernumberof repeaterinserted,
2-D circuits arestill not ableto achieve the sameperformanceof
3-D. Figure 13 plots the worst caseclock frequeng versusdiffer-
ent 3-D circuits. Here, we assumehat the worst caseclock pe-
riod is proportionatto thelongestdelaynetafterrepeateinsertion.
For comparisonyve normalizethemwith respecto the 2-D caseat
p = 0.30. 3-Dcircuitsshaw significantperformancémprovement.
Most of themcanbe clocked at ratesdoubleor eventriple thoseof
2-D. Fromtheplot, we obsere thathigherp indeedcorrespondso
higherinterconnectompleity, which haslongerdelay thuslower
clockrate.Thereforejt canbeagoodoptionfor highinterconnect
compleity circuitsto adopt3-D integrationto improve the perfor
mance.
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Figure13: Worstcaseclock rate.

6. CONCLUSIONS
We divide the 3-D wiresinto horizontalpartsandvertical parts.
Theclosedform expressiondor horizontalandverticalwire-length

distributionsarederived. We shav that3-D structuressignificantly
reducetheglobalwires. However, we paythe penaltyof increasing
the numberof vertical wires. The large numberof vertical wires
may impactthe integration density chip size, and circuit perfor
mance.

Basedon wire-lengthdistributions, we further study 3-D circuit
delaydistribution andrepeateinsertion.3-D structuresffectively
reducethe long-delaynets,and improve the circuit performance.
The increasingnumberof device layerswould reducethe long-
delaynetsmore butwould alsoturntheshort-delaynetsinto longer
delaynets. This may seta ceiling on how mary device layerswe
canintegrate.We alsoshawv that3-D structuresignificantlyreduce
therepeatermeededo minimizetheinterconnectielay;suchare-
ductionnot only savesthe chip areaandincreaseghe integration
density but alsorelievesthe difficulty of pre-layoutchip sizeesti-
mationandlayoutfloor planning. Finally, we shav thatwith 3-D
structuresgircuits canwork at muchhigherclock frequencieshan
with 2-D.
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