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Abstract

This paper is a preliminary investigation in implement-
ing asynchronous QDI logic in molecular nano-electronics,
taking into account the restricted geometry, the lack of con-
trol on transistor strengths, the high timing variations. e
show that the main building blocks of QDI logic can be suc-
cessfully implemented; we illustrate the approach with the
layout of an adder stage. The proposed techniques to im-
prove the reliability of QDI apply to nano-CMOS as well.

1. Introduction

Currently molecular nano-electronicds considereda
plausiblesuccessoto CMOS. Although immensefabrica-
tion difficultiesstill lie aheadat leastexperimentadevices
arefeasibletoday Molecularnano-electronicgs a mostly
non-lithographicbottom-upfabricationtechnologywhose
mainadwantageover CMOS s to breakthe limit of lithog-
raphyin termsof featuresizeanddevice density (Densities
in therangeof 10'° to 102 devicespercm? arementioned
in theliterature[2, 3].)

All technologiesat the nanoscaldevel, including nano-
CMOS,will facegreatfabricationchallengeshatwill trans-
lateinto importantparametevariationsanddecreasecktlia-
bility. Timing will bedifficult to controlandpredict. Wires
will be short, by necessityand by choice: the technology
doesnotallow to grow longwiresreliably andwire delayis
guadratidn thelength. Consequentlyit will beimpossible
to build a usefulglobal clocking network with thosetech-
nologies. For thosetwo main reasons—dffculty in con-
trolling andpredictingtiming andimpossibility of building
a clock network—asynchronoufogic seemsan ideal and
perhapainasoidablechoicefor digital circuitsin this tech-
nology. QDI, whichamongall typesof asynchronoumeth-
ods, relies on the wealest timing assumption(isochronic
fork), seemgarticularlywell suited.

This paperis a preliminaryinvestigationin implement-

ing asynchronou@QDI) logic in moleculamanotechnology
It is first andforemostanassessmengndfurtherimprove-
ment,of QDI’s robustnesgo extremeparameterariations
and restrictedgeometry The paperis organizedas fol-
lows. First,we briefly describehemainfeatureof thisnew
technology Amongseveralpossiblealternatveswe choose
a somavhatidealizedone basedon complementarfFETSs.
We defineits mainlayoutrules. Next, we shav how to de-
signbasiccombinationabates.State-holdingelementdik e
C-elementandprechagefunction-blocksrequiresomeat-
tention becausehe traditional “staticizer” implementation
must be avoided. We give an implementationfor those
cellsthat avoid staticizers.We shav how the logic family
of the CaltechAsynchronousMicroprocessor(CAM)and
thelogic family of the MiniMIPS canbebothimplemented
withoutuseof staticizers Weillustratethedesignstylewith
theimplementatiorof aripple-carryadder Finally, theim-
plementatiorof isochronicforks with its implied timing as-
sumptionis analyzed.

2. Molecular Nanotechnology

Ourtamgettechnologyis asomavhatadvancedversionof
thedevicesproducedn theHeathLabatCaltechtheLieber
Group at Harvard and the HP group, [5, 6, 1]. Chemists
are able to grow silicon nanavires (NW) with diameters
around5nmandup to ten micronsin length. Thesewires
are alignedin one direction, either by a flow processor
by nano-imprint.Becauseof the difficulty in arrangingthe
wiresin aregularpatternthefeasiblegeometryis restricted
to acrossbara collectionof parallelwiresin onedirection
superimposedavith a collectionof parallelwiresin the or-
thogonaldirection. However, the grid is not perfectlyregu-
lar andseveralwiresmay bebroken.

Interestinghingsmaybemadeto happerattheintersec-
tion of two orthogonalwires. Specialmolecules(e.g. ro-
taxane)canbe placedat the crosspointetweentwo wires
to connectthe two wires. Sucha junctionis originally of
high enoughresistancehat the two wires are not electri-
cally connected.But, if a high voltageis appliedbetween



thetwo wires,the moleculewill begin conductingandcon-
tinueto do sowhenthevoltageis lowered.In otherwords,
by applyingvoltageat selectequnctions,the junctionscan
be programmedo conduct.Thejunctionscanalsobemade
to rectify, i.e., we canprogrambothresistorsanddiodes.

Resistorsand diodesare sufficient to build a complete
logic family and have beenusedto build PLAs andmem-
ories, but they have no gain (amplification)and therefore
signaldegradationis unavoidable,leadingto failurein ary
computationcontaininga significantnumberof transitions
in series.In orderto implementgeneratomputationstran-
sistorsare neededto provide amplification,which in turn
requiresto be ableto make semi-conductorsut of silicon
NWs. NWs canbedopedduringthegrowth in orderto con-
trol their conductvity. Heavily dopedregionsof awire are
conductingsomeregionscanbekeptlightly dopedsoasto
control their conductvity via an electricalfield createdby
applyingavoltageonthecrossingnetalwire. If adielectric
canbe placedat the intersectionof (and between)he two
wires,onehaseffectively createca FET atthejunction. (So
far no technologyoffers programmabld-ETs,unlike resis-
tive junctionsanddiodejunctions.)

Technologieswith one type of transistors (usually
pFET),diodesandresistie pullupsor pulldownshave been
announcednddemonstratedThe transistorshave enough
gain to build restoringlogic. Recently all three groups
mentionedhave announcedhatthey will soon(or already
do) fabricateFETsof bothn- andp-types,with appropriate
thresholdvoltagesandacceptablayain, makingit possible
to designcomplementaryogic circuits.

Although the characteristicof the transistorsare still
shroudedin mystery we take asworking hypothesisthat
suchdeviceswill be built. We also assumehe availabil-
ity of low-resistancenetalwires for the grid directionthat
provides the gatesof transistors. (Such metal wires are
obtainedeitherby coatingsilicon wires with metalduring
crystalgrowth, or by imprinting puremetalwiresusingthe
nano-imprintechnique.)

Let us summarizehe componentf our (slightly pre-
cursory)targettechnology As alreadymentionedwe be-
lieve that most propertiesof this technologywill apply to
nano-CMOS.The basichuilding block is the tile. A tile
is a crossbamarrayof nanavires: the (top) horizontalwires
are metal conductingwires that are usedas gatesof tran-
sistors;the (bottom)verticalwiresaresemiconductingili-
connanavires (NW) usedaschannelsof transistors.Wire
lengthis strictly limited, say around10um, with a wire-
to-wire pitch of approximatelylOnm. (Metal wires canbe
pacledmoredenselyandcanbelongerasthey arelessre-
sistant. But we will ignorethosedifferences.)We assume
thatwe canimplementtiles of 100 x 100 wires.

A tile maybearoutingtile or acomputetile. A routing
tile containsonly programmablgunctionsand is usedto

connecttwo computetiles. A computetile consistsof ann-

plane, a p-plane, anda routing plane. An n-planecontains
n-transistoronly; a p-planecontainsp-transistoronly; a
routing planecontainsprogrammableonnection®nly.

An importantadvantageof thistechnologyis thatthedif-
ferent active crosspointgtransistors resistors,diodes)fit
exactly underthe areaof the crosspointand thereforedo
notincreasehe areaof the array hencecontributing to the
densityadvantageof thetechnology

A few importantrestrictionsandpropertiesnustbemen-
tioned.(1) It is notpossibleto mix thedifferentcomponents
(n-transistoy p-transistor resistor)inside the sameplane.
Eachplaneis homogeneous(2) It is not possibleto con-
nect wires end-to-endin one direction. Connectionsare
madethroughorthogonalwires. (3) Connectiorresistance
is high (100K) andhighly variable.(4) Thedrive of tran-
sistorsis not well characterizedWe assumehatthe limit
to the numberof transistordn seriesis similar to CMOS.
We have chosen3 asa hardlimit. (5) Up to 10% of the
wires and connectiongamay be broken or stuck open. (6)
Finally, the collection of nano-tilesis placedon top of a
standardksilicon layer Power distribution andinput/output
areimplementedn thesiliconlayer. All verticalnanavires
in ap-planeareconnectedo amicro-wiredistributing vVdd,
andall vertical nanaviresin ann-planeareconnectedo a
micro-wiredistributing GND.

3. Implementing QDI Logic

Amongall asynchronoufogic families,QDI is themost
robustto parametevariationsbecausé reliesontheweak-
esttiming assumptiontheisochronic fork. Themainques-
tion addresseih this paperis thefollowing. In thepresence
of extremePVT (processyoltage,temperatureparameter
variations how will aQDI circuit (implementedn molecu-
lar nano)fail, andwhat canbe doneto avoid the failure or
atleastsignificantlyimprove thecircuit’s robustness?

3.1. Combinational Cells

The implementationof combinationalcells does not
presentary particularproblembesidethe usualrestriction
onthelengthof transistorchains,but it givesusthe oppor
tunity to fix a generallayoutscheme.Figure 1 shawvs two
alternatve implementationgor the inverterandthe nand?2.
(The nor2 gateis derived form the nand2by exchanging
Vdd andGND, andp- andn-transistors. A dotattheinter
sectionof two wiresindicatesa connectiona diagonalbar
(/) indicatesan n-transistor A diagonalbar (\) indicatesa
p-transistor In thefirst type of layout,the n- andp-planes
arevertically alignedw.r.t. the metalwires; in the second
type,they arehorizontallyalignedw.r.t. the metalwires. It
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Figure 1. Two possib le layouts for the inverter
and nand2

is clearthatthe secondchoiceof layout presentanimpor-
tantareaadvantage:the areaof the nand-gates 6x3in the
first caseand2x3 in theseconctase As shovn in Figure2,
the areapenaltyof thefirst layoutfor an n-inputcombina-
tional gateis 2n2. But thereis anotheymoreimportant,ad-
vantageo thesecondayoutchoice.If aninputis sharedy
severaltransistoigatesthenin thesecondayoutchoice the
input signalsto the differentgatesare carriedby the same
metalwire, resultingin very similar RC' characteristic$or
thedifferentpaths.In thefirst layoutchoice the pathsfrom
oneinputto severaltransistogatesareverydissimilar with
thepathsto onetype of transistorgjoingthroughtwo resis-
tive contactsandthe pathsto the othertype of transistors
beinga singlemetalwire. As we shall see,this difference
is importantfor theimplementatiorof isochronicforks.

3.2. General Layout Scheme

The generalscheméor a computetile is shavn in Fig-
ure 3. Thetwo transistorplanesare side by sidewith the
inputsignalsrunninghorizontallyonmetalwires. Eachver
tical semiconductowire of thetransistoplanescanbeused
(insideatransistomplane)asa pullup or pulldown transistor
chainif transistorsare placedat someof the cross-points.
Becauseof the restrictedgeometry parallel chainscannot
sharetransistorsandthereforeall booleanexpressionsare
implementedn the disjunctive normalform: The expres-
siona A (b V ¢) canonly beimplementecasa A bV a A c.
Thegenerakhapeof theroutingplaneis thatof aninverted
T asshavn on thefigure. The partof the routing planebe-
tweenthetwo transistoiplaness usedonly for thefeedback
connectionsieededn the implementatiorof state-holding
gates.(We will give examplesshortly) The bottompart of
the routing planeconnectghe pullup and pulldown chains
to the output(s)of the logic gate. (A similar schemehas
beenproposedn [1].) A singlecomputetile containsser-
eralcells.

on
inputs

2n® overhead
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Figure 2. Two possib le layouts for an n-input
cell
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Figure 3. General layout scheme for a com-
pute tile



3.3. State-Holding Operators

The standardCMOS implementationof state-holding
operatorsn thistechnologydoespresent seriougproblem:
theweakinverterof thestaticizer Considetthe operatoide-
fined by thetwo production rules:

A — xT
B — x|

Without loss of generality let's assumethat it is imple-
mentedas

A — z] x_
B —» z1

— zl
. — zt

By definitionof astate-holdinglementthereexist statesn

thecomputatiorwhere—A A =B holds. In those“floating”

statesthe pathto Vdd throughthe pullup implementingB,

andthe pathto GND throughthe pulldown A arebothcut.

Thevoltagevalueof thephysicalnodeimplementing:_ has
to bemaintainedn otherways. The generalapproachs to

find anothempathto Vdd andanothempathto GND to main-
tain the currentvalue of z_. The simplestand crudestso-
lution is to add a “staticizer” (or “keeper”). The staticizer
implementatiorconsistsof always maintainingthe current
valueof z_ by addingthe pullup -z — z_1 andthe pull-

down z — z_], giving thegate:

Avze — z]
BV-x — z_%

Theaddedcircuitry is afeedbacknverterwith input z and
output z_. The difficulty with this solutionis that when
the value of z_ hasto be changedfor instancefrom true
to false,thereis a conflict (a “fight”) betweend — z_|

and—z — z_t. Symmetrically whenthe valueof z_ has
to be changedrom falseto true, thereis a “fight” between
B — z_t andz — z_|. Thereis no logical resolutionto

thoseconflicts;they canonly beresohedby physicalmeans
by making surethat the currentthroughthe pullup imple-

menting B and throughthe pulldown implementing 4 is

strongetthanthecurrentthroughthetransistorof thefeed-
backinverter Thisis usuallyachievedby implementingthe
two transistorsof the feedbackinverteras highly resistve

(“weak”), makingthe currentsthroughthe pullup andthe
pulldown of the feedbackmuch smallerthanthe currents
throughthe pullup B andpulldown A. But the weakcur-

rentscannotbe too weak sincethey have to maintainthe
voltageon node z_ in the presenceof possiblyimportant
leakage.

Hence,the correctbehaior of the staticizerrelieson a
two-sidedinequalityrequiremenbn thefeedbacknverters
current. In a technologywherethe physicalparametersf
the designarevery hardto controlandthe transistorscan-
not be sized,it would be very risky to rely on therelative

b x4 x-

a-|| a-| b+

a AE a4 b #E
b x| x-

E ELX E |
Figure 4. A two-input C-element implemented
as a majority gate.

strengthf conductingpaths.We conclude that we will not
be able to use staticizers in nano-technol ogy.

We have to useanothersolutionto maintainthe valueof
the outputnodesin the floating states.The generaimethod
consistsgn identifying thefloating statesn which the value
of the outputhasto be maintainedand usingthe feedback
inverteronly in those states. Without additionalinforma-
tion, thefloatingstatesarecharacterizetty - A A - B, lead-
ing to thegenerakolution:

AV-BAzx — x|
BV-AAN-z = z_1

3.4. C-element

The Muller C-elementis an essentiabuilding block of
asynchronoufogic. The 2-input C-elementwith inputs a
andb andoutputz is definedas:

aAb — zt
—aA-b = ozl

The above transformatiorappliedto this pair of PRsleads
to the well-known majority-gateimplementation(seeFig-
ured):

aANbVaNzVDIAx -z
—“aAN-bV-aA-zV-bA-x = 1
T_ -zl
- -zt

For thethree-inputC-elementthe transformatiorgives:
aANbAcVaANZVOANZVcAT = x )
“aA-bA-cV-aaA-zV-bA-ZV-cA-z— T
The layout of the C-elementsn Figure5 shows the use

of themidsectionof therouting planefor feedbackconnec-

tions (usingthe outputz asgateof sometransistors).

4. Read/Write Register

The read/writeregister is usedin a standardpipeline
stageof the CaltechAsynchronoudMicroprocesso(CAM).
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register

It is alsousedin a slightly differentform to implement
general-purposeegistersin the MiniMIPS andLutonium.
As shown in Figure6, in its simplestform, the register

consistsof threeparts: the set/resetatch maintainingthe
currentvalueof theregisterbit (z, z_), thetwo nand-gates
that constitutethe read part, and the write-acknavledge
(wack) cell that generateshe acknavledge signal for the
write handshak.  The implementationof the read part
presentsio difficulty. Theset/resetatchis implementedas
cross-coupledhor-gateswhich do not needrelative sizing
unlike theimplementatiorwith cross-couplethverters(see
[7]). Only the wack needssomeattention.Its specification
is

wtAxVuwf Nz. — wack_|

—wt A wf — wack_t

Thefloatingstatesare—wt Awf A—z_andwtA—wf A—z. In
bothstatesthewrite interfaceis in the procesf changing
thevaluesof z andz_ andthereforeheoutputwack - should
be kepthighin thefloating states.The transformatiorthen
gives

—wt A —wf V-wt A -z V —-wf Az = wack T

Now the two guards are complementary The write-
acknowledgeis a combinational gate. Altogethertheabove
designleadsto a compactnanolayoutfor the register No
feedbackinverteris neededthe only feedbackbeing that
of the cross-coupledhor-gates,andthere are at mosttwo
transistorsn serieson all paths.SeeFigure?.

4.1. Precharge Function

We know that we canimplementall computationghat
don't require arbitrationwith just standardcombinational
gatesandthe 2-input C-elementBut performancewill suf-
fer, andit takesjust afew additionalcellsto allow efficient
circuit implementations.For instance the C-elementthe
set-reselatchandthe prechagefunctionareenoughto im-
plementthe circuits of the CaltechMiniMIPS aswell as
the circuits of the CAM eventhoughthe two designstyles
aredifferent. Again, the set-reselatch canbeimplemented
with cross-coupledhor-gates. The prechage functionis a
state-holdingcell with two setsof inputs: theinput en is a
control signalusedto prechagethe outputnode z high in
theneutralstate(—en). TheothersetX of inputsis usedto
computethe boolearfunction F whenen is high. Function
F is necessarilysmall enoughto fit in a single pulldown,
andthereforethe numberof inputsof X is alsolimited—
rarely morethanfour. The PRSfor the prechage function
cellis:

—en - 2zt
enANF — z_|

A A
—z_ = 21

Thefloatingstateis en A = F. Applying thetransformation
andaftersimplification,we get:

—enV-FA-z — 2%
enANFVenAz — 2|
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Figure 8. Function block with single output.
Both boolean expressions F and —F are used
to make the gate combinational.

A symboliclayoutis shavn in Figure8. For example,if F
isthedual-railequalityof a andb, i.e. f = a0ADOV alAb1,
thecomplemenbf F hasto beimplementedis—a0A-alV
b0 A—alV —b1 A=a0V —b0 A —b1, sinceunfortunately
we canonly implementparallel or-terms. This leadsto 5
parallelpullups. The addedcomplexity may be significant.
But it shouldbe obsenedthatthe addedpullupsand pull-
downsareusedonly to maintainthe valueof the outputin
the floating state(s). Therefore their possiblecompleity,
which translatesnto a weakdrive (I35 current),might be
acceptablesincethoseextra termsare not usedto switch
the outputbut only to maintainthe currentvalueof the out-
put. However, the following simplification significantly
improvesthe circuit. It applieswheneer it is requiredto
computethe dual-rail versionof thefunction,i.e.:

—en — 2t —en )
en \NFt — 2t_] en NFf — 2f |

If theonly floatingstatesareen A Ft A= Ff for the Ff block,
anden A Ff A —Ft for the Ft block, thenwe canstaticize
the PRSas:

en

7t

zf_

Figure 9. Schematic for a dual-rail function
block

—enV zfo — 2zt F
—enV zt. — zf 1

with the pulldownsunchangedThis simplificationrequires
that—en V Ft V Ff beaninvariantof the system.In other
words,the conditionfor applyingthe transformatioris that
the function inputs are not reset when en is set. A symbolic
nano-layoufor this solutionis shovn in Figure9. Certain
QDI templatesalreadysatisfythis condition. It is the case
for the control/datadecompositiorschemeof the pipeline
stageusedin the CAM. (It relies on an easily satisfiable
isochronicityassumption.) Other QDI templatescan eas-
ily betransformedo satisfytheinvariant. It is the casefor

the PCHB (“prechage half-buffer”) of the MiniMIPS de-
sign style. Sincethe validity (usually calledv(L)) of the

datainputis alwayscomputedjt suficesto replacethe en-
ablesignalen with en' definedasv(L)Cen (i.e. en' is the

outputof the C-elementwith en andv (L) asinputs).

5. Implementing an Adder

Next, we describethe implementatiorof an n-bit adder
stagein nano. The adderis designedn the samestyle as



li ctrl ro

PCH

§> regnu@ f ﬁ>f<x>

Figure 10. Control/data decomposition of a
pipeline stage

x1 regl | x1 f(x1)

X2 |reg2 | x2 f(x2)

Figure 11. A contr ol/data pipeline stage with
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the one usedin the CAM. The basic QDI pipeline stage
*x[L7z; RIF(z)] canbe implementedasin Figure 10 us-
ing the control/datadecompositiorapproachof the CAM.
(See,for instance,[7].) As shown in Figure 11, the con-
trol partcanbeimplementedasa simplehalf-buffer (which
canbe assimpleasa C-elemenin this case);the datapath
consistsof a dual-railregisterper bit of input with the two
nand-gatesf thereadpartreplacedy the prechagefunc-
tions computingthe carry and sumfor every pair of input
bits.

In this design,the conditionfor removing staticizersis
satisfiedprovided a mild isochronicity assumptionis ful-
filled, andthereforethe function blocksfor sumandcarry
canusethe derived transformation. The isochronicity as-
sumptionis thatthe delayfor the valid inputsto propagate
from the outputsof theregistersto theinput of thefunction
blocksshouldbe lessthanthe delay of the adwersarypath
consistingof the wacks (in parallel), the completiontree,
andthe C-elemenin thecontrol.

Furthermore,in orderto avoid propagatingthe control
signal en (which is alsoro in this case)to all bits of the
datapathye canreplaceen with ct Vv ¢f in all cellsbut the
leastsignificantone, where ct and ¢f arethe pair of bits
implementingthe carry-in. The nano-layoutdor the carry
and sumfunctionsare shovn in Figure 12 and Figure 13.
The productionrulesdescribingthe pullupsandpulldowns
of thesumandcarrycellsareasfollows. For the sum:

ctA(a=b)VefA(a#b) — st
fAN(a=b)VctA(a#b) — sf_|
—ct A —ef Vsf — st
—ct A —ef V st - sft

For thecarry-out:

cf Nat ANbtV ct AatV ct Abt — dit_]
ct Naf NOfVef Naf Vef Nbf — df_)
—ct A —ef V —df - — dt_t
—ef A etV dt — df

6. I sochronic Fork

Onceall QDI building blocks have beendefined, the
next stepis to composetheminto a working system. We
leave asidetheissueof assemblindl into alayoutandcon-
centrateon the critical issue of isochronicforks: Given
the wide timing variationsto be expectedin this technol-
ogy andin nano-CMOS canwe satisfythetiming require-
ments of isochronicforks? Although the Async reader
shouldbefamiliar with the concepf isochronicfork, there
still exists enoughmisunderstandingibout the nature of
the isochronicityrequirementhat a discussionis in order
In the past,a simple-to-eplain timing conditionhasoften
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beenusedto implementheisochronicfork; but, in thepres-
enceof importanttiming variations,this sufficient timing
condition is difficult to implementasit relies on a two-
sidedtiming inequality The designershouldswitch to a
morecomplex but easierto satisfynecessargandsufiicient
condition. This conditionrelieson the notion of adversary
path. It is a one-sidednequality statingthata singletran-
sition shouldbe shorterin time thana sequencef multiple
transitions.

Let us first review how the needfor isochronicforks
arises. A computationimplementsa partial order of tran-
sitions. In the absenceof timing assumptionsthis partial
orderis basedon a causalityrelation. For example,tran-
sition z1 causedransitiony. in state§ if andonly if z?
makesguard By of y| truein S. Transitiony] is saidto
acknowledge transitionzt. We do not have to bemorespe-
cific aboutthe preciseorderingin time of transitionsz 1 and
yl. The acknavledgmentrelationis enoughto introduce
thedesiredpartialorderamongtransitionsandto conclude

that z1 precedeg|. In animplementatiorof the circuit,
gateGz with outputz is directly connectedo gate Gy with
outputy, i.e.,z is aninputof Gy.

Hence, a necessary condition for an asynchronous cir-
cuit to be delay-insensitive is that all transitions are ac-
knowledged.

Unfortunately the classof computationsin which all
transitionsareacknavledgedis very limited, aswe proved
in [8]. Considetthefollowing examplein whichthespecifi-
cationof thecomputatiorrequiresanorderingof transitions
onvariablesz, y, andz definedby thesequence:

B W T Rt S O

Implementingthis sequenceof transitionsrequiresintro-
ducing at leastone control variable ¢ to distinguishthe
statesin which z1 causesyt from the statesin which z7
causet, leadingto PRsof the form:

cAhzx = y?t
—cAhz — 21

As shawvn in Figure14, z astheoutputof gate Gz is forked
to z1, aninput of gate Gy with outputy, andto z2, an
input of gate Gz with outputz. A transitionzt when ¢

holdsis followed by a transitiony*, but not by a transi-
tion z1, i.e. transitionz17 is acknavledgedbut transition
z21 is not, and vice versawhen—¢ holds. Hence,in ei-

ther case,a transitionon one outputof the fork is not ac-

knowledged.In orderto guarante¢hattheunacknevledged
transitioncompletesvithoutviolating the specifiedorder, a

timing assumptiorcalledthe isochronicity assumption has
to beintroduced andthe forks thatrequirethatassumption
arecalledisochronic forks[8]. The branchof the fork with

the non-acknaevledgedtransition is called an isochronic

branch. (Not all forksin a QDI circuit areisochronic.)

6.1. The Isochronicity Assumption

First, it is importantto realizethat the wealesttiming
assumptiorassociatedvith anisochronicfork is not a re-
lation betweenthe delayson the differentbrancheof the
fork—which would be a very tight assumptiorindeed. For
example,in the caseof a fork with two branchesif §(1)
andd(t2) arethedelaysof transitiont1 on onebranchand
transitiont2 on the otherbranch the timing assumptioris
NOT that|d(t1) — 6(¢2)| < e. As alreadymentionedsuch
atiming requiremenhasbeenusedbecausef its simplic-
ity. It is sufficient but not necessaryandis very difficult to
fulfill in the presencef large parametewariations,in par
ticularthresholdvoltages.

In orderto characterize wealer timing conditionfor an
isochronicfork to behae properly, let us examinehow a
circuit will fail whena transitionon anisochronicbranch
failsto complete.In ourpreviousexample,assuméhatz 11
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Figure 14. The fork (x,x1,x2) is isoc hronic: a
transition on x1 causes a transition ony only
when c is true, and a transition on x2 causes
a transition on z only when c is false. Hence,
certain transitions on x1 and on x2 are not ac-
knowledg ed, and therefore a timing assump-
tion must be used to guarantee the proper
completion of those unacknowledg ed transi-
tions.

causey |, but 21 doesnot complete.Sincez21 doesnot
changethe value of z, initially the failure of 21 to com-
plete doesnot causea failure of gate Gz. But y| causes
a sequenceof transitionsthat will eventually changean-
otherinput of Gz, saytransitiont sincewe do not know
thesenseof this transition.At this point, transitionz21 not
having completedwill causea misfiring of Gz, sincein the
partial-orderspecificationof the circuit, z21 should have
completed.

Hence, the isochronicity assumptionis that transition
221 completesbeforethe sequencef transitionsstarting
atz11 andendingat ¢. This sequencef transitionsdefines
apathin thecircuit calledthe adversary path of isochronic
branchz2. Theisochronicityassumptiorstateshatthe de-
lay §(z21) for unacknavledgedtransitionz21 to complete
be always smallerthanthe sumof the delaysof the transi-
tions on the adwersarypath (including acknavledgedtran-
sitionz17).

Thisis aone-sidednequalitythatcanalwaysbesatisfied
by makingtheadwersarypathlonger

6.2. Transition Delays

Estimatingtransitiondelayscanbetricky. Transitionde-
lay hasessentiallytwo componentsthe diffusion delay of
avoltagelevel propagatingalonga wire, andthe switching
delaywhich is the time for a voltagechangeto cut or tie a
transistorchain connectingthe outputnodeof an operator
to Vdd or ground. (In our implementationof QDI, anin-
putof alogical operatoris alwaysthe gateof oneor several
transistors.)rheswitchingdelayis goingto bedifferentde-
pendingwhetherthetransitionis a“cut” or “tie”: To cutan
n-typetransistorchainrequiresa voltagechangefrom Vdd

li (0->1) li0->1)
i(0->1) — 10 (0->7)
X2_(1->0)
K1 i (1)
lo_ ri

Figure 15. The fork (li,li1,li2) is isoc hronic,
with 1i2 as isoc hronic branch for the transi-
tion 0to 1 on li

down to belaw thethresholdvoltageVtn, almostafull volt-

ageswing. To tie ann-typetransistorchainrequiresa volt-

agechangefrom zeroto just Vtn. And similarly for p-type
transistors. Obviously, in the presenceof long slew rates
(the “slope” of the voltage change)a cut may take much
longerthanatie. Theisochronicityassumptiorcanbe of

two types: “tie-before-tie” or “cut-before-tie; thefirst one
beingeasietto satisfythanthesecondne.

For instance, the isochronic fork in the control/data
pipeline of Figure 11 is of the type “tie-before-tie” It is
requiredthatthe valid dataxz1 andz2 tie the transistorsn
F1 and F'2 beforethe adwersarypathstie the enablesignal
throughro. On the otherhand,the isochronicfork in the
PCHB (prechage half-buffer) which is the main template
in theMiniMIPS (se€]7, 9]), is of thetype“cut-before-ti€"
Thedatainputsto the functionblock have to returnto neu-
tral (low voltage)hencecutting the pulldown chain of the
functionblock, beforethe neutralityis detectedandthe en-
ablesignalis raised(atie).

6.3 A Worst-case Example

In the proposedayoutfor moleculamano,therestricted
wire layout and highly resistve connectiongnake the im-
plementationof the isochronicity assumptionsomevhat
easier Let uslook at a worst-caseexample,wherethe ad-
versarypathcontaingust onegate.Theexampleis the Cal-
techQ-elemenbr the active-active buffer (seefor instance
[7]) shown in Figure 15. We analyzethe isochronicfork
(1,141,132). Initially, 2_is trueandro is false. In order
to satisfythe handsha& specificationtransitioniit should
not changethe value of ro. But sincethe invertedoutput
of the C-elementis the input z2_ of the nor-gatethe ad-
versarypath (li1, C-element,z2_) causedransitionz2_|,
which could causetransitionro?, unlessthe isochronic-
branchtransition/i21 terminatesdeforez2_|. Thisis one
of the tightestisochronicityrequirementsincethe adwer-
sarypathcontainsonly onegate,the C-element(Sincethe
C-elementis usedwith an invertedoutputin this cell, in
CMOS the outputcould be taken beforethe inverterif the



X2_

A B C

Figure 16. Partial layout showing the adver-
sary path in dotted line

C-elements implementedvith a staticizer However, in an
implementatiorof the C-elementasa majority gate,thein-
vertedoutputhasto betakenaftertwo inverters makingthe
adwersarypathsafer)

The nano-layoutsketch of Figure 16 shaws the imple-
mentationof the C-elementwith the two inverters,andthe
nor-gate.(The nand-gatas omitted.) Theisochronicityre-
quirementranslatessfollows. Initially thevoltageon z2_
is high andthereis a pathfrom GND to ro alongthe pull-
down B. Whenthevoltageon!i rises,the pulldown A from
GND to ro mustbetied by the n-transistomwith gateli and
the pullup C' mustbe cut by the p-transistorwith gatel:
beforethe adwersarypath (marked by a dottedline on the
figure) cuts pulldown B by the n-transistorwith gatexz2_
andtiespullup C by the p-transistomwith gatez2._.

Keepingthe isochronic-branchilelay shortrequiresthat
thelayoutdisciplinedoesnot addextra delaythroughlong
and/orresistve wiresor by connectiorresistancesThelay-
out rule that placesthe n-planeandp-planesideby sideal-
lows the samemetalwire to be usedfor all brancheof the
sameisochronicfork providedit all fits within the length
constraintof a metal nano-wire. This layout rule elimi-
natesall extra delayson the isochronicbranchbesideshe
transitiondelay Furthermorethetransformatiorthatelim-
inatesthe staticizethelpsmale all transitiondelaysof simi-
lar lengthby pushingthetransitionvoltagetowardsV dd/2.

With this precautionthetiming requiremenfor this ex-
ampleis that a single transition delay (a tie) on a single
metalwire of theisochronicbranchmustbe shorterthan3
transitiondelaysplus9 RC delaysof contactsandwiresfor
the adversarypath. This timing requiremenshouldnot be
difficult to fulfill.

7 Oscillating Rings

An importantpoint concerningthe implementabilityof
QDI is to make surethatthe rings of restoringgatescom-
posinga QDI systemkeeposcillating, sincea QDI system
is nothingbut aninterlockingof oscillatingrings.

Sincehardwarecomputationsare non-terminatingeach
transitionz1 is followed,afteranumberof othertransitions,
by transitionzJ,, andvice versa. Sincethe guardsBu and
Bd of thosetransitionsare mutually exclusive, the chain
of transitionsbetweenz1 and z] mustcontaina transition
thatinvalidatesBu. Hence,transitionz1 invalidatesitself
througha sequencef intermediatdransitions.Canwe still
saythat Bu is stable? Is it possiblethat the effect of 27
propagateshroughthe cycle of gatesfastenoughto inval-
idateitself? At the electricallevel, couldthe voltage V' (z)
stabilizeatanintermediatevaluecloseto Vdd/2?

Arguing that such a ring of operatorsis not self-
invalidatingis equivalentto arguingthatthering oscillates.
This is an electricalpropertyof the circuit that relatesthe
slew ratesof transitionsthe gain of the operatorsandthe
numberof operatorson the ring. We will have to require
thatary cycle of operatorsdbe implementedwith a number
of stagesat leastequalto a chosenminimum to guaran-
teethatthe cycle is not self-invalidating. In CMOS, three
restoringoperatorswith good gain are usually sufficient,
althoughwe usually require five to be safe. In molecu-
lar nano-technologythe minimal numberof operatorson
eachring will have to be determinedbasedon the above-
mentionecklectricalpropertiesof thetechnology

8 Conclusion

The main purposeof this paperwasto establishthe ex-
istenceof an efficient QDI logic family given the strict
designrules and large parametevariationsof our target
nano-technologyA contribution of the researcthasbeen
to shaw that thereexist efficient staticimplementation®of
state-holdingelementswvithout weakfeedbackandwith no
morethantwo transistordgn seriesin the pullups. Suchan
approachwill be of interestfor “extremenano-CMOS"as
well. Also, the isochronicityassumptiorhasbeenfurther
refined.

Several issueshave not beenaddressed:(1) As up to
10% of the deviceswill be unusable(broken wire, stuck
opencontact.etc) defecttolerances anintegral partof the
design.We have not presenteéry solutionfor defecttoler-
ance,althoughpreliminaryinvestigationindicatesthat sat-
isfactorystrategjiesexist. (2) For the usualdensityreasons,
memoryrequiresspecializedlesign.(Smallmemorieshave
alreadybeendemonstrated.)3) Input and output,aswell
aspower supply will bedoneata microlevel, e.g. CMOS.



How to connechanaviresto themicrolevel CMOSconnec-
tions without increasingthe nano-pitchis a separatéssue.
Severalsolutionsexist. (See[4, 1].)
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