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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. We
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-electronicsis considereda
plausiblesuccessorto CMOS.Although immensefabrica-
tion difficultiesstill lie ahead,at leastexperimentaldevices
arefeasibletoday. Molecularnano-electronicsis a mostly
non-lithographicbottom-upfabricationtechnologywhose
mainadvantageover CMOSis to breakthe limit of lithog-
raphyin termsof featuresizeanddevicedensity. (Densities
in therangeof

�������
to
�������

devicesper 	�
 � arementioned
in theliterature[2, 3].)

All technologiesat thenanoscalelevel, includingnano-
CMOS,will facegreatfabricationchallengesthatwill trans-
lateinto importantparametervariationsanddecreasedrelia-
bility. Timing will bedifficult to controlandpredict.Wires
will be short,by necessityandby choice: the technology
doesnotallow to grow longwiresreliablyandwire delayis
quadraticin thelength.Consequently, it will beimpossible
to build a usefulglobal clocking network with thosetech-
nologies. For thosetwo main reasons—difficulty in con-
trolling andpredictingtiming andimpossibilityof building
a clock network—asynchronouslogic seemsan ideal and
perhapsunavoidablechoicefor digital circuits in this tech-
nology. QDI, whichamongall typesof asynchronousmeth-
ods, relies on the weakest timing assumption(isochronic
fork), seemsparticularlywell suited.

This paperis a preliminaryinvestigationin implement-

ingasynchronous(QDI) logic in molecularnanotechnology.
It is first andforemostanassessment,andfurther improve-
ment,of QDI’s robustnessto extremeparametervariations
and restrictedgeometry. The paperis organizedas fol-
lows. First,webriefly describethemainfeaturesof thisnew
technology. Amongseveralpossiblealternativeswechoose
a somewhat idealizedonebasedon complementaryFETs.
We defineits main layout rules.Next, we show how to de-
signbasiccombinationalgates.State-holdingelementslike
C-elementsandprechargefunction-blocksrequiresomeat-
tentionbecausethe traditional “staticizer” implementation
must be avoided. We give an implementationfor those
cells that avoid staticizers.We show how the logic family
of the CaltechAsynchronousMicroprocessor(CAM),and
thelogic family of theMiniMIPS canbebothimplemented
withoutuseof staticizers.Weillustratethedesignstylewith
theimplementationof a ripple-carryadder. Finally, theim-
plementationof isochronicforkswith its implied timing as-
sumptionis analyzed.

2. Molecular Nanotechnology

Ourtargettechnologyis asomewhatadvancedversionof
thedevicesproducedin theHeathLabatCaltech,theLieber
Group at Harvard and the HP group, [5, 6, 1]. Chemists
are able to grow silicon nanowires (NW) with diameters
around5nm andup to ten micronsin length. Thesewires
are aligned in one direction, either by a flow processor
by nano-imprint.Becauseof thedifficulty in arrangingthe
wiresin aregularpattern,thefeasiblegeometryis restricted
to a crossbar:a collectionof parallelwiresin onedirection
superimposedwith a collectionof parallelwires in the or-
thogonaldirection.However, thegrid is not perfectlyregu-
lar andseveralwiresmaybebroken.

Interestingthingsmaybemadeto happenat theintersec-
tion of two orthogonalwires. Specialmolecules(e.g. ro-
taxane)canbe placedat the crosspointbetweentwo wires
to connectthe two wires. Sucha junction is originally of
high enoughresistancethat the two wires are not electri-
cally connected.But, if a high voltageis appliedbetween



thetwo wires,themoleculewill begin conductingandcon-
tinueto do sowhenthevoltageis lowered.In otherwords,
by applyingvoltageat selectedjunctions,thejunctionscan
beprogrammedto conduct.Thejunctionscanalsobemade
to rectify, i.e.,wecanprogrambothresistorsanddiodes.

Resistorsand diodesare sufficient to build a complete
logic family andhave beenusedto build PLAs andmem-
ories, but they have no gain (amplification)and therefore
signaldegradationis unavoidable,leadingto failure in any
computationcontaininga significantnumberof transitions
in series.In orderto implementgeneralcomputations,tran-
sistorsareneededto provide amplification,which in turn
requiresto be ableto make semi-conductorsout of silicon
NWs. NWscanbedopedduringthegrowth in orderto con-
trol their conductivity. Heavily dopedregionsof a wire are
conducting;someregionscanbekeptlightly dopedsoasto
control their conductivity via an electricalfield createdby
applyingavoltageonthecrossingmetalwire. If adielectric
canbe placedat the intersectionof (andbetween)the two
wires,onehaseffectively createdaFETat thejunction.(So
far no technologyoffersprogrammableFETs,unlike resis-
tive junctionsanddiodejunctions.)

Technologieswith one type of transistors (usually
pFET),diodes,andresistivepullupsor pulldownshavebeen
announcedanddemonstrated.Thetransistorshave enough
gain to build restoringlogic. Recently, all three groups
mentionedhave announcedthat they will soon(or already
do) fabricateFETsof bothn- andp-types,with appropriate
thresholdvoltagesandacceptablegain,makingit possible
to designcomplementarylogic circuits.

Although the characteristicsof the transistorsare still
shroudedin mystery, we take as working hypothesisthat
suchdeviceswill be built. We also assumethe availabil-
ity of low-resistancemetalwires for thegrid directionthat
provides the gatesof transistors. (Such metal wires are
obtainedeitherby coatingsilicon wires with metalduring
crystalgrowth, or by imprinting puremetalwiresusingthe
nano-imprinttechnique.)

Let us summarizethe componentsof our (slightly pre-
cursory)target technology. As alreadymentioned,we be-
lieve that mostpropertiesof this technologywill apply to
nano-CMOS.The basicbuilding block is the tile. A tile
is a crossbararrayof nanowires: the(top) horizontalwires
aremetal conductingwires that areusedasgatesof tran-
sistors;the(bottom)verticalwiresaresemiconductingsili-
connanowires(NW) usedaschannelsof transistors.Wire
length is strictly limited, say around

����

m, with a wire-

to-wire pitch of approximately
���

nm. (Metal wirescanbe
packedmoredenselyandcanbelongerasthey arelessre-
sistant.But we will ignorethosedifferences.)We assume
thatwecanimplementtiles of

�������������
wires.

A tile maybea routingtile or a computetile. A routing
tile containsonly programmablejunctionsand is usedto

connecttwo computetiles. A computetile consistsof ann-
plane, a p-plane, anda routing plane. An n-planecontains
n-transistorsonly; a p-planecontainsp-transistorsonly; a
routingplanecontainsprogrammableconnectionsonly.

An importantadvantageof thistechnologyis thatthedif-
ferent active crosspoints(transistors,resistors,diodes)fit
exactly underthe areaof the crosspointand thereforedo
not increasetheareaof thearray, hencecontributing to the
densityadvantageof thetechnology.

A few importantrestrictionsandpropertiesmustbemen-
tioned.(1) It is notpossibleto mix thedifferentcomponents
(n-transistor, p-transistor, resistor)inside the sameplane.
Eachplaneis homogeneous.(2) It is not possibleto con-
nect wires end-to-endin one direction. Connectionsare
madethroughorthogonalwires. (3) Connectionresistance
is high (100K� ) andhighly variable.(4) Thedrive of tran-
sistorsis not well characterized.We assumethat the limit
to the numberof transistorsin seriesis similar to CMOS.
We have chosen3 as a hard limit. (5) Up to 10% of the
wires andconnectionsmay be broken or stuck open. (6)
Finally, the collection of nano-tilesis placedon top of a
standardsilicon layer. Power distribution andinput/output
areimplementedin thesilicon layer. All verticalnanowires
in ap-planeareconnectedto amicro-wiredistributingVdd,
andall verticalnanowires in ann-planeareconnectedto a
micro-wiredistributingGND.

3. Implementing QDI Logic

Amongall asynchronouslogic families,QDI is themost
robustto parametervariationsbecauseit reliesontheweak-
esttiming assumption:theisochronic fork. Themainques-
tion addressedin thispaperis thefollowing. In thepresence
of extremePVT (process,voltage,temperature)parameter
variations,how will aQDI circuit (implementedin molecu-
lar nano)fail, andwhatcanbedoneto avoid the failureor
at leastsignificantlyimprovethecircuit’s robustness?

�������������! #"�$&%(')"*�+$,%.-/�102-�-43

The implementationof combinationalcells does not
presentany particularproblembesidethe usualrestriction
on thelengthof transistorchains,but it givesustheoppor-
tunity to fix a generallayout scheme.Figure1 shows two
alternative implementationsfor the inverterandthenand2.
(The nor2 gate is derived form the nand2by exchanging
Vdd andGND, andp- andn-transistors.)A dot at theinter-
sectionof two wires indicatesa connection,a diagonalbar
(/) indicatesan n-transistor. A diagonalbar ( 5 ) indicatesa
p-transistor. In thefirst typeof layout,then- andp-planes
arevertically alignedw.r.t. the metalwires; in the second
type,they arehorizontallyalignedw.r.t. themetalwires. It
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Figure 1. Two possib le layouts for the inver ter
and nand2

is clearthat thesecondchoiceof layoutpresentsanimpor-
tantareaadvantage:theareaof thenand-gateis 6x3 in the
first caseand2x3 in thesecondcase.As shown in Figure2,
theareapenaltyof the first layout for ann-inputcombina-
tionalgateis 6�7 � . But thereis another, moreimportant,ad-
vantageto thesecondlayoutchoice.If aninput is sharedby
severaltransistorgates,thenin thesecondlayoutchoice,the
input signalsto the differentgatesarecarriedby the same
metalwire, resultingin very similar 8:9 characteristicsfor
thedifferentpaths.In thefirst layoutchoice,thepathsfrom
oneinput to severaltransistorgatesareverydissimilar, with
thepathsto onetypeof transistorsgoingthroughtwo resis-
tive contactsandthe pathsto the other type of transistors
beinga singlemetalwire. As we shall see,this difference
is importantfor theimplementationof isochronicforks.
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Thegeneralschemefor a computetile is shown in Fig-
ure 3. The two transistorplanesaresideby sidewith the
inputsignalsrunninghorizontallyonmetalwires.Eachver-
tical semiconductorwire of thetransistorplanescanbeused
(insidea transistorplane)asapullupor pulldown transistor
chainif transistorsareplacedat someof the cross-points.
Becauseof the restrictedgeometry, parallelchainscannot
sharetransistors,andthereforeall booleanexpressionsare
implementedin the disjunctive normal form: The expres-
sion N>OQP4R�S�	UT canonly beimplementedas NCOVRIS�N:OW	 .
Thegeneralshapeof theroutingplaneis thatof aninverted
T asshown on thefigure. Thepartof theroutingplanebe-
tweenthetwo transistorplanesis usedonly for thefeedback
connectionsneededin the implementationof state-holding
gates.(We will give examplesshortly.) Thebottompartof
the routingplaneconnectsthe pullup andpulldown chains
to the output(s)of the logic gate. (A similar schemehas
beenproposedin [1].) A singlecomputetile containssev-
eralcells.
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Figure 2. Two possib le layouts for an n-input
cell

+

n−plane p−plane

routing plane

0

Figure 3. General layout scheme for a com-
pute tile
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The standardCMOS implementationof state-holding
operatorsin this technologydoespresentaseriousproblem:
theweakinverterof thestaticizer. Considertheoperatorde-
finedby thetwo production rules:

egfihEj
k fihEl

Without loss of generality, let’s assumethat it is imple-
mentedasegfih l

k fih j h fihEl
m h fihEj

By definitionof astate-holdingelement,thereexist statesin
thecomputationwhere m e O m k holds.In those“floating”
states,thepathto Vdd throughthepullup implementing

k
,

andthepathto GND throughthepulldown
e

arebothcut.
Thevoltagevalueof thephysicalnodeimplementing

h
has

to bemaintainedin otherways.Thegeneralapproachis to
find anotherpathto Vdd andanotherpathto GND to main-
tain the currentvalueof

h
. The simplestandcrudestso-

lution is to adda “staticizer” (or “keeper”). The staticizer
implementationconsistsof always maintainingthecurrent
valueof

h
by addingthe pullup m hnfoh j

andthe pull-
down

hpfqh l
, giving thegate:

e S h fih l
k S m hafih j

Theaddedcircuitry is a feedbackinverterwith input
h

and
output

h
. The difficulty with this solution is that when

the valueof
h

hasto be changed,for instancefrom true
to false,thereis a conflict (a “fight”) between

erfsh l
and m hnfoh j

. Symmetrically, whenthe valueof
h

has
to bechangedfrom falseto true,thereis a “fight” betweenk fth j

and
h\fuh l

. Thereis no logical resolutionto
thoseconflicts;they canonly beresolvedby physicalmeans
by makingsurethat the currentthroughthe pullup imple-
menting

k
and throughthe pulldown implementing

e
is

strongerthanthecurrentthroughthetransistorsof thefeed-
backinverter. This is usuallyachievedby implementingthe
two transistorsof the feedbackinverterashighly resistive
(“weak”), making the currentsthroughthe pullup and the
pulldown of the feedbackmuch smallerthan the currents
throughthe pullup

k
andpulldown

e
. But the weakcur-

rentscannotbe too weak sincethey have to maintainthe
voltageon node

h
in the presenceof possiblyimportant

leakage.
Hence,the correctbehavior of the staticizerrelieson a

two-sidedinequalityrequirementon thefeedbackinverter’s
current. In a technologywherethe physicalparametersof
thedesignarevery hardto controlandthe transistorscan-
not be sized,it would be very risky to rely on the relative
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Figure 4. A two-input C-element implemented
as a majority gate .

strengthsof conductingpaths.We conclude that we will not
be able to use staticizers in nano-technology.

We have to useanothersolutionto maintainthevalueof
theoutputnodesin thefloatingstates.Thegeneralmethod
consistsin identifying thefloatingstatesin which thevalue
of the outputhasto be maintainedandusingthe feedback
inverteronly in those states. Without additionalinforma-
tion, thefloatingstatesarecharacterizedby m e O m k , lead-
ing to thegeneralsolution:e S m k O h fih l

k S m e O m hafih j
���wv&���pYU02-40L�x0L$�'

The Muller C-elementis an essentialbuilding block of
asynchronouslogic. The 2-input C-elementwith inputs y
and z andoutput

h
is definedas:

y{OQz fshEj
m y�O m z fshEl

Theabove transformationappliedto this pair of PRsleads
to the well-known majority-gateimplementation(seeFig-
ure4):

y{OQz&SQy{O h S|z,O h fih l
m y�O m z,S m y�O m h S m z&O m hafih jh fihEl
m h fihEj

For thethree-inputC-element,thetransformationgives:
y�OQz�OQ}&S|y>O h S|z,O h SQ}�O hpf~h l
m ydO m zIO m }IS m ydO m h S m zIO m h S m }IO m h1fqh j
The layoutof theC-elementsin Figure5 shows theuse

of themidsectionof theroutingplanefor feedbackconnec-
tions(usingtheoutput

h
asgateof sometransistors).

4. Read/Write Register

The read/writeregister is used in a standardpipeline
stageof theCaltechAsynchronousMicroprocessor(CAM).
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It is also usedin a slightly different form to implement
general-purposeregistersin theMiniMIPS andLutonium.

As shown in Figure6, in its simplestform, the register
consistsof threeparts: the set/resetlatch maintainingthe
currentvalueof the registerbit P h���h T , the two nand-gates
that constitutethe read part, and the write-acknowledge
(wack) cell that generatesthe acknowledgesignal for the
write handshake. The implementationof the readpart
presentsno difficulty. Theset/resetlatchis implementedas
cross-couplednor-gateswhich do not needrelative sizing
unliketheimplementationwith cross-coupledinverters(see
[7]). Only thewack needssomeattention.Its specification
is

�I� O h S ��� O h f � y�}�� lm �I� O m ��� f � y�}�� j
Thefloatingstatesare m �I� O ��� O m h and �I� O m ��� O m h . In
bothstates,thewrite interfaceis in theprocessof changing
thevaluesof

h
and

h
andthereforetheoutput � yA}�� should

bekepthigh in thefloatingstates.Thetransformationthen
gives

m �I� O m ��� S m �I� O m h S m ��� O m haf � yA}�� j

Now the two guards are complementary. The write-
acknowledge is a combinational gate. Altogethertheabove
designleadsto a compactnanolayout for the register. No
feedbackinverter is needed,the only feedbackbeing that
of the cross-couplednor-gates,and thereareat most two
transistorsin serieson all paths.SeeFigure7.

v&�������p@A02HKJ&%.@A_�0��^F,$,H�')"*�+$

We know that we can implementall computationsthat
don’t requirearbitrationwith just standardcombinational
gatesandthe2-inputC-element.But performancewill suf-
fer, andit takesjust a few additionalcells to allow efficient
circuit implementations.For instance,the C-element,the
set-resetlatchandtheprechargefunctionareenoughto im-
plementthe circuits of the CaltechMiniMIPS as well as
thecircuitsof the CAM even thoughthe two designstyles
aredifferent.Again, theset-resetlatchcanbeimplemented
with cross-couplednor-gates.The precharge function is a
state-holdingcell with two setsof inputs: the input �U� is a
control signalusedto prechargethe outputnode � high in
theneutralstate( m �U� ). Theotherset � of inputsis usedto
computethebooleanfunction � when �U� is high. Function
� is necessarilysmall enoughto fit in a singlepulldown,
andthereforethe numberof inputsof � is alsolimited—
rarelymorethanfour. ThePRSfor theprechargefunction
cell is:

m ��� f � j
����OW� f � l

� f � lm � f � j
Thefloatingstateis �U��O m � . Applying thetransformation
andaftersimplification,weget:

m ����S m �nO m � f � j
����OW��SQ����OV� f � l
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Both boolean expressions � and m � are used
to make the gate combinational.

A symboliclayoutis shown in Figure8 . For example,if �
is thedual-railequalityof y and z , i.e. �1� y � O{z � S�y � O�z � ,
thecomplementof � hasto beimplementedas m y � O m y � Sm z � O m y � S m z � O m y � S m z � O m z � , sinceunfortunately
we canonly implementparallelor-terms. This leadsto 5
parallelpullups.Theaddedcomplexity maybesignificant.
But it shouldbe observedthat the addedpullupsandpull-
downsareusedonly to maintainthevalueof theoutputin
the floating state(s).Therefore,their possiblecomplexity,
which translatesinto a weakdrive ( �U��� current),might be
acceptablesincethoseextra termsare not usedto switch
theoutputbut only to maintainthecurrentvalueof theout-
put. However, the following simplification significantly
improvesthe circuit. It applieswhenever it is requiredto
computethedual-railversionof thefunction,i.e.:

m �U� f � � j
�U��OW� � f � � l

m ��� f � � j
����O�� � f � � l

If theonly floatingstatesare �U��O#� � O m � � for the � � block,
and �U��O�� � O m � � for the � � block, thenwe canstaticize
thePRSas:
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Figure 9. Schematic for a dual-rail function
bloc k

m ����S m � � f � � jm ����S m � � f � � j
with thepulldownsunchanged.Thissimplificationrequires
that m �U��S�� � Sc� � beaninvariantof thesystem.In other
words,theconditionfor applyingthetransformationis that
the function inputs are not reset when �U� is set. A symbolic
nano-layoutfor this solutionis shown in Figure9. Certain
QDI templatesalreadysatisfythis condition. It is the case
for the control/datadecompositionschemeof the pipeline
stageusedin the CAM. (It relies on an easily satisfiable
isochronicityassumption.)OtherQDI templatescaneas-
ily betransformedto satisfytheinvariant. It is thecasefor
the PCHB (“precharge half-buffer”) of the MiniMIPS de-
sign style. Sincethe validity (usuallycalled �LP<�^T ) of the
datainput is alwayscomputed,it sufficesto replacetheen-
ablesignal ��� with �U�2� definedas �LP<�,T�9 ��7 (i.e. ���L� is the
outputof theC-elementwith ��� and �2P4�.T asinputs).

5. Implementing an Adder

Next, we describethe implementationof an n-bit adder
stagein nano. The adderis designedin the samestyle as
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the one usedin the CAM. The basicQDI pipeline stage�I  �.¡ h.¢�£¥¤ ��P h T§¦ canbe implementedas in Figure10 us-
ing the control/datadecompositionapproachof the CAM.
(See,for instance,[7].) As shown in Figure 11, the con-
trol partcanbeimplementedasasimplehalf-buffer (which
canbeassimpleasa C-elementin this case);thedatapath
consistsof a dual-rail registerperbit of input with the two
nand-gatesof thereadpartreplacedby theprechargefunc-
tions computingthe carry andsumfor every pair of input
bits.

In this design,the conditionfor removing staticizersis
satisfiedprovided a mild isochronicityassumptionis ful-
filled, andthereforethe function blocksfor sumandcarry
canusethe derived transformation.The isochronicityas-
sumptionis that thedelayfor thevalid inputsto propagate
from theoutputsof theregistersto theinputof thefunction
blocksshouldbe lessthanthe delayof the adversarypath
consistingof the wacks (in parallel), the completiontree,
andtheC-elementin thecontrol.

Furthermore,in order to avoid propagatingthe control
signal �U� (which is also ¨ª© in this case)to all bits of the
datapath,we canreplace�U� with } � S|} � in all cellsbut the
leastsignificantone,where } � and } � are the pair of bits
implementingthe carry-in. The nano-layoutsfor the carry
andsumfunctionsareshown in Figure12 andFigure13.
Theproductionrulesdescribingthepullupsandpulldowns
of thesumandcarrycellsareasfollows. For thesum:

} � O|P�y � z�T«SQ} � O�P�yW¬� z�T f ­ � l
} � O�P�y � z�T�S�} � O�P�yW¬� z�T f ­ � l
m } � O m } � S m ­ � f ­ � j
m } � O m } � S m ­ � f ­ � j

For thecarry-out:

} � O|y � O|z � SQ} � OQy � SQ} � OQz � f ® � l
} � OQy � O|z � SQ} � OQy � S�} � OQz � f ® � l
m } � O m } � S m ® � f ® � j
m } � O m } � S m ® � f ® � j

6. Isochronic Fork

Once all QDI building blocks have beendefined, the
next stepis to composetheminto a working system. We
leaveasidetheissueof assembling1 into a layoutandcon-
centrateon the critical issueof isochronic forks: Given
the wide timing variationsto be expectedin this technol-
ogy andin nano-CMOS,canwe satisfythetiming require-
mentsof isochronic forks? Although the Async reader
shouldbefamiliarwith theconceptof isochronicfork, there
still exists enoughmisunderstandingabout the natureof
the isochronicityrequirementthat a discussionis in order.
In the past,a simple-to-explain timing conditionhasoften
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beenusedto implementtheisochronicfork; but, in thepres-
enceof importanttiming variations,this sufficient timing
condition is difficult to implementas it relies on a two-
sidedtiming inequality. The designershouldswitch to a
morecomplex but easierto satisfynecessaryandsufficient
condition. This conditionrelieson thenotionof adversary
path. It is a one-sidedinequalitystatingthata singletran-
sitionshouldbeshorterin time thana sequenceof multiple
transitions.

Let us first review how the needfor isochronicforks
arises. A computationimplementsa partial orderof tran-
sitions. In the absenceof timing assumptions,this partial
order is basedon a causalityrelation. For example,tran-
sition

hEj
causestransition ¯ l in state ° if andonly if

hEj
makesguard

k ¯ of ¯ l true in ° . Transition ¯ l is said to
acknowledge transition

hZj
. We donot haveto bemorespe-

cific aboutthepreciseorderingin timeof transitions
hZj

and
¯ l . The acknowledgmentrelation is enoughto introduce
thedesiredpartialorderamongtransitions,andto conclude

that
hEj

precedes̄
l
. In an implementationof the circuit,

gate ± h with output
h

is directlyconnectedto gate ±#¯ with
output ¯ , i.e.,

h
is aninput of ±#¯ .

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
transitionsareacknowledgedis very limited, aswe proved
in [8]. Considerthefollowing examplein whichthespecifi-
cationof thecomputationrequiresanorderingof transitions
on variables

h
, ¯ , and � definedby thesequence:

²³²´² hEjZ¢ ¯ jZ¢ ²´²³² ¢�hEjE¢ � j ²³²´²
Implementingthis sequenceof transitionsrequiresintro-
ducing at least one control variable } to distinguish the
statesin which

hEj
causes̄

j
from the statesin which

hZj
causes� j , leadingto PRsof theform:

}�O h f ¯ jm }&O haf � j
As shown in Figure14,

h
astheoutputof gate ± h is forked

to
h �

, an input of gate ±#¯ with output ¯ , and to
h 6 , an

input of gate ±&� with output � . A transition
hEj

when }
holds is followed by a transition ¯ j , but not by a transi-
tion � j , i.e. transition

h � j
is acknowledgedbut transitionh 6 j is not, andvice versawhen m } holds. Hence,in ei-

ther case,a transitionon oneoutputof the fork is not ac-
knowledged.In orderto guaranteethattheunacknowledged
transitioncompleteswithoutviolating thespecifiedorder, a
timing assumptioncalledthe isochronicity assumption has
to beintroduced,andtheforks thatrequirethatassumption
arecalledisochronic forks[8]. Thebranchof the fork with
the non-acknowledgedtransition is called an isochronic
branch. (Not all forks in a QDI circuit areisochronic.)
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First, it is importantto realizethat the weakest timing
assumptionassociatedwith an isochronicfork is not a re-
lation betweenthe delayson the differentbranchesof the
fork—which would bea very tight assumptionindeed.For
example,in the caseof a fork with two branches,if ºKP<» � T
and ºKP<»§6�T arethedelaysof transition » � on onebranchand
transition � 6 on theotherbranch,the timing assumptionis
NOT that ¼ ºKPX» � T+½¾ºKPX»§6ATU¼E¿xÀ . As alreadymentioned,such
a timing requirementhasbeenusedbecauseof its simplic-
ity. It is sufficient but not necessary, andis very difficult to
fulfill in thepresenceof largeparametervariations,in par-
ticular thresholdvoltages.

In orderto characterizeaweaker timing conditionfor an
isochronicfork to behave properly, let us examinehow a
circuit will fail whena transitionon an isochronicbranch
fails to complete.In ourpreviousexample,assumethat

h � j



x2

Gy y

Gz zc

c

x1

x

Figure 14. The fork (x,x1,x2) is isoc hronic: a
transition on x1 causes a transition on y onl y
when c is true , and a transition on x2 causes
a transition on z onl y when c is false . Hence,
cer tain transitions on x1 and on x2 are not ac-
kno wledg ed, and theref ore a timing assump-
tion must be used to guarantee the proper
completion of those unac kno wledg ed transi-
tions.

causes̄
l
, but

h 6 j doesnot complete.Since
h 6 j doesnot

changethe valueof � , initially the failure of
h 6 j to com-

pletedoesnot causea failure of gate ±&� . But ¯ l causes
a sequenceof transitionsthat will eventually changean-
other input of ±�� , say transition � sincewe do not know
thesenseof this transition.At this point, transition

h 6 j not
having completedwill causea misfiring of ±&� , sincein the
partial-orderspecificationof the circuit,

h 6 j shouldhave
completed.

Hence, the isochronicity assumptionis that transitionh 6 j completesbeforethe sequenceof transitionsstarting
at
h � j

andendingat � . Thissequenceof transitionsdefines
a pathin thecircuit calledtheadversary path of isochronic
branch

h 6 . Theisochronicityassumptionstatesthatthede-
lay ºKP h 6 j T for unacknowledgedtransition

h 6 j to complete
bealwayssmallerthanthesumof thedelaysof the transi-
tions on the adversarypath(including acknowledgedtran-
sition

h � j
).

This is aone-sidedinequalitythatcanalwaysbesatisfied
by makingtheadversarypathlonger.
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Estimatingtransitiondelayscanbetricky. Transitionde-
lay hasessentiallytwo components:thediffusiondelayof
a voltagelevel propagatingalonga wire, andtheswitching
delaywhich is the time for a voltagechangeto cut or tie a
transistorchainconnectingthe outputnodeof an operator
to Vdd or ground. (In our implementationof QDI, an in-
putof a logicaloperatoris alwaysthegateof oneor several
transistors.)Theswitchingdelayis goingto bedifferentde-
pendingwhetherthetransitionis a “cut” or “tie”: To cut an
n-typetransistorchainrequiresa voltagechangefrom Vdd

C

x1_

ro (0−>?)

x2_(1−>0)

lo_ ri_

(0−>1)li li2(0−>1)

li1(0−>1)

ri_ (1)

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

down to below thethresholdvoltageVtn, almosta full 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 voltagechange)a cut may take much
longer thana tie. The isochronicityassumptioncanbe of
two types: “tie-before-tie”or “cut-before-tie,” thefirst one
beingeasierto satisfythanthesecondone.

For instance, the isochronic fork in the control/data
pipeline of Figure 11 is of the type “tie-before-tie.” It is
requiredthat the valid data Ã � and Ã26 tie the transistorsin
� � and �Ä6 beforetheadversarypathstie theenablesignal
through ¨ª© . On the otherhand,the isochronicfork in the
PCHB (precharge half-buffer) which is the main template
in theMiniMIPS (see[7, 9]), is of thetype“cut-before-tie.”
Thedatainputsto thefunctionblock have to returnto neu-
tral (low voltage)hencecutting the pulldown chainof the
functionblock,beforetheneutralityis detectedandtheen-
ablesignalis raised(a tie).
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In theproposedlayoutfor molecularnano,therestricted
wire layout andhighly resistive connectionsmake the im-
plementationof the isochronicity assumptionsomewhat
easier. Let us look at a worst-caseexample,wherethe ad-
versarypathcontainsjustonegate.Theexampleis theCal-
techQ-elementor theactive-active buffer (seefor instance
[7]) shown in Figure 15. We analyzethe isochronicfork
P<Ê<Ë � ÊXË � � ÊXË�6�T . Initially,

h 6 is trueand ¨Ì© is false. In order
to satisfythehandshake specification,transition Ê<Ë j should
not changethe valueof ¨ª© . But sincethe invertedoutput
of the C-elementis the input

h 6 of the nor-gatethe ad-
versarypath ( ÍÏÎ � , C-element,

h 6 ) causestransition
h 6 l ,

which could causetransition ¨ª© j , unlessthe isochronic-
branchtransition Ê<Ë�6 j terminatesbefore

h 6 l . This is one
of the tightestisochronicityrequirementssincethe adver-
sarypathcontainsonly onegate,theC-element.(Sincethe
C-elementis usedwith an invertedoutput in this cell, in
CMOS the outputcould be taken beforethe inverterif the
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Figure 16. Partial layout sho wing the adver-
sary path in dotted line

C-elementis implementedwith a staticizer. However, in an
implementationof theC-elementasa majoritygate,thein-
vertedoutputhasto betakenaftertwo inverters,makingthe
adversarypathsafer.)

The nano-layoutsketchof Figure 16 shows the imple-
mentationof theC-elementwith the two inverters,andthe
nor-gate.(Thenand-gateis omitted.)Theisochronicityre-
quirementtranslatesasfollows. Initially thevoltageon

h 6
is high andthereis a pathfrom GND to ¨ª© alongthepull-
down

k
. Whenthevoltageon ÊXË rises,thepulldown

e
from

GND to ¨ª© mustbetied by then-transistorwith gateÊXË and
the pullup Ð must be cut by the p-transistorwith gate Ê<Ë
beforethe adversarypath(marked by a dottedline on the
figure) cutspulldown

k
by the n-transistorwith gate

h 6
andtiespullup Ð by thep-transistorwith gate

h 6 .

Keepingthe isochronic-branchdelayshortrequiresthat
thelayoutdisciplinedoesnot addextra delaythroughlong
and/orresistivewiresor by connectionresistances.Thelay-
out rule thatplacesthen-planeandp-planesideby sideal-
lows thesamemetalwire to beusedfor all branchesof the
sameisochronicfork provided it all fits within the length
constraintof a metal nano-wire. This layout rule elimi-
natesall extra delayson the isochronicbranchbesidesthe
transitiondelay. Furthermore,thetransformationthatelim-
inatesthestaticizerhelpsmakeall transitiondelaysof simi-
lar lengthby pushingthetransitionvoltagetowardsÑÄÒ)Ò�Ó�6 .

With this precaution,thetiming requirementfor this ex-
ample is that a single transitiondelay (a tie) on a single
metalwire of the isochronicbranchmustbeshorterthan3
transitiondelaysplus9

£ Ð delaysof contactsandwiresfor
theadversarypath. This timing requirementshouldnot be
difficult to fulfill.

7 Oscillating Rings

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

Sincehardwarecomputationsarenon-terminating,each
transition� j is followed,afteranumberof othertransitions,
by transition � l , andvice versa.Sincethe guards

kdÔ
andk ®

of thosetransitionsare mutually exclusive, the chain
of transitionsbetween� j and � l mustcontaina transition
that invalidates

kdÔ
. Hence,transition � j invalidatesitself

throughasequenceof intermediatetransitions.Canwestill
say that

kdÔ
is stable? Is it possiblethat the effect of � j

propagatesthroughthecycle of gatesfastenoughto inval-
idateitself? At theelectricallevel, could thevoltage Õ�P4�)T
stabilizeat anintermediatevaluecloseto Ñ/ÒAÒKÓ�6 ?

Arguing that such a ring of operatorsis not self-
invalidatingis equivalentto arguingthatthering oscillates.
This is an electricalpropertyof the circuit that relatesthe
slew ratesof transitions,the gain of the operators,andthe
numberof operatorson the ring. We will have to require
thatany cycle of operatorsbe implementedwith a number
of stagesat leastequal to a chosenminimum to guaran-
teethat the 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-technology, the minimal numberof operatorson
eachring will have to be determinedbasedon the above-
mentionedelectricalpropertiesof thetechnology.

8 Conclusion

Themainpurposeof this paperwasto establishtheex-
istenceof an efficient QDI logic family given the strict
designrules and large parametervariationsof our target
nano-technology. A contribution of the researchhasbeen
to show that thereexist efficient static implementationsof
state-holdingelementswithout weakfeedbackandwith no
morethantwo transistorsin seriesin thepullups. Suchan
approachwill be of interestfor “extremenano-CMOS”as
well. Also, the isochronicityassumptionhasbeenfurther
refined.

Several issueshave not beenaddressed:(1) As up to
10% of the devices will be unusable(broken wire, stuck
opencontact,etc)defecttoleranceis anintegral partof the
design.Wehavenotpresentedany solutionfor defecttoler-
ance,althoughpreliminaryinvestigationindicatesthat sat-
isfactorystrategiesexist. (2) For theusualdensityreasons,
memoryrequiresspecializeddesign.(Smallmemorieshave
alreadybeendemonstrated.)(3) Input andoutput,aswell
aspower supply, will bedoneat a microlevel, e.g. CMOS.



How to connectnanowiresto themicrolevelCMOSconnec-
tions without increasingthe nano-pitchis a separateissue.
Severalsolutionsexist. (See[4, 1].)
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