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Abstract—Defect tolerance will be critical in any systemwith
nano-scalefeature sizes.This paper examinessomefundamental
aspects of defect tolerance for a recon�gurable system based
on Magnetic Quantum-dot Cellular Automata (MQCA). MQCA
performs logical operations and moves data by manipulating
the polarizations of nano-scalemagnets,hasbeenexperimentally
demonstrated, and operates at room temperature. We consider
how speci�c defectswill impact device functionality. Within this
context, we intr oduce techniques for mapping Boolean logic
functions to a defective system architecture (a recon�gurable
programmable logic array designfor MQCA). Simulation results
show that our new mapping techniquescan achieve much higher
yields than existing techniquesfor nanowir e crossbar PLAs.

I . INTRODUCTION

At present,there are a number of researchefforts that
have focusedon differentdevicesthat might eitherreplaceor
augmentCMOStechnologysuchthat theperformancescaling
trendsthat we have seenfor the last 30 years– and expect
to seefor the next 10-15 years– might continuebeyond the
year 2020. The work presentedhere looks at the Quantum-
dot Cellular Automata(QCA) device architecture– andmore
speci�cally a recon�gurable,systems-level architecturereal-
ized with a magneticimplementationof QCA devices. This
work is basedon the work in [12] and[5], but representstwo
importantstepstoward a realistic,computationallyinteresting
system.First, we show via physical-level simulation what
logical faults we can expect in a physically-realizedQCA-
basedcircuit. We considerhow thesefaults will affect the
functionality of a recon�gurablePLA and proposemapping
techniquesto improve overall yield.

QCA accomplisheslogical operationsand moves datavia
nearest-neighborinteractionsratherthan with electric current
�o w. A given implementationcould potentially lead to fast
and/orlow power circuitswith nanometerfeaturesizes.Differ-
ent implementationsarebeingresearchedandincludedevices
basedon a metal-dotstructure[1], individual molecules[22],
and semiconductortechnology[17]. A magneticimplemen-
tation of QCA is also possible.For nanomagnet-basedQCA
(MQCA), wires, gates,and inverters,operatingat room tem-
perature,have all beenexperimentallyrealizedandveri�ed. It
hasbeenestimatedthat if 1010 nanomagnetsareadiabatically
switched108 times eachsecond,they should only dissipate
approximately0.1Wof power [14]. MQCA will beconsidered
in moredetail aspart of a casestudy to be presentedlater.

Of course,it is also well recognizedthat any circuit with
nanometerfeaturesizeswill almostcertainlybemoredefective
thanwhat we have cometo expect from previous generations

of CMOS-basedcircuits. Largely for this reason,many re-
searchgroupsstudyingemerging technologieshave proposed
speci�c recon�gurablelogic structuresandinvestigatedmeans
to mapBooleanfunctionsto redundant,recon�gurablearchi-
tectures[6], [26], [24]. A programmablelogic array (PLA)
structurefor QCA wasintroducedin [12] while QCA-speci�c
defectand fault modelingwasstudiedby the authorsof [5].

Thework presentedin thispaperformsabridgebetweenthe
effortsof [12] and[5] by providing importantobservationsand
necessarytools that areuseful for moredetailedandrealistic
estimationsregarding whether or not QCA will ultimately
offer performancewins at the systems-level. Speci�cally, we
examinedifferent typesof faults that we would expect given
a realizedMQCA circuit. It will be shown that certain type
of functional faults in QCA PLAs have not beenencountered
beforeand proper treatmentsof suchfaults can signi�cantly
impactPLA yields. Using thesespeci�c faultsascontext, we
introducetwo approachesto mappingBooleanlogic functions
to a faultyQCA-basedPLA with redundantrows andcolumns.
The approachesallow a tradeoff betweenmappingalgorithm
ef�ciency andresultingPLA yield.

We begin in Sec.II by discussingthe experimentalstateof
the art and the QCA-basedPLA design.We review mapping
techniquesfor nanowire crossbarsin Sec.III as we leverage
this work in our proposedmappingmethodology. In Sec.IV,
we illustrate what faults we might expect for MQCA using
physical-level simulation.In Sec.V we presenttwo different
methodologiesfor mappinglogic functionsto the QCA-based
PLA design.We presentour results in Sec.VI and discuss
future work in Sec.VII.

I I . BACKGROUND

A. QCA Basics

The initial descriptionof a QCA device calledfor encoding
binarynumbersinto cells thathave a bi-stablechargecon�gu-
ration.A QCA cell wouldconsistof 2 or 4 “chargecontainers”
(i.e. quantumdots)and1 or 2 excesschargesrespectively. One
con�guration of charge representsa binary `1' and the other
a binary `0' [16]. Logical operationsand datamovementare
accomplishedvia Coulomb(or nearest-neighbor)interactions.
QCA cellsinteractbecausethechargecon�gurationof onecell
altersthe charge con�guration of the next cell. In a magnetic
implementationof QCA, charge con�gurations are replaced
with magneticpolarizationsof single domain magnets.We
note that the rest of this sectionwill be devoted to MQCA-
basedcircuit building blocks in order to lay the foundation
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Fig. 1. Cartoonrepresentationsof a wire segment(a), a majority gate (b),
and a crossover (c). Wire segmentshave beenexperimentallydemonstrated
(d) ashave majority gates(e). Crossoversfunctioncorrectlyin simulation(f).

for the casestudyto be presentedin Sec.IV. For moredetail
aboutelectrostaticimplementations,we refer thereaderto [1],
[22], [17], and [11].

Fig. 1 illustratesthreeimportantbuilding blocksfor MQCA
circuits. A wir e (Fig. 1a) is just a line of magnetsthat are
antiferromagneticallycoupledwith eachother. This structure
hasbeenexperimentallydemonstrated(Fig. 1d) and operates
at room temperature[2], [4]. The basiclogic gate in MQCA
is basedon themajority voting function– wheretheoutputis
the logical value associatedwith the majority of the 3 input
devices.By settingoneinputof amajoritygateto a logic `0' or
`1', thegatewill executeanANDor ORfunction,respectively.
Note that in MQCA, the gateis actuallyan inverting majority
gate (Fig. 1b). This structurehas also been experimentally
demonstratedand operatesat room temperature(seeFig. 1e,
[14]). Structureshave also beendevised to crosstwo signals
in the plane by leveragingmagnetsshapedso that they can
representtwo bits of information simultaneously(Fig. 1c)
[19] – as the diamond-shapedmagnetshave no preferred
magnetizationandarereadilyin�uencedby thelogical stateof
its neighbors.This structurehasnot yet beenexperimentally
demonstrated,but no exotic shapesarerequiredandthedesign
hasbeenveri�ed via micromagneticsimulation[19].

B. PLA Design

By using the device architecturejust discussed,a recon-
�gurable PLA architecturewasintroducedin [12]. We brie�y
review thecoreof thisdesignhere.TraditionalMOSFETPLAs
have beenmadefrom NANDor NORlogic. Due to the unique
operationof QCA wires and gates,the QCA PLA discussed
in [12] usesANDandORlogic. A schematicof onePLA cell
for the ANDplaneis shown in Fig. 2a.

A PLA cell is equivalentto acrosspointin a traditionalPLA.
Th PLA cell structurecontainsa re-programmableselectbit
(denotedby “Select” or “S”) and two majority gates– one
con�gured to act asan ANDgateand the othercon�gured to
function asan ORgate.Referringto the layout in Fig. 2b:

if S=0, (Implicant Out) = (Literal In) � (Implicant In)

(b)

(a)

Implicant
In

Literal
In

Implicant
Out

Select

AND gate (0)

OR gate (1)

SelectLiteral In

Implicant In Implicant Out

(c)

(d)

Function
In

Implicant
In

Function 
Out

Select

AND Gate

Middle Wire

Literal Wire

Implicant Wire

AND Wire

OR Wire

Select Wire

Implicant Wire

OR Gate

Fig. 2. (a) QCA ANDPlaneCell Schematic,(b) ANDPlaneCell Layout, (c)
QCA ORPlaneCell Schematic,(d) ANDPlaneCell Regions.

if S=1, (Implicant Out) = (Implicant In)
Thus,if S=0, the PLA cell actsasan ANDgate(logic mode),
and if S=1, the PLA cell will act asa wire (wire mode).The
ability to conditionallyseteachselectbit makes the PLA re-
programmable.In the ORplane,the position of the ANDand
OR gates in one “cell” is reversed(Fig. 2c). The selectbit
shouldbe set to 1 for logic modeand0 for wire mode:

if S=1, (FunctionOut) = (Implicant In) + (Function In)
if S=0, (FunctionOut) = (Function In)

By leveragingthestructuresjust discussed,it is relatively easy
to constructthe logic requiredfor a PLA of arbitrarysize.We
refer the readerto [5] for moredetailedexamples.

C. Faults and the QCA PLA Design

Employing thewell known stuck-atfault model,theauthors
in [5] studied the impacts of such faults on system-level
functionality. They showedhow stuck-atfaultswould logically
affect different parts of the PLA. Besidesthe faults similar
to conventionalPLA structuressuchas broken literal wires,
QCA PLAs may have someuniquefault types.For example,
if a stuck-at-1fault occursin theSelectWire region of a PLA
cell (seeFig. 2a,d) that needsto be programmedinto logic
mode,the fault doesnot adverselyaffect the behavior, since
the selectbit still outputsa “1” asrequired.Also, a PLA cell
operatingincorrectly doesnot necessarilyruin the operation
of an entirerow. The logic implementedin the PLA cantake
on many patterns,allowing for the use of faulty PLA cells.
Similarly, if a stuck-at-0fault occurson the Literal Wire, the
PLA cell canbe programmedto wire mode,andit would still
be useful for generatingan implicant.

I I I . RELATED WORK

In this section,we �rst brie�y review existing PLA fault
toleranceresearch.We thendiscussonespeci�c PLA mapping
approachin moredetail as it forms the basisof our mapping
work for QCA PLAs.

For MOSFET PLAs, the crosspointfault model was de-
velopedas a more accuratemodel for PLA faults [25]. The
crosspointfaultsbetterencompassthe fault behaviors speci�c
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to PLAs. However, the crosspointmodel is not suf�cient for
many nano-scalePLAs, as there are nano-scaledefectsand
faultsnot presentin MOSFETPLAs.

In termsof redundancy, therewas a greatdeal of research
effort put into MOSFET PLA repair in the 1980sand early
1990s.The idea of mappingto PLAs was not as developed.
For the repair process,redundantrows were introducedto
replaceprogrammedrows that were defective. Therewere a
few researchefforts that did look at fault detectionandmade
strides towards full mapping. In [7], a �eld-programmable
PLA (FPLA) wasdesignedwith �x ed inputsandoutputs,but
the implicant termshad full arrangement�e xibility . Using a
bipartite graphrepresentationof the FPLA, a matchingalgo-
rithm could be usedto determinesuccessfulmappingsof the
desiredBooleanfunctions.Beyond that,mostof the mapping
and resourceallocationwork moved on to FPGAs.However,
the popularity of re-programmablePLAs is increasingagain
in the areaof emerging nanotechnologies.

We areawareof onefault studyspeci�cally for QCA PLAs
[5]. This work provides a fault model, and gives a brief
yield study. However, the yield analysisdoes not consider
the mappingof benchmarks.Instead,a simpli�cation is made
in order to get �rst-order yield numbers for PLAs of a
generalsize.A morecompletenano-scalePLA faultmodelhas
beenadoptedin the context of nanowire crossbars[6]. While
not speci�c to QCA, we can leveragePLA-basedmapping
techniquesdevelopedfor otheremerging technologies.

In [24], a resource allocation method is proposed for
nanowire crossbarPLAs. This nanowire crossbararchitecture
is similar to the one discussedin [10]. At a high level,
this approachconsists of two major steps: (i) model the
given Booleanfunction andthe PLA structureastwo graphs,
and(ii) determinea graphmonomorphismmatchingbetween
the two graphs.This approach allows for rearrangement
�exibility of inputs and outputs as well as implicant
terms, resulting in more possible mappings and higher
yields as compared to the mapping algorithm given in
[7]. However, more rearrangement �exibility leads to a
more computationally intensive mapping algorithm. While
other research projects attempt to reduce computation
time thr ough differ ent heuristics in the mapping algorithm
[23], our goal is to impr ove the algorithm to identify more
possible mappings. We review the work from [24] in more
detail below sinceit is closely relatedto our work.

The graphs used to model the sum-of-productBoolean
functionsandthePLA structurebothtake theform of back-to-
backbipartitegraphs.More speci�cally, therearethreelayers
of verticesS1, S2, andS3. Edgesaredirectedandonly allowed
from verticesin S1 to S2 andfrom S2 to S3.

For the graph representationof Booleanfunctions,which
will be referred to as the Logic Graph (LG), vertices in
S1 correspondto input literals, vertices in S2 correspond
to implicants, and vertices in S3 will correspondto output
functions.Edgesbetweenthe verticesin S1 andS2 represent
the combination of literals into implicants using the AND
Boolean operation. Edges betweenvertices in S2 and S3

representthe combinationof implicants into functionsusing
the ORBooleanoperation.As an example LG, considerthe
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Fig. 3. Logic GraphRepresentation.The logical functionsS = W X + X Z
andT = W X + W Y 0 arerepresentedin graphform.

two following sum-of-productfunctions:S = W X + X Z and
T = W X + W Y 0. The graph representationof thesetwo
logic functions is shown in Fig. 3. For the representationof
Booleanfunctions,thereareno extra edgesor verticesbeyond
the minimum neededto representthe logic.

The graphfor the nanowire crossbar-basedPLA structure,
referredto astheCrossbarStructur e Graph (CSG), captures
both redundantnanowiresanddefectsin themodel.To create
a CSG fr om a fabricated PLA structur e, information must
®rst be obtained fr om a fault-detection procedure. For
the pusposesof this paper, many example faulty PLA
structur es are created digitally , and the fault-detection
information is considered accurate and complete(seeSec.
VI). If thereareno defectsin thenanowire crossbarstructure,
the representative back-to-backbipartite graph would have
vertices in S1 equal to the inputs, vertices in S2 equal to
implicant rows, and vertices in S3 equal to outputs in the
PLA. In addition,the graphwould be a completegraph.

However, large collections of nanowires are unlikely to
have zerodefects.Therearethreemain defectsthat affect the
nanowire crossbar:broken nanowires, stuck-opencrosspoints,
andstuck-closedcrosspoints.Sinceeachdefectcausescertain
resourcesto be faulty, they mustbe re�ected in the CSG.As
anexample,Fig. 4aillustratesa defective PLA with 5 inputs,5
implicantrows,and3 outputs.Therearetwo brokennanowires
shown as broken lines. Thereare two stuck-opencrosspoints
indicatedby an`X' for each.Finally, thereis onestuck-closed
crosspointshown asa dark square.

To createa CSGthatrepresentsa defective PLA structure,a
completebipartiteis initially usedbut certainrulesareapplied
to remove edgesand vertices basedon the defect pattern.
Verticesin the graphcorrespondto nanowires in the crossbar,
while edgesbetweenvertices correspondto crosspointsin
the crossbar. For broken nanowires, the correspondingvertex
mustbe removed (andthusall adjacentedges).For nanowire
crosspointsthat have a stuck-opendefect, the corresponding
edge must be removed from the graph. While there is no
discussionof stuck-closeddefectsin [24], thereis mentionof
thesedefectsin [10] alongwith a schemethat canbe usedto
modify the structuregraph.All nanowires that are connected
througha stuck-closedcrosspointareremoved from thegraph
representationand are insteadusedto route a single signal.
For the sake of the mapping,both verticesand all adjacent
edgesare removed from the structuregraph.Fig. 4b shows
the CSGfor the PLA structurein Fig. 4a.

Oncethegraphfor thedefective nanowire crossbarstructure
has beengenerated,a mappingcan be achieved by �nding
a monomorphismbetweenthe graphs[24]. We refer to this
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Fig. 4. (a) A defective and redundantnanowire crossbarstructure.The
AND planeis 5x5 cells, and the OR planeis 3x5 cells. Thereare 5 faults.
(b) CrossbarStructureGraphRepresentation.Verticesand edgeshave been
removed basedon the locationand typesof PLA cell faults.

mapping method as the Crossbar Based PLA Mapping
Method (CBPM method). This method includes both the
generationof the structuregraphfrom the known defectsand
the useof monomorphismto �nd a matching.According to
[24], the authorsusedan implementationof monomorphism
matchingdiscussedin [3].

IV. MQCA CASE STUDY

Regardlessof implementation,almost every QCA device
will be defective in that it deviates from its ideal shape,
location,or orientation.For example,uponexaminingFigs.1d
and1e, it is obvious that noneof the fabricatedmagnetshave
the ideal “rounded rectangle”shapeespousedin [15]. That
said, successfulexperimentsand simulationsclearly indicate
thatdefectsmustreacha certainseverity beforea fault occurs.

Becausefabricationvariationsdo not always lead to faulty
QCA devices,the authorsof [5] introducethe term “Effective
Defect Rate” (EDR), to quantitatively capturethe impact of
QCA defectson device functionality. In otherwords,theEDR
of defect type x is the probability that the occurrenceof
defectx causesa QCA device to malfunction.Like the work
presentedhere,the authorsof [5] alsoperformedan MQCA-
basedcase study and reported that nanomagnetscould be
misshapenand still producethe correct logical polarization.
Thus,EDRsshouldbesigni�cantly lower thantheprobability
of simply seeingfabricationvariation from device to device.

That said, somefabricationvariation will result in logical
faults as discussedin Sec. II-C. While [5] enumeratedwhat
faults might be associatedwith the various implementations
of the QCA device architecture,and suggestedwhat faults
might be associatedwith speci�c implementations,it did not
presentany speci�c experimentalor simulation-basedevidence
that would con�rm theseprojections.We do this here for
MQCA andwill leveragethis informationin Sec.V to consider
different methodologiesfor mapping logic to a PLA in the
presenceof faults.

A. SimulationMethodology

For our simulations,we considerhow localizedfabrication
variationmight affect data�ow. We choseto take this approach
asopposedto the digitization approachdiscussedin [5] after
contactingthe authorsof [14] to betterunderstandwhat their
scanningelectron microscope(SEM) imagesactually illus-
trated.Essentially, the imagesarea top-down view. However,
they do not provide accurateinformation about nanomagnet

Fig. 5. Operatingschemeof a wire: (a) initial con�guration, (b) high-�eld
(“null”) state,(c) after theapplicationof the input, andthe �nal orderedstate.

shape,since variation in the third dimension is not clear.
Basedon our discussions,we determinedthat a bettercourse
of action was to use the two dimensionalSEM imagesto
provide moregeneraldefectinformation.For example,notice
that someof the magnetsfrom the wire in Fig. 1d clearly
have a “slanted” edge.We took this information,andcreated
a defective nanomagnetshapethat is representative of this
misshapenness(Fig. 6a). Dependingon the severity of this
slant, we have discovered that a magnetmay or may not
transmit data correctly (see Sec. IV-B). Empirical evidence
basedon experimentaldatapresentedin [15] corroboratesthis
observation.

We simulatedMQCA wires (Fig. 1d) and gates(Fig. 1e)
using the NIST-developed micromagneticsimulator called
OOMMF [8]. The testsincludeda clock that took the form of
a periodically oscillating external magnetic�eld that drove a
systemto an initial state,andthencontrolledthe relaxationof
thesystemto a groundstate.Conceptually, a magnetic�eld is
appliedalongthehard(or shorter)axesof agroupof nanomag-
nets.For example,Fig. 5a illustratesa wire of nanomagnets
that has relaxed to a logically correct,antiferromagnetically
coupledgroundstate.In Fig. 5b, the external �eld turns the
magneticmomentsof all magnetshorizontally into a neutral
logic stateagainstthepreferredmagneticanisotropy (i.e.along
the hard axes of the magnets).This is an unstablestateof
the system,and as the �eld is removed, the nano-magnets
relax into a new antiferromagneticallyorderedgroundstatein
accordancewith the new input (Fig. 5c).

As theclockwill berequiredfor functionalcircuits,wehave
also carefully studiedthe clocking circuitry proposedin [19]
to model the time evolution of a given circuit as realistically
as possible.When we attemptedto mimic wire switching
experimentssimilar to those discussedin [19] and [5], we
found that our wires would not switch correctlyand retained
someof the remnantmagnetizationassociatedwith the previ-
ous computation(seeFig. 6b). Upon closerexamination,we
determinedthat in the previous work, the authorsterminated
theirwire segmentswith ablockof magneticmaterialto mimic
an in�nitely long wire andassistwith the removal of remnant
magnetizations.Ultimately we mustensurethat remnancecan
be removed by having the last magnetof one wire group
couple to just the �rst magnetof the next. To achieve this
goal,we have developeda modi�ed clockingschemethatstill
leveragesthestructuresproposedin [19], but alsosuccessfully
removesremnance.A detaileddiscussionis beyond the scope
of this paper, but we note that two adjacentwires will be
excited simultaneously(seeFig. 6c). By exciting the second
wire, thelastmagnetin GroupA cancoupleto the�rst (nulled)
magnetin GroupB. This processis repeatedfor GroupsB and



5

A B C

A

B

C

a.

b.

c.

d.

e.

Misshapen

Fig. 6. (a) Experimentallyrealizedmagnetshave slantededges,(b) The
6th magnetin this chain doesnot have the correctpolarization.The rest of
the magnetsin the wire (7-11) are still in their initial ground state.(c) 3
clocked groupsof magnets(A-C); 2 groupsare excited simultaneously. (d)
Wire with misshapenmagnetin a logically correct ground state.(e) When
input is changed,misshapenmagnetpreventsdatapropagation andinducesa
stuck-atfault.

C, etc. We use this more realistic methodologyto study the
effectsof defectson successfuldata�ow.

B. SimulationResults

We now considerhow a magnetwith a misshapenedge
might affect signal propagation. For this discussionwe con-
sider an 11 cell wire initialized to a logically correctground
state(seeFig. 6d) and assumethat the �rst magnetin this
imageis the last magnetin GroupA. GroupB (magnets2-6
of Fig. 6d) and Group C (magnets7-11 of Fig. 6d) would
be clocked as illustratedin Fig. 6c. Thus,we simultaneously
excite GroupsA and B and �ip the magnetin Group A. We
then remove the clock �eld associatedwith Group A and
turn on the �eld associatedwith Group C. (Thus, Groups
B and C are excited simultaneously.) The desiredresult of
thesesimulationsis to seethe magnetsin GroupB switch in
accordancewith the polarizationof the magnetin Group A.
However, asseenin Fig. 6e,while the �rst magnetsin Group
B do switchcorrectly, whenthesignalarrivesat themisshapen
magnet,the signaldoesnot continueto propagatethroughthe
wire. This is becausethe nulling �eld doesnot suf�ciently
remove the remnantmagnetizationassociatedwith the initial
groundstate.The net result is a “stuck at” fault. Depending
on the initial stateof the wire and wherethe defectis, stuck
at zeroandstuckat one faultsareobviously possible.

V. MAPPING TO FAULTY QCA PLAS

In this section,we presenttwo approachesto mappinga
givenlogic functionto aPLA with thestuck-atfaultsdiscussed
above. Such a PLA may have redundantrows and columns
to improve yield. The �rst methodis a natural extensionto
the graphmatchingapproachproposedfor nanowire crossbar
PLAs [24]. Thoughthe extensionis simpleto implementand
quite effective, it is still rather pessimisticin terms of PLA

yields. That is, it may deem a PLA cannot implement the
given functionseven thoughan implementationdoesin fact
exist. Thesecondapproachexploits theuniquefeaturesof the
faults in QCA PLAs to constructnew graphmodelsfor the
mappingproblem,andhenceallows for a moreversatileusage
of faulty crosspoints.Much higheryields canbe achieved by
the secondapproachaswill be shown in Sec.VI.

A. ExtendingCrossbar-BasedPLA Mapping to QCA PLAs

The CBPM methoddiscussedin Sec.III can be extended
to map Booleanfunctions to QCA-BasedPLAs. Recall that
the CBPM methodbasicallyconsistsof two major steps:(i)
constructingthe crossbarstructuregraph (CSG) for a given
PLA arrayand the logic graph(LG) for given Booleanlogic
functions, and (ii) applying a monomorphismalgorithm to
matchthe LG to the CSG.In extendingthis methodto QCA
PLAs, the key lies in how to correctly capturethe different
typesof faultspresentin a QCA PLA in the structuregraph.
We give the detaileddiscussionbelow.

At the level of QCA PLA cells, there are three major
categoriesof faults.That is, eachfaulty PLA cell is either(a)
stuck in wire mode, (b) stuck in logic mode, or (c) completely
unusable. The crossbardefectsare very similar. Crosspoints
canbe (a) stuck-open,(b) stuck-closed,or (c) a nanowire can
be broken. Becauseof this similarity, only a small change
needsto be madeto the CBPM method

To handlethe faults in QCA PLAs, we proposeto extend
the graphmodel usedfor crossbarPLAs (seeSec.III) such
that the samemonomorphism-basedgraphmatchingcan still
beapplied.TheCSGmustbemodi�ed, while thesameLG can
be used.We refer to the new graphas Enhanced Crossbar
Structur e Graph (ECSG). For a given faulty PLA, we
constructtheECSGasfollows: we startwith a completeback-
to-back bipartite graph where vertices representthe inputs,
rows, andoutputsof the PLA, andedgesrepresentPLA cells.
We then examine each fault in the PLA to decide which
verticesand edgesmust be removed to re�ect the faults in
the PLA structure.

If a QCA PLA cell is stuckin wire mode,thecorresponding
edgein the ECSGis removed. This is identical to the CSG
for stuck-opendefects. If a QCA PLA cell is completely
faulty, again, the correspondingedge is removed. However,
there is an additionalconsequence.Becausethe PLA cell is
completelyfaulty, anything that dependson the outputof that
PLA cell will alsobefaulty. Thismeansthatnosignalcanpass
throughthe row or columnthat the cell's output is connected
to. For theECSG,this meansthat thevertex pointedto by the
correspondingedgemustbe removed. Any edgesadjacentto
the vertex mustalsobe removed.This is identicalto the CSG
for a broken nanowire defect.

Thethird defectis thestuck-closedcrosspoint.While a PLA
cell stuck in logic modeis similar, the consequencesfor the
ECSGare very different. In the caseof a nanowire crossbar,
a stuck-closeddefectmeansthat two nanowiresareconnected
acrossa low-resistancecrosspoint.It is necessaryto remove
both wires from the mappingrepresentationandmapa single
signal instead.The sameis not true for a PLA cell stuck in
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Fig. 7. (a) A defective andredundantQCA PLA structure.The AND plane
is 5x5 cells, and the OR planeis 3x5 cells. Thereare5 faulty cells. (b) The
ECSGfor this defective PLA structure.Verticesandedgeshave beenremoved
basedon the locationand typesof PLA cell faults.

wire mode.This fault only meansthat the cell will perform
a logical operationon the two crossingsignals.There is no
reasonto remove both the row and column wires. Instead,a
QCA PLA cantreatthis in thesameway it treatsa fully faulty
PLA cell. Only the wire that is connectedto the outputof the
faulty PLA cell will be faulty.

Weuseasimpleexamplebelow to illustratetheconstruction
of an ECSG.A QCA PLA structureis given in Fig. 7a with
faults that correspondto the defectsgiven in the example
shown in Fig. 4a. Like the example nanowire structure,the
QCA PLA has5 inputs,5 implicantrows,and3 outputs.There
area total of 5 faulty PLA cells.Two arefully faulty (thedark
squares),two arestuckin wire mode(thesquareslabeledwith
W), and one is stuck in logic mode(the squarelabeledwith
L). The resulting graph in shown in Fig. 7b. The two fully
faulty cells lead to the removal of vertex H and P and their
adjacentedges.The stuckat logic fault causedthe removal of
vertex K and its adjacentedges.The two stuck at wire PLA
cells causedthe removal of edges(C; G) and(M ; R).

In summary, the graphrepresentationof a defective QCA
PLA structurecanbe generatedin a similar way asthat for a
defective nanowire crossbar. Fully faultyPLA cellscorrespond
to brokennanowires.PLA cellsstuckin wire modecorrespond
to stuck-opencrosspoints.

Finally, PLA cells stuck in logic mode are treated in a
somewhatdifferentmanner. BecausetheECSGthatrepresents
the faulty QCA PLA is a back-to-backbipartite graph,map-
ping logic to a QCA PLA structurecan be done using the
samematchingalgorithm[3] asfor nanowire crosspoints.We
call this whole procedure,from the graph generationto the
matchingof the graphs,the EnhancedCrossbarBasedPLA
Mapping Method (ECBPM method). We will discussthe
effectivenessandef�ciency of theECBPMmethodin Sec.VI.

B. Yield-IncreasingMapping for QCA PLAs

Thoughthe ECBPM methoddiscussedin Sec.V-A is easy
to implementandquite ef�cient in termsof �nding mappings
(to be shown later), it can be rather pessimisticin terms of
yield. This is due to the fact that QCA PLA cells are just as
likely to becomestuck in logic modeas in wire mode– but
a much larger numberof edgeswould be removed from the
ECSGfor a stuckin logic fault thanfor a stuck-in-wirefault.
Such removals could signi�cantly hurt defect toleranceand
yield comparedto what could be achieved by a mappingthat
treatsstuck-in-logic faults more intelligently. In this section,

we introducea new methodof dealing with stuck in logic
faults,which leadsto PLA mappingswith higheryield.

Before introducingour new method,let us �rst review the
implicationsof the edgesin the LG and ECSG.An edgein
an LG representsthe existenceof a logic function (AND or
OR). An edge in the ECSG representsthe capability of a
programmablePLA cell beingprogrammedinto a logic gate.
If this edgeis matchedto an edgein the LG, the respective
PLA cell is programmedinto a logic gate. Otherwise,the
PLA cell is programmedinto a simple wire. If a PLA cell
is stuck at logic, it could still be usedproperly if this cell
“happens”to beselectedto functionasa gate.Therefore,if we
could distinguishthe edgesin a PLA structuregraphbetween
wire modeonly, logic modeonly, or both modes,it would be
possibleto matchtheseedgesin a more intelligent manner.

We now introduceour new graphmodel.We usea QCA-
based PLA Structur e Graph (QSG) to representa QCA
PLA. Theverticesin a QSGarederivedthesameway asthose
in a CSG. That is, literal wires correspondto the �rst layer
of vertices, implicant wires correspondto the secondlayer
of vertices,and output wires correspondto the third layer of
vertices.Betweenany two verticesin theadjacentlayers,there
may exist an edgeof oneof the following threetypes:

� Type 1: The PLA cell is fault free
� Type 2: The PLA cell is stuck in logic mode
� Type 3: The PLA cell is stuck in wire mode

Fig. 8ais theQSGfor thePLA structuregivenin Fig. 7a.Due
to the two completelyunusablePLA cells, verticesH andP
and their adjacentedgesaremissingfrom the QSG.The two
stuck at wire PLA cells give the two dottededgeswhile the
one stuck at logic PLA cell resultsin the one dashededge.
Comparedwith theECSGin Fig. 7b, theQSGhasmoreedges
andvertices.

To leveragethe graph monomorphismalgorithm, we also
modify the way that a Boolean logic function is modeled.
Insteadof modelingonly the logic functionsas edgesin an
LG, wemodelboththelogic functionsandthesignalpassages.
Speci�cally, we introducea new graphcalled the Complete
Logic Graph (CLG). Similar to the LG, the CLG is a back-
to-backbipartitegraphwherethe �rst layer verticesrepresent
the literals in the given function, the secondlayer vertices
representthe implicants,andthe third layer verticesrepresent
the functions.Different from an LG, the CLG is a complete
back-to-backbipartitegraph.A subsetof theedgescorrespond
exactly to the edgesin the LG and are called Type 2 edges,
while the restof the edgesarecalledType 3 edges.The CLG
correspondingto theexampleLG in Fig. 3 is shown in Fig. 8b.
Type 2 edgesareshown asdashededgeswhile Type 3 edges
areshown asdottededges.

Mapping a given set of Boolean logic functions to a
QCA PLA structure can now be solved by employing a
monomorphismmatching algorithm for attributed relational
graphs(ARG). In particular, the edgestypes are treatedas
attributes such that Type 2 edgescan be matchedto either
Type 1 or Type 2 edgeswhile Type 3 edgescan be matched
to either Type 1 or Type 3 edges.By incorporating these
attributes,we do not prematurelyeliminatecertainedgesand
henceincreasethe probability of �nding a matchingbetween
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Fig. 8. (a) The QSG correspondingto the QCA PLA structurein Fig. 7a.
Thesolid edgesrepresentPLA cells thatcanbeprogrammedinto eitherlogic
or wire mode(Type 1), while the dashededgesrepresentthe cells that are
stuck in logic mode(Type 2), anddottededgesrepresentcells that arestuck
in wire mode(Type 3). (b) The CLG correspondingto the LG in Fig. 3. The
dashededgesshow the logic to be mapped(Type 2), while the gray edges
show which connectionsneedto passsignals(Type 3).TABLE I

PLA Y IELD FOR MAPPING TWO BOOLEAN FUNCTIONS TO AN (8,6,4)
PLA USING ALL THREE METHODS

Fault Rate 1% 5% 10%

CBPM 100% 92.3% 63.0%

ECBPM 100% 94.4% 71.5%

QCAPM 100% 99.4% 94.5%

the CLG and QSG. Thereexist both exact and approximate
algorithmsfor ARG monomorphismmatching(e.g. [3], [9])
which can be readily applied to solve our PLA mapping
problem.Elaboratingon the innerworking of suchalgorithms
is beyond the scopeof this paper.

We would like to point out that our new QSG/CLGbased
PLA mapping technique(referred to as QCA-based PLA
Mapping Method (QCAPM method)) does lead to more
complex graphshaving to bematched.This couldsigni�cantly
increasethecomputationtime for solvingtheARG monomor-
phism problem for large problem instances.For such cases,
approximatealgorithmsshouldbe usedinsteadof exact ones.
We will use experimentaldata to illustrate the effectiveness
andef�ciency of our new QCAPM approach.

VI . EXPERIMENTAL RESULTS

In this section,we usea setof experimentsto evaluatethe
different PLA mappingmethodsdiscussedin this paper, i.e.,
the original CBPM method,the improved ECBPM method,
and the new QCAPM method.We focus on two important
aspectsin comparingthesemethods:potentialyield for QCA-
basedPLAs andruntimeef�ciency.

The�rst setsof experimentsthatwe ranwereaimedat com-
paringthe yields possiblefor the threemappingmethods.For
thepurposeof completeanalysis,westartedwith averysimple
set of Booleanfunctions.The �rst test utilized the Boolean
functionsin Fig. 3. To implementthesetwo Booleanfunctions,
four inputs and three implicantsare required.Therefore,we
decidedto mapthefunctionsto adefectivePLA of size(8,6,4).
We created1,000 PLA structureswith random faults, and
attemptedto map the functions to the test structures.Fault
ratesof 1%, 5%, and10%wereusedduring thegenerationof
the faulty PLAs. Resultsarepresentedin Table I.

The yield resultswereobtainedusingan exhaustive search
of matchingsbetweentherepresentative structureandfunction

graphs.All threemethodsfound successfulmappingsfor the
entire set of 1,000 test PLAs when the fault rate was set at
1%. The test was performedon an (8,6,4) PLA, which has
48 crosspointcells in the ANDPlaneand 24 crosspointsin
the OR Plane.Since there are only 2 Boolean functions, 3
implicants,and4 literals to maponto the PLA structure,it is
unlikely that having only 1% faulty cells out of 72 will lead
to an unsuccessfulmatching.At a 5% fault rate,all methods
exhibited at least a few casesout of 1,000 tests without a
successfulmatching,andeven moreso at a 10% fault rate.

Theresultsshow that theQCAPM methodis quiteeffective
in providing higheryields thanthe othermethodsdo. Even at
10% faults,the QCAPM methodhada yield over 94% while
the two crossbar-basedmapping methodshad yields much
lower. We expectedthis, sinceour approachcanutilize cross-
point that are stuck in wire and logic modemore effectively
than the other approaches.The two crossbar-basedmethods
seea drop in yield morequickly as the fault rate increases.

The most commonarchitecturalbenchmarks,however, are
much larger than just two Booleanfunctions.Sincethe exact
graph monomorphismalgorithm used in our tool suite is
exponentialin time complexity, asthebenchmarkincreasesin
sizethemappingwill soonbecomeinfeasibleif anexhaustive
searchis used.Therefore,we have implementeda runtime
cutoff to stop searchingfor a successfulmatching after a
certain period of time. This is a commonstep taken when
trying to mapontoreprogrammablelogic. Stoppingthesearch
after a certainperiodof time will reducethe numberof tests
that return a successfulmatching, resulting in a reduction
in the yield. However, there will generallyonly be a small
numberof teststhat will incorrectly seefailure becausethe
cutoff wastoo small.Most failureswith thecutoff will still be
failureswithout the cutoff. Generally, if the cutoff is reached
but there is a solution, then that particular test would take
ordersof magnitudelonger to run to a successfulconclusion.

To testthesethreemethodson a largerbenchmark,we used
the Booleanfunctionsfor a 3-bit adderexpressedin the sum-
of-productform. Thereare 12 inputs and 31 implicant terms
required to producethe 4 bits of output neededfor the 3-
bit adder. We attemptedto map the 3-bit adderto 200 PLA
structureswith random faults. We used a cutoff time of 5
seconds.The yield resultsare illustratedin Fig. 9.

The results from mappinga larger benchmarkto random
faulty PLA structuresindicate that the QCAPM method is
similarly effective in providing higheryieldsasin our teston a
smallerbenchmark.As comparedto the resultsgiven in Table
I, the yield for the samefault rate is lower for all methods.
However, this is morelikely dueto thePLA structuresize.For
the smaller example functions, the PLA size was twice that
of the requirementsfor the functions.That is, therewereonly
4 literals, 3 implicants,and 2 functionstrying to map onto a
PLA with 8 inputs,6 rows,and4 outputs.In thecaseof the3-
bit adder, we testeda structurethathadlessredundancy. There
wereonly 20 inputsfor 12 literals,40 rows for 31 implicants,
and 10 outputsfor 4 functions.By addingextra redundancy,
we would seean increasein yield in all cases.

However, thetrendsseenfor thesmallexamplearestill vis-
ible for this largerexampleup until the fault ratereached7%.
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Fig. 9. This graph shows the PLA yield for the three mappingmethods.
Testswereperformedto mapthe 3-bit adderfunctionsto a (20,40,10)faulty
PLA structure.As the fault rate was increased,the yield decreasedfor all
threemappingmethods.

TABLE II
RUNTIME COMPARISON OF THE THREE MAPPING METHODS FOR

SUCCESSFUL MATCHINGS OF THE 3-BIT ADDER.

Fault Rate 1% 2% 3%

CBPM 94 � sec 85 � sec 89 � sec

ECBPM 96 � sec 99 � sec 100 � sec

QCAPM 142 � sec 145 � sec 146 � sec

At that point, all methodshada 0% yield. It is interestingto
notethatthelargestyield reductionoccurredatdifferentplaces
andat differentratesfor eachmethod.Both theCBPM andthe
ECBPM methodsdroppedoff mostsigni�cantly between1%
and 3% faults, while the QCAPM methoddroppedoff most
between2% and 5%. In addition, the yield for the QCAPM
methoddid not decreaseat the samerate as the other two
methods.It took a fault rate change (not fault rate) of 3%
to reducethe QCAPM methodfrom a yield of 95% down to
around10%.On theotherhand,theCBPM methodwentfrom
a 75% yield to arounda 5% yield with only a 2% increasein
fault rate.TheECBPMmethodsaw theworstdrop-off, losing
90% yield with an increasein fault rateof only 2%.

While the QCAPM methodclearly producesbetter yields
with the samefaulty PLA structures,there is a cost for this
improvement. When we ran the 3-bit adder tests used to
generateFig. 9, we alsotracked the runtimeof eachmapping
method.For teststhatcouldnot �nd a successfulmapping,the
run timeswereall thesame,sincethecutoff wasthesamefor
each.However, for teststhat did �nd a successfulmapping,
thereweremore interestingruntimeresults.

The CBPM method had the shortestrun times and the
QCAPM methodhadthelongestrun timeson successfultests.
This meansthat if there is a relatively easysolution to the
mappingproblem,the CBPM methodwill �nd that solution
faster. The QCAPM methodwill �nd a mappingmoreoften.
The runtimeaveragesfor successfultestsareshown in Table
II. On average,the CBPM methodseemsto be about1.5 to 2
times times fasterin �nding successfulmappings.

VI I . DISCUSSION AND FUTURE WORK

In the areaof recon�gurablenanotechnology, much effort
hasfocusedonnanowire or nanotubediodelogic PLAs.Defect
studies, fault models, routing algorithms, and performance
calculationshave beenobtainedfrom the mappingof logical
benchmarks.In theareaof QCA research,similar studieshave
beendone.Fromrecon�gurabledesigns[12] anddefectstudies
[18], [21], [20] up to fault models [13], [5] and this work
on routing and resourceallocation,QCA is proving to be an
exciting emerging technologywith many implementationsthat
target many applications.

However, thereis still muchwork to bedone,especiallyfor
QCA PLAs. We plan on usingvarioustools andbenchmarks
to look at how QCA PLAs compareto other technologiesin
termsof area,delay, and power. While therehasbeenwork
done to considergeneralpower consumptionfor QCA [19],
it wasnot speci�c to recon�gurablelogic. However, the QCA
PLA designas a recon�gurable architectureis an excellent
vehicle for logic mapping.We intend to utilize our routing
work to look at logic densityandarearequirementsfor certain
logic benchmarks.

Finally, we will also explore methodologiesto lower the
EDR. For example,physical-level simulationhasshown that
we caneffectively remove faults in MQCA circuit constructs
by using a strongerclocking �eld, and we could apply this
to MQCA PLAs. This suggeststhat we can eliminate faulty
behavior at the expenseof increasedenergy, as the applied
�eld strengthis determinedby the amount of current in a
clock wire [19]. We know of no analogto this behavior in
otheremerging technologiesand it mustbe explored further.
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