Defect Tolerancein QCA-BasedPLAs

Michael Crocler, X. SharonHu, and Michael Niemier
Departmenif ComputerScienceand Engineering
University of Notre Dame
Notre Dame,IN 46556,USA
Email: f mcrocler,shu,mniemieg@nd.edu

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,has beenexperimentally
demonstrated, and operatesat room temperature. We consider
how speci c defectswill impact device functionality. Within this
context, we introduce 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 nanowire crossbar PLAs.

|. INTRODUCTION

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

QCA accomplishedogical operationsand moves datavia
nearest-neighbanteractionsratherthan with electric current
ow. A given implementationcould potentially lead to fast
and/orlow power circuitswith nanometefeaturesizes Differ-
entimplementationsre beingresearche@ndinclude devices
basedon a metal-dotstructure[1], individual molecules[22],
and semiconductottechnology[17]. A magneticimplemen-
tation of QCA is also possible.For nanomagnet-baseQCA
(MQCA), wires, gates,and inverters,operatingat room tem-
peraturehave all beenexperimentallyrealizedandveri ed. It
hasbeenestimatedhatif 10'° nanomagnetare adiabatically
switched10® times eachsecond,they should only dissipate
approximately0.1W of power [14]. MQCA will be considered
in more detail as part of a casestudyto be presentedater.

Of course,it is alsowell recognizedthat arny circuit with
nanometefeaturesizeswill almostcertainlybe moredefectve
thanwhat we have cometo expectfrom previous generations

of CMOS-basedcircuits. Largely for this reason,mary re-

searchgroupsstudyingemenping technologieshave proposed
speci ¢ recon gurablelogic structuresandinvesticatedmeans
to map Booleanfunctionsto redundantyecon gurablearchi-

tectures[6], [26], [24]. A programmabldogic array (PLA)

structurefor QCA wasintroducedin [12] while QCA-speci ¢

defectand fault modelingwas studiedby the authorsof [5].

Thework presentedh this paperformsabridgebetweerthe
efforts of [12] and[5] by providing importantobserationsand
necessaryools that are useful for more detailedand realistic
estimationsregarding whether or not QCA will ultimately
offer performancewins at the systems-leel. Speci cally, we
examinedifferenttypesof faultsthat we would expectgiven
a realizedMQCA circuit. It will be shavn that certaintype
of functionalfaultsin QCA PLAs have not beenencountered
before and propertreatmentsof suchfaults can signi cantly
impactPLA yields. Using thesespeci ¢ faults as contet, we
introducetwo approache$o mappingBooleanlogic functions
to afaulty QCA-basedPLA with redundantows andcolumns.
The approachesllow a tradeof betweenmappingalgorithm
ef ciency andresultingPLA yield.

We bagin in Sec.ll by discussinghe experimentalstateof
the art andthe QCA-basedPLA design.We review mapping
techniquedor nanavire crossbarsn Sec.lll aswe leverage
this work in our proposedmappingmethodologyIn Sec.lV,
we illustrate what faults we might expect for MQCA using
physical-level simulation.In Sec.V we presenttwo different
methodologiegor mappinglogic functionsto the QCA-based
PLA design.We presentour resultsin Sec.VI and discuss
future work in Sec.VIL.

Il. BACKGROUND
A. QCABasics

Theinitial descriptionof a QCA device calledfor encoding
binary numbersnto cellsthathave a bi-stablechage con gu-
ration.A QCA cell would consistof 2 or 4 “chamge containers”
(i.e. quantumdots)and1l or 2 excesschagesrespectrely. One
con guration of chage represents binary “1' and the other
a binary "0' [16]. Logical operationsand datamovementare
accomplishedria Coulomb(or nearest-neighboijpteractions.
QCA cellsinteractbecaus¢hechage con guration of onecell
altersthe chage con guration of the next cell. In a magnetic
implementationof QCA, chage con gurations are replaced
with magneticpolarizationsof single domain magnets.We
note that the rest of this sectionwill be devotedto MQCA-
basedcircuit building blocks in order to lay the foundation
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Fig. 1. Cartoonrepresentationsf a wire sggment(a), a majority gate (b),
and a crosseer (c). Wire sggmentshave beenexperimentallydemonstrated
(d) ashave majority gates(e). Cross@ersfunction correctlyin simulation(f).

for the casestudyto be presentedn Sec.lV. For more detalil
aboutelectrostatidgmplementationsye referthe readerto [1],
[22], [17], and[11].

Fig. 1 illustratesthreeimportantbuilding blocksfor MQCA
circuits. A wire (Fig. 1a) is just a line of magnetsthat are
antiferromagneticallycoupledwith eachother This structure
hasbeenexperimentallydemonstratedFig. 1d) and operates
at room temperaturg?], [4]. The basiclogic gatein MQCA
is basedon the majority voting function— wherethe outputis
the logical value associatedvith the majority of the 3 input
devices.By settingoneinputof amajority gateto alogic “0' or
"1', the gatewill executean ANDor ORfunction, respectiely.
Notethatin MQCA, the gateis actuallyan inverting majority
gate (Fig. 1b). This structure has also been experimentally
demonstrateénd operatesat room temperaturgseeFig. 1e,
[14]). Structureshave also beendevisedto crosstwo signals
in the plane by leveragingmagnetsshapedso that they can
representtwo bits of information simultaneously(Fig. 1c)
[19] - as the diamond-shapednagnetshave no preferred
magnetizatiorandarereadilyin uenced by thelogical stateof
its neighbors.This structurehasnot yet beenexperimentally
demonstratedyut no exotic shapesarerequiredandthedesign
hasbeenveri ed via micromagneticsimulation[19].

B. PLA Design

By using the device architecturejust discusseda recon-
gurable PLA architecturevasintroducedin [12]. We brie y
review thecoreof thisdesignhere.TraditionalMOSFETPLAS
have beenmadefrom NANDor NORIogic. Due to the unique
operationof QCA wires and gates,the QCA PLA discussed
in [12] usesANDand ORIlogic. A schematicof one PLA cell
for the ANDplaneis shawvn in Fig. 2a.

A PLA cellis equialentto acrosspoinin atraditionalPLA.
Th PLA cell structurecontainsa re-programmableselectbit
(denotedby “Select” or “S”) and two majority gates— one
con gured to act as an ANDgate and the other con gured to
function asan ORgate. Referringto the layoutin Fig. 2b:

if S=0, (Implicant Out) = (Literal In) (ImplicantIn)
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Fig. 2. (a) QCA ANDPIlaneCell Schematic(b) ANDPIlaneCell Layout, (c)

QCA ORPIlaneCell Schematic{d) ANDPIlaneCell Regions.

if S=1, (Implicant Out) = (Implicant In)
Thus,if S=0,the PLA cell actsasan ANDgate (logic mode),
andif S=1,the PLA cell will actasa wire (wire mode).The
ability to conditionally seteachselectbit makesthe PLA re-
programmableln the ORplane,the position of the ANDand
ORgatesin one “cell” is reversed(Fig. 2c). The selectbit
shouldbe setto 1 for logic modeand O for wire mode:

if S=1, (FunctionOut) = (ImplicantIn) + (Functionin)

if S=0, (FunctionOut) = (FunctionIn)
By leveragingthe structuregust discussedit is relatively easy
to constructthe logic requiredfor a PLA of arbitrarysize.We
refer the readerto [5] for more detailedexamples.

C. Faults and the QCA PLA Design

Employing the well known stuck-atfault model,the authors
in [5] studied the impacts of such faults on system-lgel
functionality They shavedhow stuck-atfaultswould logically
affect different parts of the PLA. Besidesthe faults similar
to corventional PLA structuressuch as broken literal wires,
QCA PLAs may have someuniquefault types.For example,
if a stuck-at-1fault occursin the SelectWire region of a PLA
cell (seeFig. 2a,d) that needsto be programmednto logic
mode, the fault doesnot adwersely affect the behaior, since
the selectbit still outputsa “1” asrequired.Also, a PLA cell
operatingincorrectly doesnot necessarilyruin the operation
of an entirerow. The logic implementedn the PLA cantake
on mary patterns,allowing for the use of faulty PLA cells.
Similarly, if a stuck-at-Ofault occurson the Literal Wire, the
PLA cell canbe programmedo wire mode,andit would still
be usefulfor generatingan implicant.

I1l. RELATED WORK

In this section,we rst briey review existing PLA fault
toleranceresearchWe thendiscussonespeci ¢ PLA mapping
approachin more detail asit 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
crosspointfaults betterencompasshe fault behaiors speci ¢



to PLAs. However, the crosspointmodelis not sufcient for
mary nano-scalePLAs, as there are nano-scaledefectsand
faults not presentin MOSFET PLAs.

In termsof redundany, 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 defectve. There were a
few researchefforts that did look at fault detectionand made
strides towards full mapping.In [7], a eld-programmable
PLA (FPLA) wasdesignedwith x ed inputsand outputs,but
the implicant terms had full arrangemente xibility. Using a
bipartite graphrepresentatiorf the FPLA, a matchingalgo-
rithm could be usedto determinesuccessfumappingsof the
desiredBooleanfunctions.Beyond that, mostof the mapping
and resourceallocationwork moved on to FPGAs.However,
the popularity of re-programmabldLAs is increasingagain
in the areaof emeging 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 benchmarkslnstead,a simpli cation is made
in order to get rst-order yield numbersfor PLAs of a
generakize.A morecompletenano-scal@®LA fault modelhas
beenadoptedin the contet of nanavire crossbarg6]. While
not specic to QCA, we can leverage PLA-basedmapping
techniquegdevelopedfor otheremepging technologies.

In [24], a resourceallocation method is proposed for
nanavire crossbaPLAs. This nanavire crossbararchitecture
is similar to the one discussedin [10]. At a high level,
this approachconsistsof two major steps: (i) model the
given Booleanfunction andthe PLA structureastwo graphs,
and (ii) determinea graphmonomorphisnmmatchingbetween
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 leadsto a
more computationally intensive mapping algorithm. While
other reseach projects attempt to reduce computation
time thr ough differ ent heuristics in the mapping algorithm
[23], our goalis to impr ove the algorithm to identify more
possible mappings. We review the work from [24] in more
detail below sinceit is closelyrelatedto our work.

The graphsused to model the sum-of-productBoolean
functionsandthe PLA structurebothtake the form of back-to-
backbipartite graphs.More speci cally, therearethreelayers
of verticesS;, S, andS;. Edgesaredirectedandonly allowed
from verticesin S; to S, andfrom S, to S;.

For the graph representatiorof Booleanfunctions, which
will be referredto as the Logic Graph (LG), verticesin
S: correspondto input literals, verticesin S, correspond
to implicants, and verticesin Sz will correspondto output
functions.Edgesbetweenthe verticesin S; and S, represent
the combination of literals into implicants using the AND
Boolean operation. Edges betweenvertices in S, and S;
representhe combinationof implicantsinto functionsusing
the OR Booleanoperation.As an example LG, considerthe

Fig. 3. Logic GraphRepresentatiorilhe logical functionsS = WX + X Z
andT = WX + WY ? arerepresentedn graphform.

two following sum-of-producfunctions:S = WX + X Z and
T = WX + WYY The graph representatiorof thesetwo
logic functionsis shavn in Fig. 3. For the representatiorof
Booleanfunctions,thereareno extra edgesor verticesbeyond
the minimum neededo representhe logic.

The graphfor the nanavire crosshatbasedPLA structure,
referredto asthe CrossbarStructur e Graph (CSG), captures
bothredundannanavires anddefectsin the model.To create
a CSG from a fabricated PLA structur e, information must
®rst be obtained from a fault-detection procedure. For
the pusposesof this paper, many example faulty PLA
structures are created digitally, and the fault-detection
information is considered accurate and complete (seeSec.
VI). If thereareno defectsin the nanavire crossbarstructure,
the representatie back-to-backbipartite graph would have
verticesin S; equal to the inputs, verticesin S, equal to
implicant rows, and verticesin Sz equal to outputsin the
PLA. In addition,the graphwould be a completegraph.

However, large collections of nanavires are unlikely to
have zerodefects.Therearethreemain defectsthat affect the
nanavire crossbarbroken nanavires, stuck-opercrosspoints,
andstuck-closectrosspointsSinceeachdefectcausesertain
resourcego be faulty, they mustbe re ected in the CSG.As
anexample,Fig. 4aillustratesa defectve PLA with 5 inputs,5
implicantrows, and3 outputs.Therearetwo brokennanavires
shavn asbroken lines. Thereare two stuck-opencrosspoints
indicatedby an"X' for each.Finally, thereis onestuck-closed
crosspointshovn asa dark square.

To createa CSGthatrepresents defective PLA structurea
completebipartiteis initially usedbut certainrulesareapplied
to remore edgesand vertices basedon the defect pattern.
Verticesin the graphcorrespondo nanaviresin the crossbar
while edgesbetweenvertices correspondto crosspointsin
the crossbarFor broken nanavires, the correspondingrertex
mustbe removed (andthus all adjacentedges).For nanavire
crosspointshat have a stuck-opendefect,the corresponding
edge must be removed from the graph. While thereis no
discussiorof stuck-closedlefectsin [24], thereis mentionof
thesedefectsin [10] alongwith a schemethat canbe usedto
modify the structuregraph.All nanavires that are connected
througha stuck-closecdrosspointareremoved from the graph
representatiorand are insteadusedto route a single signal.
For the sale of the mapping,both verticesand all adjacent
edgesare removed from the structuregraph. Fig. 4b shawvs
the CSGfor the PLA structurein Fig. 4a.

Oncethegraphfor the defective nanavire crossbastructure
has been generateda mapping can be achiered by nding
a monomorphismbetweenthe graphs[24]. We refer to this
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Fig. 4. (a) A defectve and redundantnanavire crossbarstructure.The
AND planeis 5x5 cells, and the OR planeis 3x5 cells. Thereare 5 faults.
(b) CrossbarStructureGraph RepresentationVerticesand edgeshave been
removed basedon the location and typesof PLA cell faults.

mapping method as the Crossbar Based PLA Mapping

Method (CBPM method). This method includes both the
generatiorof the structuregraphfrom the known defectsand
the use of monomorphismto nd a matching.According to

[24], the authorsusedan implementationof monomorphism
matchingdiscussedn [3].

IV. MQCA CASE STuDY

Regardlessof implementation,almost every QCA device
will be defectve in that it deviates from its ideal shape,
location,or orientation.For example,uponexaminingFigs. 1d
andle,it is obviousthatnoneof the fabricatedmagnetshave
the ideal “rounded rectangle” shapeespousedn [15]. That
said, successfukxperimentsand simulationsclearly indicate
thatdefectsmustreacha certainsererity beforea fault occurs.

Becausdabricationvariationsdo not always leadto faulty
QCA devices,the authorsof [5] introducethe term “Effective
Defect Rate” (EDR), to quantitatvely capturethe impact of
QCA defectson device functionality In otherwords,the EDR
of defect type x is the probability that the occurrenceof
defectx causesa QCA device to malfunction.Like the work
presentechere,the authorsof [5] also performedan MQCA-
basedcase study and reported that nanomagnetsould be
misshapenrand still producethe correctlogical polarization.
Thus,EDRsshouldbe signi cantly lower thanthe probability
of simply seeingfabricationvariationfrom device to device.

That said, somefabricationvariation will resultin logical
faults as discussedn Sec.ll-C. While [5] enumeratedvhat
faults might be associatedvith the variousimplementations
of the QCA device architecture,and suggestedvhat faults
might be associatedvith speci ¢ implementationsit did not
presenary speci ¢ experimentabr simulation-basedvidence
that would con rm these projections.We do this here for
MQCA andwill leveragethisinformationin Sec.V to consider
different methodologiesfor mappinglogic to a PLA in the
presenceof faults.

A. SimulationMethodolay

For our simulations,we considerhow localizedfabrication
variationmight affect data ow. We choseto take this approach
asopposedo the digitization approachdiscussedn [5] after
contactingthe authorsof [14] to betterunderstandvhat their
scanningelectron microscope(SEM) imagesactually illus-
trated.Essentially the imagesare a top-davn view. However,
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Fig. 5. Operatingschemeof a wire: (a) initial con guration, (b) high- eld
(“null”) state,(c) afterthe applicationof theinput, andthe nal orderedstate.

shape, since variation in the third dimensionis not clear
Basedon our discussionswe determinedhat a bettercourse
of action was to use the two dimensionalSEM imagesto
provide more generaldefectinformation. For example,notice
that some of the magnetsfrom the wire in Fig. 1d clearly
have a “slanted” edge.We took this information, and created
a defectve nanomagneshapethat is representatie of this
misshapennesfig. 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 experimentaldatapresentedn [15] corroborateshis
obsenation.

We simulatedMQCA wires (Fig. 1d) and gates(Fig. 1e)
using the NIST-developed micromagnetic simulator called
OOMMF [8]. Thetestsincludeda clock thattook the form of
a periodically oscillating external magnetic eld thatdrove a
systemto aninitial state,andthencontrolledthe relaxationof
the systemto a groundstate.Conceptuallya magneticeld is
appliedalongthehard(or shorter)axesof agroupof nanomag-
nets.For example, Fig. 5aillustratesa wire of nanomagnets
that has relaxed to a logically correct, antiferromagnetically
coupledgroundstate.In Fig. 5b, the external eld turnsthe
magneticmomentsof all magnetshorizontally into a neutral
logic stateagpinstthe preferredmagneticanisotropy (i.e. along
the hard axes of the magnets).This is an unstablestate of
the system,and as the eld is removed, the nano-magnets
relaxinto a new antiferromagneticallyprderedgroundstatein
accordanceavith the new input (Fig. 5c).

As theclockwill berequiredfor functionalcircuits,we have
also carefully studiedthe clocking circuitry proposedn [19]
to modelthe time evolution of a given circuit asrealistically
as possible.When we attemptedto mimic wire switching
experimentssimilar to those discussedn [19] and [5], we
found that our wires would not switch correctly and retained
someof the remnantmagnetizatiorassociatedvith the previ-
ous computation(seeFig. 6b). Upon closer examination,we
determinedthat in the previous work, the authorsterminated
theirwire segmentswith ablock of magnetianaterialto mimic
anin nitely long wire andassistwith the removal of remnant
magnetizationsUltimately we mustensurethatremnancecan
be removed by having the last magnetof one wire group
coupleto just the rst magnetof the next. To achieve this
goal,we have developeda modi ed clocking schemehat still
leverageshe structuregproposedn [19], but alsosuccessfully
remosesremnanceA detaileddiscussions beyond the scope
of this paper but we note that two adjacentwires will be
excited simultaneously(seeFig. 6¢). By exciting the second
wire, thelastmagnetin GroupA cancoupleto the rst (nulled)

they do not provide accurateinformation aboutnanomagnet magnetin GroupB. This processs repeatedor GroupsB and



Misshapen

Fig. 6. (a) Experimentallyrealized magnetshave 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 misshapermagnetin a logically correctground state.(e) When
input is changedmisshapermmagnetpreventsdatapropagtion andinducesa
stuck-atfault.

C, etc. We usethis more realistic methodologyto study the
effects of defectson successfubata ow.

B. SimulationResults

We now considerhowv a magnetwith a misshapenedge
might affect signal propagtion. For this discussionwe con-
sideran 11 cell wire initialized to a logically correctground
state (seeFig. 6d) and assumethat the rst magnetin this
imageis the last magnetin Group A. Group B (magnets2-6
of Fig. 6d) and Group C (magnets7-11 of Fig. 6d) would
be clocked asillustratedin Fig. 6¢. Thus, we simultaneously
excite GroupsA andB 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 magnetsn GroupB switchin
accordancevith the polarizationof the magnetin Group A.
However, asseenin Fig. 6e,while the rst magnetsn Group
B do switchcorrectly whenthe signalarrivesat the misshapen
magnetthe sighaldoesnot continueto propagtethroughthe
wire. This is becausethe nulling eld doesnot sufciently
remove the remnantmagnetizatiorassociatedvith the initial
groundstate.The netresultis a “stuck at” fault. Depending
on the initial stateof the wire and wherethe defectis, stuck
at zeroand stuck at one faults are obviously possible.

V. MAPPING TO FAULTY QCA PLAS

In this section,we presenttwo approachedo mappinga
givenlogic functionto a PLA with the stuck-atfaultsdiscussed
abore. Sucha PLA may have redundantrows and columns
to improve yield. The rst methodis a natural extensionto
the graphmatchingapproachproposedor nanavire crossbar
PLAs [24]. Thoughthe extensionis simpleto implementand
quite effective, it is still rather pessimisticin termsof PLA

yields. That is, it may deema PLA cannotimplementthe
given functions even though an implementationdoesin fact
exist. The secondapproachexploits the uniquefeaturesof the
faultsin QCA PLAs to constructnew graph modelsfor the
mappingproblem,andhenceallows for a moreversatileusage
of faulty crosspointsMuch higheryields can be achievzed by
the secondapproachaswill be shavn in Sec.VI.

A. ExtendingCrossbharBasedPLA Mappingto QCAPLAs

The CBPM methoddiscussedn Sec.lll can be extended
to map Booleanfunctionsto QCA-BasedPLAs. Recall that
the CBPM methodbasically consistsof two major steps:(i)
constructingthe crossbarstructuregraph (CSG) for a given
PLA array andthe 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 faults presentin a QCA PLA in the structuregraph.
We give the detaileddiscussionbelow.

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

To handlethe faultsin QCA PLAs, we proposeto extend
the graph model usedfor crossharPLAs (seeSec.lll) such
that the samemonomorphism-basedraphmatchingcan still
beapplied.The CSGmustbemodi ed, while thesamel. G can
be used.We refer to the new graphas Enhanced Crossbar
Structure Graph (ECSG). For a given faulty PLA, we
constructhe ECSGasfollows: we startwith a completeback-
to-back bipartite graph where vertices representthe inputs,
rows, andoutputsof the PLA, andedgesrepresenPLA 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 aQCA PLA cellis stuckin wire mode,the corresponding
edgein the ECSGis removed. This is identical to the CSG
for stuck-opendefects.If a QCA PLA cell is completely
faulty, again, the correspondingedgeis removed. However,
thereis an additional consequenceBecausethe PLA cell is
completelyfaulty, anything that dependson the outputof that
PLA cell will alsobefaulty. This meanghatno signalcanpass
throughthe row or columnthatthe cell's outputis connected
to. For the ECSG,this meanghatthe vertex pointedto by the
correspondingedgemust be removed. Any edgesadjacentto
the vertex mustalsobe removed. This is identicalto the CSG
for a broken nanavire defect.

Thethird defectis the stuck-closeatrosspointWhile aPLA
cell stuckin logic modeis similar, the consequencefor the
ECSGare very different.In the caseof a nanavire crossbhar
a stuck-closeddefectmeanghattwo nanavires are connected
acrossa low-resistancecrosspoint.t is necessaryo remove
both wires from the mappingrepresentatiomnd mapa single
signal instead.The sameis not true for a PLA cell stuckin
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Fig. 7. (a) A defective andredundantQCA PLA structure.The AND plane
is 5x5 cells, andthe OR planeis 3x5 cells. Thereare5 faulty cells. (b) The
ECSGfor this defectve PLA structure Verticesandedgeshave beenremoved
basedon the locationandtypesof PLA cell faults.

wire mode. This fault only meansthat the cell will perform
a logical operationon the two crossingsignals.Thereis no
reasonto remove both the row and column wires. Instead,a
QCA PLA cantreatthisin thesameway it treatsa fully faulty
PLA cell. Only the wire thatis connectedo the outputof the
faulty PLA cell will be faulty.

We usea simpleexamplebelow to illustratethe construction
of an ECSG.A QCA PLA structureis given in Fig. 7a with
faults that correspondto the defectsgiven in the example
shavn in Fig. 4a. Like the example nanavire structure,the
QCAPLA has5 inputs,5 implicantrows, and3 outputs.There
areatotal of 5 faulty PLA cells. Two arefully faulty (thedark
squares)two arestuckin wire mode(the squaresabeledwith
W), andoneis stuckin logic mode (the squarelabeledwith
L). The resultinggraphin shavn in Fig. 7b. The two fully
faulty cells leadto the removal of vertec H and P andtheir
adjacentedgesThe stuckat logic fault causedhe removal of
vertex K andits adjacentedges.The two stuck at wire PLA
cells causedhe removal of edges(C; G) and (M ; R).

In summary the graphrepresentatiorof a defectve QCA
PLA structurecanbe generatedn a similar way asthatfor a
defectize nanavire crossbarFully faulty PLA cellscorrespond
to brokennanavires.PLA cellsstuckin wire modecorrespond
to stuck-opencrosspoints.

Finally, PLA cells stuck in logic mode are treatedin a
somevhatdifferentmannerBecausdhe ECSGthatrepresents
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 nanavire crosspointsWe
call this whole procedure from the graph generationto the
matchingof the graphsthe Enhanced CrossbarBasedPLA
Mapping Method (ECBPM method). We will discussthe
effectivenessandef ciency of the ECBPM methodin Sec.VI.

B. Yield-IncreasingMapping for QCA PLAs

Thoughthe ECBPM methoddiscussedn Sec.V-A is easy
to implementand quite ef cient in termsof nding mappings
(to be shown later), it can be rather pessimisticin terms of
yield. This is dueto the factthat QCA PLA cells arejust as
likely to becomestuckin logic modeasin 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 defecttoleranceand
yield comparedo what could be achiezed 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.

Beforeintroducingour nev method,let us rst review the
implications of the edgesin the LG and ECSG.An edgein
an LG representghe existenceof a logic function (AND or
OR). An edgein the ECSG representghe capability of a
programmableéPLA cell being programmednto a logic gate.
If this edgeis matchedto an edgein the LG, the respectie
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 used properly if this cell
“happens’to be selectedo functionasa gate.Thereforejf 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 nenv graphmodel. We usea QCA-
based PLA Structure Graph (QSG) to representa QCA
PLA. Theverticesin a QSGaredervedthe sameway asthose
in a CSG. That is, literal wires correspondo the rst layer
of vertices,implicant wires correspondto the secondlayer
of vertices,and output wires correspondo the third layer of
vertices Betweenary two verticesin theadjacentayers,there
may exist an edgeof one of the following threetypes:

Type 1: The PLA cell is fault free

Type 2: The PLA cell is stuckin logic mode

Type 3: The PLA cell is stuckin wire mode
Fig. 8ais the QSGfor the PLA structuregivenin Fig. 7a.Due
to the two completelyunusablePLA cells, verticesH and P
andtheir adjacentedgesare missingfrom the QSG. The two
stuck at wire PLA cells give the two dotted edgeswhile the
one stuck at logic PLA cell resultsin the one dashededge.
Comparedvith the ECSGin Fig. 7b, the QSGhasmoreedges
and vertices.

To leveragethe graph monomorphismalgorithm, we also
modify the way that a Booleanlogic function is modeled.
Insteadof modelingonly the logic functionsas edgesin an
LG, we modelboththelogic functionsandthe signalpassages.
Speci cally, we introducea newn graph called the Complete
Logic Graph (CLG). Similar to the LG, the CLG is a back-
to-backbipartite graphwherethe rst layer verticesrepresent
the literals in the given function, the secondlayer vertices
representhe implicants,andthe third layer verticesrepresent
the functions. Differentfrom an LG, the CLG is a complete
back-to-baclbipartitegraph.A subsebf the edgescorrespond
exactly to the edgesin the LG and are called Type 2 edges,
while therestof the edgesare called Type 3 edges.The CLG
correspondingo theexampleLG in Fig. 3 is shovnin Fig. 8h.
Type 2 edgesare shavn asdashededgeswhile Type 3 edges
are shovn asdottededges.

Mapping a given set of Boolean logic functions to a
QCA PLA structure can now be solved by emplgiing 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 incorporatingthese
attributes,we do not prematurelyeliminate certainedgesand
henceincreasethe probability of nding a matchingbetween



Fig. 8. (a) The QSG correspondingo the QCA PLA structurein Fig. 7a.

The solid edgesrepresenPLA cellsthat canbe programmednto eitherlogic

or wire mode (Type 1), while the dashededgesrepresenthe cells that are
stuckin logic mode(Type 2), anddottededgesrepresentells that are stuck
in wire mode(Type 3). (b) The CLG correspondingdo the LG in Fig. 3. The

dashededgesshawv the logic to be mapped(Type 2), while the gray edges
shav which connectionseedto ,ﬁ\ﬁiﬁqalsﬂype 3).

PLA YIELD 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. There exist 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 (referredto as QCA-based PLA
Mapping Method (QCAPM method)) doeslead to more
compl graphshaving to be matchedThis couldsigni cantly
increasehe computatiortime for solvingthe ARG monomor
phism problem for large probleminstancesFor such cases,
approximatealgorithmsshouldbe usedinsteadof exact ones.
We will use experimentaldatato illustrate the effectiveness
andef ciency of our new QCAPM approach.

VI. EXPERIMENTAL RESULTS

In this section,we usea setof experimentsto evaluatethe
different PLA mappingmethodsdiscussedn this paper i.e.,
the original CBPM method,the improved ECBPM method,
and the nev QCAPM method. We focus on two important
aspectsn comparingthesemethodspotentialyield for QCA-
basedPLAs andruntime ef ciency.

The rst setsof experimentghatwe ranwereaimedat com-
paringthe yields possiblefor the threemappingmethods For
thepurposeof completeanalysiswe startedwith avery simple
set of Booleanfunctions. The rst test utilized the Boolean
functionsin Fig. 3. To implementthesetwo Booleanfunctions,
four inputs and three implicants are required. Therefore,we
decidedo mapthefunctionsto a defective PLA of size(8,6,4).
We created1,000 PLA structureswith random faults, and
attemptedto map the functionsto the test structures.Fault
ratesof 1%, 5%, and 10% were usedduring the generatiorof
the faulty PLAS. Resultsare presentedn Tablel.

Theyield resultswere obtainedusing an exhaustve search
of matchingshetweertherepresentatie structureandfunction

graphs.All threemethodsfound successfumappingsfor 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 AND Planeand 24 crosspointsin

the OR Plane. Since there are only 2 Booleanfunctions, 3

implicants,and 4 literals to map onto the PLA structure,it is

unlikely that having only 1% faulty cells out of 72 will lead
to an unsuccessfuinatching.At a 5% fault rate, all methods
exhibited at leasta few casesout of 1,000 testswithout a
successfumatching,and even more so at a 10% fault rate.

Theresultsshov thatthe QCAPM methodis quite effective
in providing higheryields thanthe othermethodsdo. Even at
10% faults,the QCAPM methodhad a yield over 94% while
the two crosshatbasedmapping methodshad yields much
lower. We expectedthis, sinceour approachcanutilize cross-
point that are stuckin wire and logic mode more effectively
than the other approachesThe two crossbatbasedmethods
seea dropin yield more quickly asthe fault rateincreases.

The most commonarchitecturalbbenchmarkshowever, are
much larger thanjust two Booleanfunctions.Sincethe exact
graph monomorphismalgorithm used in our tool suite is
exponentialin time complity, asthe benchmarkincreasesn
sizethe mappingwill soonbecomeinfeasibleif anexhaustve
searchis used. Therefore,we have implementeda runtime
cutoff to stop searchingfor a successfulmatching after a
certain period of time. This is a common step taken when
trying to maponto reprogrammabléogic. Stoppingthe search
after a certainperiod of time will reducethe numberof tests
that return a successfulmatching, resulting in a reduction
in the yield. However, therewill generallyonly be a small
numberof teststhat will incorrectly seefailure becausethe
cutoff wastoo small. Most failureswith the cutoff will still be
failureswithout the cutoff. Generally if the cutof is reached
but thereis a solution, then that particular test would take
ordersof magnitudelongerto run to a successfutonclusion.

To testthesethreemethodson a larger benchmarkwe used
the Booleanfunctionsfor a 3-bit adderexpressedn the sum-
of-productform. Thereare 12 inputs and 31 implicant terms
requiredto 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
secondsTheyield resultsareillustratedin Fig. 9.

The resultsfrom mappinga larger benchmarkto random
faulty PLA structuresindicate that the QCAPM method is
similarly effective in providing higheryieldsasin ourtestona
smallerbenchmarkAs comparedo the resultsgivenin Table
I, the yield for the samefault rate is lower for all methods.
However, this is morelikely dueto the PLA structuresize.For
the smaller example functions, the PLA size was twice that
of the requirementdor the functions.Thatis, therewereonly
4 literals, 3 implicants,and 2 functionstrying to maponto a
PLA with 8 inputs,6 rows, and4 outputs.In the caseof the 3-
bit addey we testeda structurethathadlessredundang. There
wereonly 20 inputsfor 12 literals, 40 rows for 31 implicants,
and 10 outputsfor 4 functions.By addingextra redundany,
we would seeanincreasein yield in all cases.

However, thetrendsseenfor the smallexamplearestill vis-
ible for this larger exampleup until the fault ratereachedr%.
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Fig. 9. This graphshaws the PLA yield for the three mapping methods.

Testswere performedto mapthe 3-bit adderfunctionsto a (20,40,10)faulty
PLA structure.As the fault rate was increasedthe yield decreasedor all
threemappingmethods.

TABLE I
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 methodshad a 0% yield. It is interestingto
notethatthelargestyield reductionoccurredatdifferentplaces
andat differentratesfor eachmethod Both the CBPM andthe
ECBPM methodsdroppedoff mostsigni cantly betweenl%
and 3% faults, while the QCAPM methoddroppedoff most
between2% and 5%. In addition, the yield for the QCAPM
method did 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 the otherhand,the CBPM methodwentfrom
a 75%yield to arounda 5% yield with only a 2% increasen
fault rate. The ECBPM methodsawv the worstdrop-of, losing
90% yield with anincreasein fault rate of only 2%.

While the QCAPM methodclearly producesbetteryields
with the samefaulty PLA structuresthereis a costfor this
improvement. When we ran the 3-bit adder tests used to
generaterig. 9, we alsotracked the runtime of eachmapping
method.For teststhatcouldnot nd a successfumappingthe
run timeswereall the same sincethe cutoff wasthe samefor
each.However, for teststhat did nd a successfumapping,
therewere more interestingruntime results.

The CBPM method had the shortestrun times and the
QCAPM methodhadthe longestrun timeson successfutests.
This meansthat if thereis a relatively easysolution to the
mappingproblem,the CBPM methodwill nd that solution
faster The QCAPM methodwill nd a mappingmore often.
The runtime averagesfor successfutestsare shaovn in Table
Il. On average the CBPM methodseemso be aboutl.5to 2
timestimesfasterin nding successfumappings.

VIl. DISCUSSION AND FUTURE WORK

In the areaof recon gurable nanotechnologymuch effort
hasfocusedon nanavire or nanotubaliodelogic PLAs. Defect
studies, fault models, routing algorithms, and performance
calculationshave beenobtainedfrom the mappingof logical
benchmarksln the areaof QCA researchsimilar studieshave
beendone.Fromrecon gurabledesignd12] anddefectstudies
[18], [21], [20] up to fault models[13], [5] and this work
on routing and resourceallocation, QCA is proving to be an
exciting emenging technologywith mary implementationshat
target mary applications.

However, thereis still muchwork to be done,especiallyfor
QCA PLAs. We plan on using varioustools and benchmarks
to look at how QCA PLAs compareto other technologiesn
termsof area,delay and power. While there hasbeenwork
doneto considergeneralpower consumptionfor QCA [19],
it wasnot speci ¢ 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 atlogic densityandarearequirementgor certain
logic benchmarks.

Finally, we will also explore methodologieso lower the
EDR. For example, physical-level simulationhasshavn that
we can effectively remove faultsin MQCA circuit constructs
by using a strongerclocking eld, and we could apply this
to MQCA PLAs. This suggestghat we can eliminate faulty
behaior at the expenseof increasedenepy, as the applied
eld strengthis determinedby the amountof currentin a
clock wire [19]. We know of no analogto this behaior in
otheremeging technologiesand it mustbe explored further
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