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Abstract

An emeging nanotetinolagy, guantum-dotellular au-
tomata(QCA),hasthe potentialfor attractivefeaturessud
asfasterspeedsmallersize andlower powerconsumption
thantransistorbasedednolagy. Quantum-dotellular au-
tomatahasa simplecell as the basicelement. Thecell is
usedasa building blodk to constructgateswires,andmem-
ories. Several adderdesignshavebeenproposedbut mul-
tiplier designin QCAis a ratherunexploredreseach area.
Thispaperutilizesthe QCA characteristicsto designserial
parallel multipliers. Two typesof serial parallel multipliers
are designedand simulatedwith several differentoperand
sizes.Thosedesignsare compaedin termsof compleity,
area,andlatency Theserial parallel multipliers havesim-
ple andregular structues.

1. Intr oduction

Currenttransistorbasedsemiconductodevices are be-
comingresistentto scaling. Due to the decreasingupply
voltage and increasingthresholdvoltage, the power con-
sumptionfrom leakagecurrentis oneof the big challenges
of transistorcircuits. Nanotechnologys an alternatve to
theseproblemsandthe ITRS report[1] summarizepossi-
ble technologysolutions. Quantum-dotcellular automata
(QCA) is one of the attractve alternatves. Since QCAs
wereintroducedin 1993[2], several experimentaldevices
have beendeveloped[3—7]. Recenfpapershav thatQCAs
canachieve high density[8], fastswitchingspeed9], and
roomtemperatur@perations, 10].

ALU designis one of the fundamentalcircuit design
issuesand several adderdesignsin QCA have beenpro-
posed[11-13], but multiplier designhasnot beenwidely
consideredy QCA designers.Thereis a QCA multiplier
designin [14,15], but it is not an optimizeddesign. Pre-
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vious adderdesignsshowv that complex designsgenerally
incurlongerdelaysin QCA, soasimplestructureis agood
choicefor thestartingpoint. A largeword sizeparallelmul-
tiplier hasquite a complex structure. Due to the complex
wiring, parallelmultipliersin QCA arelikely to incur long
delays.This paperinvestigateshe serialparallelmultiplier.
Basedon FIR lter equationsthe serialparallelmultiplica-
tion equationis derivedandusingQCA characteristicspp-
timized serial parallel multipliers are presented.The nal
designsshav simpleandregular structureswith an attrac-
tive bit slicestructure.

The paperis organizedas follows. In Section2, the
backgroundf QCA technologyandthe designapproaches
are presented.Section3 shaws the algorithmic designof
multiplication networks basedon Iter networks and Sec-
tion 4 discusseanultiplier implementationfor QCA cir-
cuits. Analysesof simulationresultsandcomparisongol-
low in Section5 andconclusionsarepresentedh Section6.

2. QCA designschemes

2.1. QCA cell

A quantum-dotcellular automata(QCA) is a square
nanostructureof electronwells con ning free electrons.
Eachcell hasfour quantumdots which canhold a single
electronperdot. Thefour dotsarelocatedat the cornersof
the cell andonly two electronsareinjectedinto a cell. By
the clocking mechanismthe electronscantunnelthrough
to neighboringcellsduringthe clock transitionby theinter-
actionbetweerelectrons A highpotentialbarrierattheset-
tled clock signallocksthe stateandresultsin alocal polar
ization which is determinedby Coulombicrepulsion. The
two electronsresidein oppositecornersso thattwo polar
izationsare possibleas seenin Fig. 1. Thosetwo binary
statescanbe usedto make QCA cell a storagecell, acom-
putingcell, or awire.
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Figure 1. Basic QCA cell and two possib le po-
larizations

2.2. Signal ow

A seriesof QCA cellsactlike awire. An illustration of
a QCA wire is shavn in Fig. 2. During eachclock cycle,
half of the wire is active for signal propagationwhile the
otherhalf is stable.During the next clock cycle, half of the
previousactive clock zoneis deactvatedandtheremaining
active zonecellstriggerthe newly activatedcellsto be po-
larized. Thussignalspropagatdrom oneclock zoneto the
next.
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Figure 2. QCA wire

2.3. Clock zones

The circuit areais divided into four sectionsand they
aredrivenby four phaseclock signals.As shavn in Fig. 3,
thereis @90 phaseshift from onesectionto the next. In
eachclock zone,the clock signalhasfour states:high-to-
low, low, low-to-high,andhigh. The cell beginscomputing
duringthe high-to-low stateandholdsthe valueduringthe
low state.Thecell is releasedvhentheclockis in thelow-
to-highstateandinactive duringthe high state.
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Figure 3. QCA clock zones

The cellsin eachclock zonebehae like a singlelatch.
To beusedasamemorycell, aloop of thecellsis neededin
whichaserief clockzonesareused.Becausef thesignal

ow control and synchronizationQCA naturally accepts
pipelinedesigns.

2.4. Logic gates

Logic gatesarerequiredto build arithmeticcircuits. In
QCA, invertersandthree-inputmajority gatessene asthe
fundamentagjates. Thegoverningequatiorfor themajority
gateis M (a;b;c) = ab+ bc+ ca Fig. 4 shows the gate
symbolsandtheir layouts. Two input AND andOR gates
canbe implementedvith 3 input majority gatesby setting
oneinput to a constant. With ANDs, ORs, and inverters,
ary logic functioncanberealized.
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Figure 4. QCA inverter and majority gate

2.5. Design rules

Thecell is assumedo have awidth andheightof 18nm
and5nm diameterquantum-dotsThecellsareplacedon a
grid with acell centerto-centeristanceof 20nm. Thusthe
cell sizecanbede ned as20nm for thenominaldesign.

Becausethere are propagationdelaysbetweencell-to-
cell reactionsthereshouldbe a limit onthe maximumcell
countin aclock zone. This insuresproperpropagatiorand
reliablesignaltransmissionlf thereis norestrictiononthe
maximumlength,thedesignmighthave fewerclockcycles,
but dueto the increasedropagatiordelays,the operating
frequeng would bereduced.

Froma physicaldesignperspectie,thereareseveralcir-
cuit operationissues. Long spanwires are vulnerableto
noise and possibly signal back propagation. The current
QCA technologydoesnt speci cally setthe possibleop-
eratingfrequeny andactualpropagatiordelays. Thusthe
maximumcell countcanbe setasa designparameter In
this paper 15 cellsmaximumlengthis choserempirically.
Thatwasdeterminedo provide freedomto make possible
wire routesand a reasonablgropagationlength for each
clock zone. The minimum separatiorbetweentwo differ-
entsignalwiresis thewidth of two cells.



Multi-layer crosswers are usedfor wire crossingsin
this paper They use more than one layer of cells like a
bridge. An exampleof a multi-layerwire crossings shovn
in Fig. 5. The multi-layer cross@er designis straightfor
ward althoughthereare questionsabouthow it canbe re-
alizedin practice,sinceit requirestwo overlappingactive
layerswith via connections.
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Figure 5. Layout of multi-la yer wire crossing

2.6. Simulations

For circuit layout andfunctionality checking,a simula-
tiontool for QCA circuits,QCADesignef16], isused.This
tool allows usergo doacustomlayoutandthenverify QCA
circuit functionality by simulations.It includestwo differ-
entsimulationenginessuchasabistableapproximatiorand
acoherenceector

3. Algorithmic design

3.1. Filter networks

To considethe multiplicationof two numbersstartwith
aFIR lter example[17]. The lter outputis de ned by
Equation(2).

lx 1
yi = BeXi (2)
k=0

Let Z ! be the one cycle delay operator such that
Z x; = x; 1. Z°is de ned to be the unit operatorand

Z "isdenedbyz "=z 1z "*l Thecharacteristics

areasfollows.
1.7 nXi =Xi n-
2.Z 'F(x) = F(Z x).
3.If Cistimeinvariant,Z 1C = C.

K 1
bexi

k=0

K 1

= bZ *xi
k

i =

=0 I
X 1 '

= bz * x 3)
k=0

Equation(3) canbeimplementedy the network shavn
in Fig. 6. Thecirclesin the gure with theb's repregent
multiplication by the constantswritten insidethemand
meansthe addition of two inputs. Datax;;l3 andy; are
wordsof arbitrarysize.
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Figure 6. FIR lter network

To usea pipeline design,both upperand lower signal
linesincludethe sameadditionaldelayunits. Assumethat
Z % is possibleandapplytheZ 2 delayelemento each
sectionwith upperandlower lines. Equation(4) provesthat
Fig. 7 givesthe correct Iter outputresultwith N=2 cycle
delays.
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Figure 7. Pipelined FIR lter network

3.2. Multiplication  networks
Theserelationscanbeappliedto multiplication. Assume
anunsignechumbersystem.Fig. 8 illustratesthe bit prod-
uct matrix for anunsignedmultiplication. In this case pnly
onedigit calculationsare usedin the network, so all addi-
tions and multiplicationsusebinary computations.A one
digit multiplicationis representetby alogical AND anda
one digit addition correspondgo a full adder The main



differencebetweerthe FIR Iter andthemultiplicationnet-
work is the handlingof the carry-outof the adder The |-
ter networks internally usecarry o w, but the multiplica-
tion network needdistinctsignal o ws, sothe network for
multiplicationshouldbechangedccordinglyfromthe Iter
network.
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Figure 8. Bit product matrix for unsigned mul-
tiplication

Let (a;;b) bethe multiplicandand multiplier pair and
pi bethe productsumof the bit positioni. Bits a; andp;
correspondo wordsx; andy; of the Iter example.Thepo-
sitioni is consideredastheinput appliedattimei. De ne
thesumandcarry-outof full adderati timeandj ™ loca-
tionas(sj;cj)when0 i 2N land0 j N 1
wherej is numberedfrom right to left. Assumethat the
sumgeneratiortakesat leastZ %andthecarrygeneration
takesatleastZ 7. EventhoughFigs.6 and7 ignoredthe
zerothfull adderthederivationincludesthatadder Theim-
plementatiorcanbe donein two ways. Equationg(5) and
(6) representhetwo alternatves.

1
3

(si:6) = Add Bz Ta;Z s 1:Z Fogay
= Add Ba 7508 3y 1):C by ()
(si;G) = Add hZ a;Z s 1);Z ‘g
= Add Ba 35580 1y 1):C v (6)

Equation(5) sendsthe carry-outin a backward direc-
tion with minimum delay Instead,Equation(6) usesa
feedbackioop to the adderitself usinga one clock delay
unit. Both handlethe carry-outcorrectlycarryingit to the
higherbit calculation. Call them a carry shift multiplica-
tion (CSM)andacarrydelaymultiplication(CDM), respec-
tively. Figs.9 and10 show the network diagramsbasedon
theseequations.In view of the o w directionbetweenin-
putandoutput,they arenamedight-to-left (RtL) networks.
The angledoutputline of afull adderis the carry-out. The
CSM designis optimizedfor minimum delay of the carry
shift while the CDM designis optimizedto minimize the
lateng of the output.

In this realization,the minimum latengy from the rst
inputto rst outputis either3N=4 or N=2 cycles. Going
to Fig. 6 andredirectingthe outputto the right side,which

Figure 9. Right-to-left (RtL) carry shift multi-
plication netw ork

Figure 10. Right-to-left (RtL) carry delay mul-
tiplication netw ork

is the samesideto theinput, Fig. 11 shows the redirection
graphandfor a pipelinedesign,it canberedravn asshovn
in Fig. 12 by useof Equation(7).
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Figure 11. Redirected FIR lter network
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Finally, Fig. 12is anetwork designcomparabléo Fig. 7.
The maindifferenceis thatthereis a muchsmallerlateng
fromthe rst inputto the rst output.BasedonFig. 12,the
multiplication networks are representedy Equations(8)
and (9) accordingto the carry out handling. Figs. 13 and
14 show respectie network implementationsLik ewise,the
networks are calleda right-to-right (RtR) networks and by



Figure 12. Redirected pipelined FIR lter net-
work

the carry ow, they are distinguishedas either carry shift
multiplication (CSM) or carry delay multiplication (CDM)
networks. The CSM designhasthe minimumdelay of the
carryshift andthe CDM designhastheminimumlateng to
theoutput.

(si;ci) = Add Bz #a;z %Si(j+1);z 4LCi(j 1)
= Add Ba 1380 340G Hg v (8)
(i;6) = Add BZ Pa;Z Tsi.;Z g
= Add hai %j;s(i %)(j)rl);c(i 1)j )

Figure 13. Right-to-right (RtR) carry shift mul-
tiplication netw ork

Figure 14. Right-to-right
multiplication netw ork

(RtR) carry delay

4. Multiplier implementation

4.1. Multiplication  networks for QCA

The QCA circuit hasa four phaseclock andthe circuit
areasare divided into four clock zones. One clock zone
delayis denotedoy the D ! operatoy which corresponds
to a quartercycle. Thatis, D 4 = Z 1. Basedon the
QCA circuit characteristicspneclock zonedelaysa quarter
clock, sothatdelaymatchego oneD ! operation Assume
alogical AND operationdelaysby oneD ! operationand
onefull addersumandcarry-outcomputatiorfrom thein-
putby D 2 andD ! operationsyespectiely. Wires also
take somedelay basedon the wire length. After incorpo-
ratingthesecharacteristicsthe Iter networks areredravn
asFigs.15and16. Delayamountsn upperandlower sig-
nal o wsin eithercasearechoserto make oneclock cycle
differencedetweertheadjacenpaths.

Figure 16. Redirected FIR Iter network for

QCA

From the Iter network examples,the multiplier net-
works for QCA aredrawvn. Basedon Equations(5-6) and
(8-9),Equationg10-11)and(12-13)arerewrittenfor QCA
multiplication. The previous gures are modi ed by the
carry ow options. The serial multiplier can be imple-
mentedwith four differentoptionsasin Figs. 17, 18, 19,
and20.

(si;G) = Add BD 7 2a;D 3s; 1;D G
= Add ba 7 2;S0 3 1:C 1+ (10)
(sj;G) = Add bD ® 2a;D 32s; 1);D ‘g
= Add ba ¢ 2;Si 2 1):C0 )] (11)



Figure 18. RtL CDM network for QCA

(si;cj) = Add hD ! 2a;D 3sij.q);D o g
= Add Bai j 28 g+n:C ng 1 (12)
(si;6) = Add hD # 2a;D 2sij.1);D ‘g

= Add ba 2 2;Si 2)j+1):Ci )] (13)
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Figure 20. RtR CDM netw ork for QCA

4.2. Multiplier  design

Previousliterature[14,15] presentec designfor a mul-
tiplier which usesa structurelik e Fig. 10 exceptmultiply-
ing Z z to all thehorizontal o w delayunits. Thatdesign
inherentlyundegoesa long delay andhasan unnecessary
right-mostfull adder In this paper a RtR structureis cho-
senfor the QCA circuit implementatiorbecauset reduces
the rst inputto rst outputlateng. The nal designwill
have two optionsasin Figs.19 and20. Fig. 21 represents
thegenerablock diagramsf QCA multipliersandFig. 22
shavstheblock diagram=f theoptimizeddesigndor QCA
layouts.

a, (serial-in)

p; (serial-out)

a, (serial-in)

p, (serial-out)

(b) RtRCDM

Figure 21. Multiplier block diagrams

a, (serial-in)

p, (serial-out)

a, (serial-in)

p; (serial-out)

(b) RtRCDM

Figure 22. Modied multiplier block diagrams



4.3. QCA Implemen tation

For easy comparisons4 bit multiplier examplesare
shawvn. Fig. 23 shavsthe bit productmatrix for 4 bit multi-
plication.

ab, ab, aby ahb,
ab, ab; ab, ah,
ab, ab, ab, ab,
ab; ab, ab, apb,
P, Pe Ps P, Ps P, P, Po

Figure 23. Bit product matrix for 4 bit multi-
plication

Full addersareusedfor the carryshift multiplier andbit-
serialaddersareusedfor the carry delaymultiplier. Those
addersaremadeusingthe“carry o w adder(CFA)” which
is alayoutoptimizedripple carryadder Thebit-serialadder
is similarto thefull adderexceptthatthecarry-inandcarry-
outareconnectednternallywith aoneclockdelay Figs.24
and25 representhe schematicandlayoutsof bothadders.

b g
b, q
M
M
Co M
s; s

(a) Full adder (b) Bit-serialadder

Figure 24. 1 bit adder schematics

Usingtheseadders4 bit RtR CSMandCDM designsac-
cordingto Fig. 22 areimplementedisshavnin Figs.26and
27. Multipliers for larger word sizescan be implemented
easilyby addingadditionalbit slices.

5. Designanalyses
5.1. Simulation results

With QCADesignerver. 2.0.3,the circuit functionality
is veri ed. Thefollowing parameterareusedfor abistable
approximation: cell size = 20nm, numberof samples=
102400,convergencetolerance= 0.00001 radiusof effect

o o
5o
56

(a) Full adder

(b) Bit-serialadder

Figure 25. 1 bit adder layouts
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Figure 26. Layout of 4 bit carry shift multiplier
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Figure 27. Layout of 4 bit carry delay multi-
plier



= 41nm, relative permittivity = 12.9, clock high = 9.8e-
22 J, clock low = 3.8e-23J, clock amplitudefactor = 2,
layerseparatiorr 11.5nm, maximumiterationspersample
=10000[18].

4 bit multiplier simulationresultsare provided with the
input and outputwaveformsasshawvn in Fig. 28 for CSM
andFig. 29 for CDM. First andlastinput/outputpairsare
highlighted. The highlighted protrusion of “0” is only
shawvn for understandability

Simulation Resuts

S T .
Bin[3:0] ‘ ‘( 0 X 15 X 0 X u X @ X 9 X ° )
I } )

needsto be delayedmore thanthe LSB dueto the input
synchronizationBecausdhe CSM hasoneclock zonedif-

ferencebetweerthelogical AND gateinsteadof two clock
zonesin CDM, the CSM only needshalf as mary clock
zonesfor input synchronization.Synchronizingthe inputs
in largeword sizeCDMsrequiredargeareasandmorecells
eventhoughthe basedesignof CDM is simplet Figs. 30
and31re ect thoserelations.As adesignchoice theCDMs
canbemodi ed to have asmallersynchronizingsectionby
increasingthe lateng. Thosedesignswill have the same
latengy asthe CSMs.

Table 1. Multiplier comparisons

Seraou 4 ‘ Complity Area Lateny
maagron | [T LI T T IO CSM4 | 507cells | 1:04 0:61m 2 | 11 clocks
RS mmewm e CSM8 1011cells 1:93 0:61m ? 1% clocks
Figure 28. Simulation result of 4 bit carry shift CSM16 | 2043cells | 3:67 0:61m ? | 17 clocks
multiplier CSM32 | 4299cells | 7:24 0.67m 2 1% clocks
CSM64 | 9579cells | 1430 0:85m 2 | 1% clocks
CDM4 406¢cells 1:.05 0:47m 2 1 clock
— Sriaton feate CDM8 903cells 2112 0:47m? 1 clock
- CDM16 | 1999cells | 4:19 0:47m 2 | 1clock
- CDM32 | 4575cells | 8:47 0.65m 2 | 1clock
CDM64 | 11264cells | 16:84 0:95m 2 | 1clock
wigt | (e e e ey P e

Figure 29. Simulation result of 4 bit carry de-
lay multiplier

For an N bit case,multiplier inputsarean N + 1 bit
number(1 bit serialinput andN bit parallelinputs) and
outputis a 1 bit number(serialoutput)ignoring a constant
carry-in. Theserialinputandoutputusetheorderfrom LSB
to MSB and parallel inputs are repeatedvheneer a new
serialinputis available(N cycles). For theinitialization of
themultiplier, N + 1 zerobits ateachcycle areprovidedfor
theperiodof N clockcyclesandpaddingN + 1 zerobitsat
eachcycle arealsoprovided betweerthe input setsfor the
periodof N clock cycles. Completiontime for oneN bit
multiplicationtakes2N cycles.

5.2. Comparisons

Variousword size carry shift multipliers and carry de-
lay multipliers areimplementedand comparedn Table 1.
Smallerword size multiplier trendsdon't matchwith the
larger word size multiplier trends. The MSB of input B

6. Conclusions

Basedonthe QCA characteristicsa simplestructureus-
ing a pipelinedesignhasan advantageof reducedwire de-
lays. The serial parallel multiplier is a possiblesolution
with this characteristic.This paperpresentserial parallel
multiplication networks basedon Iter networks. The net-
worksarederivedfrom multiplicationequationsandimple-
mentedby network graphs. The designusessystolicarray
structurego pumpoutanoutputon every clock cycle andit
is optimizedfor low lateng to the rst output.It alsohasa
regulardesignfor easyword sizeextensionaswell assmall
areasanda smallnumberof cellsused.

This researchextendsthe QCA circuit designsto mul-
tiplication. For the fastmultiplication of large word sizes,
more complex multiplication algorithmsshouldbe investi-
gated. Unlike the transistorcircuits, addedlogic units do
not guarantedastoperation. Futureresearchrshouldlook
for the optimal pointalongthe delayandcomplexity trade-
off.




Figure 30. Layout of 32 bit carry shift multiplier

Figure 31. Layout of 32 bit carry delay multiplier
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