
Serial Parallel Multiplier Designin
Quantum-dot Cellular Automata

HeumpilCho
Qualcomm,Inc.

5775MorehouseDr.
SanDiego,California92121

Email: hpcho@qualcomm.com

EarlE. Swartzlander, Jr.
Departmentof ElectricalandComputerEngineering

TheUniversityof TexasatAustin
Austin,Texas78712

Email: eswartzla@aol.com

Abstract

An emerging nanotechnology, quantum-dotcellular au-
tomata(QCA),hasthepotentialfor attractivefeaturessuch
asfasterspeed,smallersize, andlowerpowerconsumption
thantransistorbasedtechnology. Quantum-dotcellular au-
tomatahasa simplecell as the basicelement.Thecell is
usedasa building block to constructgates,wires,andmem-
ories. Several adderdesignshavebeenproposed,but mul-
tiplier designin QCAis a ratherunexploredresearch area.
ThispaperutilizestheQCAcharacteristicsto designserial
parallel multipliers. Two typesof serialparallel multipliers
are designedand simulatedwith several differentoperand
sizes.Thosedesignsare compared in termsof complexity,
area,andlatency. Theserial parallel multipliers havesim-
pleandregular structures.

1. Intr oduction

Currenttransistorbasedsemiconductordevicesarebe-
comingresistentto scaling. Due to the decreasingsupply
voltageand increasingthresholdvoltage, the power con-
sumptionfrom leakagecurrentis oneof thebig challenges
of transistorcircuits. Nanotechnologyis an alternative to
theseproblemsandthe ITRS report[1] summarizespossi-
ble technologysolutions. Quantum-dotcellular automata
(QCA) is one of the attractive alternatives. SinceQCAs
wereintroducedin 1993[2], several experimentaldevices
havebeendeveloped[3–7]. Recentpapersshow thatQCAs
canachieve high density[8], fastswitchingspeed[9], and
roomtemperatureoperation[5,10].

ALU designis one of the fundamentalcircuit design
issuesand several adderdesignsin QCA have beenpro-
posed[11–13], but multiplier designhasnot beenwidely
consideredby QCA designers.Thereis a QCA multiplier
designin [14,15], but it is not an optimizeddesign. Pre-

vious adderdesignsshow that complex designsgenerally
incur longerdelaysin QCA, soa simplestructureis a good
choicefor thestartingpoint. A largewordsizeparallelmul-
tiplier hasquite a complex structure. Due to the complex
wiring, parallelmultipliers in QCA arelikely to incur long
delays.Thispaperinvestigatestheserialparallelmultiplier.
BasedonFIR �lter equations,theserialparallelmultiplica-
tion equationis derivedandusingQCA characteristics,op-
timized serialparallelmultipliers arepresented.The �nal
designsshow simpleandregularstructureswith an attrac-
tivebit slicestructure.

The paperis organizedas follows. In Section2, the
backgroundof QCA technologyandthedesignapproaches
arepresented.Section3 shows the algorithmicdesignof
multiplication networks basedon �lter networks andSec-
tion 4 discussesmultiplier implementationfor QCA cir-
cuits. Analysesof simulationresultsandcomparisonsfol-
low in Section5 andconclusionsarepresentedin 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 can hold a single
electronperdot. Thefour dotsarelocatedat thecornersof
thecell andonly two electronsareinjectedinto a cell. By
the clocking mechanism,the electronscantunnel through
to neighboringcellsduringtheclock transitionby theinter-
actionbetweenelectrons.A highpotentialbarrierat theset-
tled clock signallocksthestateandresultsin a local polar-
ization which is determinedby Coulombicrepulsion. The
two electronsresidein oppositecornersso that two polar-
izationsarepossibleasseenin Fig. 1. Thosetwo binary
statescanbeusedto make QCA cell a storagecell, a com-
putingcell, or a wire.
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Figure 1. Basic QCA cell and two possib le po-
larizations

2.2. Signal 
o w

A seriesof QCA cellsact like a wire. An illustrationof
a QCA wire is shown in Fig. 2. During eachclock cycle,
half of the wire is active for signalpropagation,while the
otherhalf is stable.During thenext clock cycle,half of the
previousactiveclockzoneis deactivatedandtheremaining
active zonecells trigger thenewly activatedcells to bepo-
larized.Thussignalspropagatefrom oneclock zoneto the
next.

Figure 2. QCA wire

2.3. Clo ck zones

The circuit areais divided into four sectionsand they
aredrivenby four phaseclock signals.As shown in Fig. 3,
thereis a 90� phaseshift from onesectionto the next. In
eachclock zone,the clock signalhasfour states:high-to-
low, low, low-to-high,andhigh. Thecell beginscomputing
duringthehigh-to-low stateandholdsthevalueduringthe
low state.Thecell is releasedwhentheclock is in thelow-
to-highstateandinactiveduringthehighstate.

Clock Zone 0

Clock Zone 1

Clock Zone 2

Clock Zone 3

Figure 3. QCA cloc k zones

The cells in eachclock zonebehave like a singlelatch.
To beusedasamemorycell, a loopof thecellsis needed,in
whichaseriesof clockzonesareused.Becauseof thesignal
�o w control and synchronization,QCA naturally accepts
pipelinedesigns.

2.4. Logic gates

Logic gatesarerequiredto build arithmeticcircuits. In
QCA, invertersandthree-inputmajority gatesserve asthe
fundamentalgates.Thegoverningequationfor themajority
gateis M (a; b;c) = ab+ bc+ ca. Fig. 4 shows the gate
symbolsandtheir layouts. Two input AND andOR gates
canbe implementedwith 3 input majority gatesby setting
one input to a constant.With ANDs, ORs,and inverters,
any logic functioncanberealized.

a � b = M (a; b;0)

a + b = M (a; b;1) (1)

Figure 4. QCA inver ter and majority gate

2.5. Design rules

Thecell is assumedto havea width andheightof 18nm
and5nm diameterquantum-dots.Thecellsareplacedon a
grid with acell center-to-centerdistanceof 20nm. Thusthe
cell sizecanbede�ned as20nm for thenominaldesign.

Becausethereare propagationdelaysbetweencell-to-
cell reactions,thereshouldbea limit on themaximumcell
countin a clock zone.This insuresproperpropagationand
reliablesignaltransmission.If thereis no restrictionon the
maximumlength,thedesignmighthavefewerclockcycles,
but dueto the increasedpropagationdelays,the operating
frequency would bereduced.

Fromaphysicaldesignperspective,thereareseveralcir-
cuit operationissues. Long spanwires are vulnerableto
noiseand possiblysignal back propagation. The current
QCA technologydoesn't speci�cally set the possibleop-
eratingfrequency andactualpropagationdelays.Thusthe
maximumcell countcanbe setasa designparameter. In
this paper, 15 cellsmaximumlengthis chosenempirically.
That wasdeterminedto provide freedomto make possible
wire routesand a reasonablepropagationlength for each
clock zone. The minimum separationbetweentwo differ-
entsignalwiresis thewidth of two cells.



Multi-layer crossovers are used for wire crossingsin
this paper. They usemore than one layer of cells like a
bridge.An exampleof amulti-layerwire crossingis shown
in Fig. 5. The multi-layer crossover designis straightfor-
ward althoughtherearequestionsabouthow it canbe re-
alizedin practice,sinceit requirestwo overlappingactive
layerswith via connections.

0

0

1

1

Figure 5. Layout of multi-la yer wire crossing

2.6. Sim ulations

For circuit layout andfunctionalitychecking,a simula-
tion tool for QCA circuits,QCADesigner[16], is used.This
tool allowsusersto doacustomlayoutandthenverify QCA
circuit functionalityby simulations.It includestwo differ-
entsimulationenginessuchasabistableapproximationand
acoherencevector.

3. Algorithmic design

3.1. Filter net works

To considerthemultiplicationof two numbers,startwith
a FIR �lter example[17]. The �lter output is de�ned by
Equation(2).

yi =
N � 1X

k=0

bk x i � k (2)

Let Z � 1 be the one cycle delay operator such that
Z � 1x i = x i � 1. Z 0 is de�ned to be the unit operatorand
Z � n is de�ned by Z � n = Z � 1Z � n +1 . Thecharacteristics
areasfollows.

1. Z � n x i = x i � n .
2. Z � 1F (x) = F (Z � 1x).
3. If C is time invariant,Z � 1C = C.

yi =
N � 1X

k=0

bk x i � k

=
N � 1X

k=0

bk Z � k x i

=

 
N � 1X

k=0

bk Z � k

!

x i (3)

Equation(3) canbeimplementedby thenetwork shown
in Fig. 6. The circles in the �gure with the bi 's represent
multiplicationby theconstantswritten insidethemand

L

meansthe addition of two inputs. Data x i ; bi and yi are
wordsof arbitrarysize.

Z-1 Z-1

b1 b0

x i

y i

bN-1 bN-2

…

…

…+ + +

Figure 6. FIR �lter netw ork

To usea pipeline design,both upperand lower signal
lines includethesameadditionaldelayunits. Assumethat
Z � 1

4 is possibleandapply theZ � 1
2 delayelementto each

sectionwith upperandlower lines.Equation(4) provesthat
Fig. 7 givesthe correct�lter outputresultwith N=2 cycle
delays.

PipelinedFIR �lter output

= Z � 1
2

�
bN � 1Z � 3

2 (N � 1) + Z � 1
2

�
bN � 2Z � 3

2 (N � 2) +

� � � + Z � 1
2
�
b0Z 0� � �

x i

= Z � N
2 bN � 1Z � (N � 1) x i + Z � N

2 bN � 2Z � (N � 2) x i +

� � � + Z � N
2 b0x i

= Z � N
2

 
N � 1X

k=0

bk Z � k

!

x i

= Z � N
2 yi (4)
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Z-N/2yi
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…

…

…+ + +Z-1/2

Z-3/2

Z-1/2

Z-3/2

Z-1/2

Figure 7. Pipelined FIR �lter netw ork

3.2. Multiplication net works

Theserelationscanbeappliedto multiplication.Assume
anunsignednumbersystem.Fig. 8 illustratesthebit prod-
uctmatrix for anunsignedmultiplication. In thiscase,only
onedigit calculationsareusedin thenetwork, so all addi-
tions andmultiplicationsusebinary computations.A one
digit multiplication is representedby a logical AND anda
one digit addition correspondsto a full adder. The main



differencebetweentheFIR �lter andthemultiplicationnet-
work is thehandlingof thecarry-outof theadder. The�l-
ter networks internally usecarry �o w, but the multiplica-
tion network needsdistinctsignal�o ws,sothenetwork for
multiplicationshouldbechangedaccordinglyfrom the�lter
network.

aN-1bN-1 aN-2bN-1

aN-1bN-2 aN-2bN-2

aN-1b1 aN-2b1

aN-1b0 aN-2b0

a1bN-1

a1bN-2 a0bN-2

a0b0
a0b1

a0bN-1

a1b1

a1b0…
…

::

…
…

: :

bN-1 bN-2 b0b1

aN-1 aN-2 a0a1…
…X

pN-1 pN-2 p0p1…p2N-1 p2N-2 p2N-3 … pN

:: : :…

p2

Figure 8. Bit product matrix for unsigned mul-
tiplication

Let (ai ; bi ) be the multiplicandandmultiplier pair and
pi be the productsumof thebit positioni . Bits ai andpi

correspondto wordsx i andyi of the�lter example.Thepo-
sition i is consideredasthe input appliedat time i . De�ne
thesumandcarry-outof full adderat i th timeandj th loca-
tion as(sij ; cij ) when0 � i � 2N � 1 and0 � j � N � 1
wherej is numberedfrom right to left. Assumethat the
sumgenerationtakesat leastZ � 1

2 andthecarrygeneration
takesat leastZ � 1

4 . EventhoughFigs.6 and7 ignoredthe
zerothfull adder, thederivationincludesthatadder. Theim-
plementationcanbe donein two ways. Equations(5) and
(6) representthetwo alternatives.

(sij ; cij ) = Add
�

bj Z � 7
4 j ai ; Z � 3

4 si ( j � 1) ; Z � 1
4 ci ( j +1)

�

= Add
�

bj ai � 7
4 j ; s( i � 3

4 )( j � 1) ; c( i � 1
4 )( j +1)

�
(5)

(sij ; cij ) = Add
�

bj Z � 3
2 j ai ; Z � 1

2 si ( j � 1) ; Z � 1cij

�

= Add
�

bj ai � 3
2 j ; s( i � 1

2 )( j � 1) ; c( i � 1) j

�
(6)

Equation(5) sendsthe carry-out in a backward direc-
tion with minimum delay. Instead,Equation(6) usesa
feedbackloop to the adderitself usinga one clock delay
unit. Both handlethe carry-outcorrectlycarryingit to the
higherbit calculation. Call thema carry shift multiplica-
tion (CSM)andacarrydelaymultiplication(CDM), respec-
tively. Figs.9 and10 show thenetwork diagramsbasedon
theseequations.In view of the �o w directionbetweenin-
putandoutput,they arenamedright-to-left (RtL) networks.
Theangledoutputline of a full adderis thecarry-out.The
CSM designis optimizedfor minimum delayof the carry
shift while the CDM designis optimizedto minimize the
latency of theoutput.

In this realization,the minimum latency from the �rst
input to �rst output is either3N=4 or N=2 cycles. Going
to Fig. 6 andredirectingtheoutputto theright side,which

b1 b0

ai

bN-1 bN-2

…

…

…+ + +Z-3N/4p i +

0

Z-3/4 Z-3/4 Z-3/4 Z-1

Z-7/4 Z-7/4

Z-1/4Z-1/4

Figure 9. Right-to-left (RtL) carr y shift multi-
plication netw ork
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…
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Z-1

Z-1/2

Z-1 Z-1

Z-1/2

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

is thesamesideto the input, Fig. 11 shows theredirection
graphandfor a pipelinedesign,it canberedrawn asshown
in Fig. 12by useof Equation(7).

Z-1 Z-1

b1 b0

x i

y i

bN-1 bN-2

…

…

… ++ +

Figure 11. Redirected FIR �lter netw ork

Z � 1
2 yi = Z � 1

2

 
N � 1X

k=0

bk Z � k

!

x i

= Z � 1
2

 
N � 1X

k=0

bk Z � k
2 Z � k

2

!

x i

= Z � 1
2

 
N � 1X

k=0

Z � k
2 bk Z � k

2

!

x i (7)

Finally, Fig.12is anetwork designcomparableto Fig.7.
Themaindifferenceis that thereis a muchsmallerlatency
from the�rst input to the�rst output.BasedonFig. 12,the
multiplication networks are representedby Equations(8)
and(9) accordingto the carry out handling. Figs. 13 and
14show respectivenetwork implementations.Likewise,the
networksarecalleda right-to-right (RtR) networksandby
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bN-1 bN-2

…

…

… ++ + Z-1/2y i

Z-1/2 Z-1/2

Z-1/2 Z-1/2 Z-1/2

Figure 12. Redirected pipelined FIR �lter net-
work

the carry �o w, they are distinguishedaseithercarry shift
multiplication(CSM) or carrydelaymultiplication(CDM)
networks. TheCSM designhastheminimumdelayof the
carryshift andtheCDM designhastheminimumlatency to
theoutput.

(sij ; cij ) = Add
�

bj Z � 1
4 j ai ; Z � 3

4 si ( j +1) ; Z � 1
4 ci ( j � 1)

�

= Add
�

bj ai � 1
4 j ; s( i � 3

4 )( j +1) ; c( i � 1
4 )( j � 1)

�
(8)

(sij ; cij ) = Add
�

bj Z � 1
2 j ai ; Z � 1

2 si ( j +1) ; Z � 1cij

�

= Add
�

bj ai � 1
2 j ; s( i � 1

2 )( j +1) ; c( i � 1) j

�
(9)
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…

…

…+ + + Z-3/4p i+
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Figure 13. Right-to-right (RtR) carr y shift mul-
tiplication netw ork
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Figure 14. Right-to-right (RtR) carr y delay
multiplication netw ork

4. Multiplier implementation

4.1. Multiplication net works for QCA

The QCA circuit hasa four phaseclock andthecircuit
areasare divided into four clock zones. One clock zone
delay is denotedby the D � 1 operator, which corresponds
to a quartercycle. That is, D � 4 = Z � 1. Basedon the
QCA circuit characteristics,oneclockzonedelaysaquarter
clock,sothatdelaymatchesto oneD � 1 operation.Assume
a logical AND operationdelaysby oneD � 1 operationand
onefull addersumandcarry-outcomputationfrom the in-
put by D � 2 andD � 1 operations,respectively. Wires also
take somedelaybasedon the wire length. After incorpo-
rating thesecharacteristics,the �lter networksareredrawn
asFigs.15 and16. Delayamountsin upperandlower sig-
nal �o ws in eithercasearechosento make oneclock cycle
differencesbetweentheadjacentpaths.

D-6 D-6

b1 b0

ai

bN-1 bN-2

…

…

…+ + +

D-1 D-1 D-1 D-1

D-2 D-2D-2N-2p i D-2

D-1

Figure 15. FIR �lter netw ork for QCA
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ai

bN-1 bN-2

…

…

… ++ +

D-1 D-1 D-1 D-1

D-2 D-2 D-4p iD-2

D-1

Figure 16. Redirected FIR �lter netw ork for
QCA

From the �lter network examples,the multiplier net-
works for QCA aredrawn. Basedon Equations(5-6) and
(8-9),Equations(10-11)and(12-13)arerewrittenfor QCA
multiplication. The previous �gures are modi�ed by the
carry �o w options. The serial multiplier can be imple-
mentedwith four differentoptionsas in Figs. 17, 18, 19,
and20.

(sij ; cij ) = Add
�
bj D � 7j � 2ai ; D � 3si ( j � 1) ; D � 1ci ( j +1)

�

= Add
�
bj ai � 7j � 2; s( i � 3)( j � 1) ; c( i � 1)( j +1)

�
(10)

(sij ; cij ) = Add
�
bj D � 6j � 2ai ; D � 2si ( j � 1) ; D � 4cij

�

= Add
�
bj ai � 6j � 2; s( i � 2)( j � 1) ; c( i � 4) j

�
(11)
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Figure 17. RtL CSM netw ork for QCA
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Figure 18. RtL CDM netw ork for QCA

(sij ; cij ) = Add
�
bj D � j � 2ai ; D � 3si ( j +1) ; D � 1ci ( j � 1)

�

= Add
�
bj ai � j � 2; s( i � 3)( j +1) ; c( i � 1)( j � 1)

�
(12)

(sij ; cij ) = Add
�
bj D � 2j � 2ai ; D � 2si ( j +1) ; D � 4cij

�

= Add
�
bj ai � 2j � 2; s( i � 2)( j +1) ; c( i � 4) j

�
(13)
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Figure 19. RtR CSM netw ork for QCA
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Figure 20. RtR CDM netw ork for QCA

4.2. Multiplier design

Previousliterature[14,15] presentedadesignfor a mul-
tiplier which usesa structurelike Fig. 10 exceptmultiply-
ing Z � 1

2 to all thehorizontal�o w delayunits. Thatdesign
inherentlyundergoesa long delayandhasan unnecessary
right-mostfull adder. In this paper, a RtR structureis cho-
senfor theQCA circuit implementationbecauseit reduces
the �rst input to �rst output latency. The �nal designwill
have two optionsasin Figs.19 and20. Fig. 21 represents
thegeneralblock diagramsof QCA multipliersandFig. 22
showstheblockdiagramsof theoptimizeddesignsfor QCA
layouts.

FA FA FA FA… 0

ai (serial-in)

p i (serial-out)

bN-1 bN-2 b1 b0

(a) RtRCSM

FA FA FA…

ai (serial-in)

p i (serial-out)

bN-1 bN-2 b1 b0

(b) RtR CDM

Figure 21. Multiplier bloc k diagrams

FA FA… 0

ai (serial-in)

p i (serial-out)

bN-1 bN-2 b1 b0

FAFA

(a) RtRCSM

FA FA FA…

ai (serial-in)

p i (serial-out)

bN-1 bN-2 b1 b0

(b) RtR CDM

Figure 22. Modi�ed multiplier bloc k diagrams



4.3. QCA Implemen tation

For easy comparisons,4 bit multiplier examplesare
shown. Fig. 23showsthebit productmatrix for 4 bit multi-
plication.

a3b3 a2b3

a3b2 a2b2

a3b1 a2b1

a3b0 a2b0

a1b3

a1b2 a0b2

a0b0
a0b1

a0b3

a1b1

a1b0

b3 b2 b0b1

a3 a2 a0a1
X

p4 p3 p0p1p7 p6 p5 p2

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

Full addersareusedfor thecarryshift multiplier andbit-
serialaddersareusedfor thecarrydelaymultiplier. Those
addersaremadeusingthe“carry �o w adder(CFA)” which
is alayoutoptimizedripplecarryadder. Thebit-serialadder
is similarto thefull adderexceptthatthecarry-inandcarry-
outareconnectedinternallywith aoneclockdelay. Figs.24
and25representtheschematicsandlayoutsof bothadders.

M

M

bi ai

ci

si

co

M

(a) Full adder

M

M

bi ai

si

M

D

(b) Bit-serialadder

Figure 24. 1 bit adder schematics

Usingtheseadders,4 bit RtRCSMandCDM designsac-
cordingto Fig.22areimplementedasshown in Figs.26and
27. Multipliers for larger word sizescanbe implemented
easilyby addingadditionalbit slices.

5. Designanalyses

5.1. Sim ulation results

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

(a) Full adder (b) Bit-serialadder

Figure 25. 1 bit adder layouts

Figure 26. Layout of 4 bit carr y shift multiplier

Figure 27. Layout of 4 bit carr y delay multi-
plier



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

4 bit multiplier simulationresultsareprovidedwith the
input andoutputwaveformsasshown in Fig. 28 for CSM
andFig. 29 for CDM. First andlast input/outputpairsare
highlighted. The highlighted protrusion of “0” is only
shown for understandability.

Serial_in
0 1 0 1 0 1 0 1 0 1 0

Bin[3:0]
0 15 0 11 0 9 0

Cin
0

Serial_out
1 1 1 0 0 1 0 0 0 0 1 1 1 1 1 1 1 0 0 0 1 0 1 0 1 1 0 1 0

max: 9.54e-001
min: -9.54e-001
Serial_out

0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000

Simulation Results

0

Figure 28. Simulation result of 4 bit carr y shift
multiplier

Serial_in
0 1 0 1 0 1 0 1 0 1 0

Bin[3:0]
0 15 0 15 0 11 0

Serial_out
1 0 1 0 0 1 0 0 0 0 1 1 1 1 1 0 0 0 0 1 1 1 1 0 0 0 1 1 0

max: 9.54e-001
min: -9.54e-001
Serial_out

0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000

Simulation Results

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

For an N bit case,multiplier inputs are an N + 1 bit
number(1 bit serial input and N bit parallel inputs) and
outputis a 1 bit number(serialoutput)ignoringa constant
carry-in.Theserialinputandoutputusetheorderfrom LSB
to MSB and parallel inputs are repeatedwhenever a new
serialinput is available(N cycles).For theinitializationof
themultiplier, N + 1 zerobitsateachcycleareprovidedfor
theperiodof N clockcyclesandpaddingN + 1 zerobitsat
eachcycle arealsoprovidedbetweenthe 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 areimplementedandcomparedin Table1.
Smallerword size multiplier trendsdon't matchwith the
larger word size multiplier trends. The MSB of input B

needsto be delayedmore than the LSB due to the input
synchronization.BecausetheCSM hasoneclock zonedif-
ferencebetweenthelogical AND gateinsteadof two clock
zonesin CDM, the CSM only needshalf as many clock
zonesfor input synchronization.Synchronizingthe inputs
in largewordsizeCDMsrequireslargeareasandmorecells
even thoughthe basedesignof CDM is simpler. Figs. 30
and31re�ect thoserelations.Asadesignchoice,theCDMs
canbemodi�ed to have a smallersynchronizingsectionby
increasingthe latency. Thosedesignswill have the same
latency astheCSMs.

Table 1. Multiplier comparisons

Complexity Area Latency

CSM4 507cells 1:04� 0:61�m 2 11
4 clocks

CSM8 1011cells 1:93� 0:61�m 2 11
4 clocks

CSM16 2043cells 3:67� 0:61�m 2 11
4 clocks

CSM32 4299cells 7:24� 0:67�m 2 11
4 clocks

CSM64 9579cells 14:30� 0:85�m 2 11
4 clocks

CDM4 406cells 1:05� 0:47�m 2 1 clock

CDM8 903cells 2:12� 0:47�m 2 1 clock

CDM16 1999cells 4:19� 0:47�m 2 1 clock

CDM32 4575cells 8:47� 0:65�m 2 1 clock

CDM64 11264cells 16:84� 0:95�m 2 1 clock

6. Conclusions

Basedon theQCA characteristics,asimplestructureus-
ing a pipelinedesignhasanadvantageof reducedwire de-
lays. The serial parallel multiplier is a possiblesolution
with this characteristic.This paperpresentsserialparallel
multiplicationnetworksbasedon �lter networks. The net-
worksarederivedfrom multiplicationequationsandimple-
mentedby network graphs.Thedesignusessystolicarray
structuresto pumpoutanoutputoneveryclockcycleandit
is optimizedfor low latency to the�rst output.It alsohasa
regulardesignfor easywordsizeextensionaswell assmall
areasandasmallnumberof cellsused.

This researchextendsthe QCA circuit designsto mul-
tiplication. For the fastmultiplication of largeword sizes,
morecomplex multiplicationalgorithmsshouldbe investi-
gated. Unlike the transistorcircuits, addedlogic units do
not guaranteefastoperation. Futureresearchshouldlook
for theoptimalpoint alongthedelayandcomplexity trade-
off.



Figure 30. Layout of 32 bit carr y shift multiplier

Figure 31. Layout of 32 bit carr y delay multiplier
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