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Abstract— There has been considerable research on quantum dot schemes of a majority voter at cell level are performed; e¢hdifferent

cellular automata (QCA) as a new computing scheme in the nanscale
regimes. The basic logic element of this technology is majity voter. In
this paper, a detailed simulation-based characterizationof QCA defects
and study of their effects at logic-level are presented. Téisg of these
devices at logic-level is investigated and compared with owentional
CMOS-based designs. Unique testing features of designs lealson this
technology are presented and interesting properties haveden identified.

|. INTRODUCTION

The exponential scaling in feature sizes and the increapeotessing
power have been successfully achieved by conventionalgititphy based
VLSI technology over the last few decades. However, thigsagerious
challenges, due to the fundamental physical limits of CM@&hhology
such as ultra-thin gate oxides, short channel effects,ndoffuctuations
and the increasingly difficult and expensive lithographynino-scale
regimes.

There has been extensive research in recent years at naeotsca

supersede conventional CMOS technology. It is anticipated these
technologies can achieve a density10f'? devicestm? and operate at
THZ frequencies.

One of the fundamental issues in the testing community igdtial
shift in computation and fabrication technology and iteefffon the test
flow. Do test generation and design-for-test become evemdiable?
Since the manufacturing process for nano devices is ilhddfi it is
extremely difficult to address manufacturing testing peots. However, it
would be inappropriate to ignore testing of these deviten@inufacturing
state.This paper tries to address this issue for one of thygoped trends
in nanometer era.

Among these new deviceguantum dot cellular automatéQCA) not
only gives a solution at nano scale, but also it offers a newhatkof
computation and information transformation [1]. In ternidemture size,
it is projected that a QCA cell of few nanometer size can beidated
through molecular implementation by a self-assembly m®ce

implementations are compared in terms of defect tolerandeestability.

As test sets generated based on the stuck-at fault model wte q
acceptable for testing conventional CMOS-based desidnis, rhodel
doesn’t capture behavior of most of prevalent defects in @via@bri-
cation process. So it is possible to investigate effecégsnof stuck-at
test sets for QCA defects even though QCA defect mechanismsot
be modeled by the stuck-at model. This is investigated is phaiper.

Also, defect injection is exploited to study the behavioKQEA-based
circuits in the presence of defects and to measure the igffeess of
different test sets in detecting them.

The rest of this paper is organized as follows. In Sec. Il,\éere of
QCA is presented. In Sec. lll, testing of QCA-based desigogit level
is discussed. In Sec. IV, the defect characterization of Cgresented.
In Sec. V, test set, defect and fault coverage are discugsedlly, Sec.
VI concludes the paper.

Il. REVIEW

QCA is a novel nano device that stores logic states not aag®levels
but rather based on the position of individual electrons.uargum cell
can be viewed as a set of four charge containers or dots,iqeit at
the corners of a square. The cell contains two extra mobé#etr@ns
which can quantum mechanically tunnel between dots, buteits. The
electrons are forced to the corner positions by Coulomblsgpu The
two possible polarization states represent logic 0 andcldgias shown
in Fig 1.
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Fig. 1. QCA cell polarization

Unlike conventional logic in which information is transfed from one

The unique feature of QCA based designs is that logic states &l€vice to another by electrical current, QCA does so by Gublterac-

not stored in voltage levels as in conventional electrgriicg they are
represented by the position of individual electrons.

For QCA, the cells must be aligned precisely at nano scalesodide
correct functionality, so proper testing of these deviasianufacturing
defects and misalignment plays a major role for quality ofAQ@ased
circuits.

The basic logic element in this technology is the majoritytevo
Since the basic logic elements of QCA-based designs arereiff from
conventional CMOS designs, they need different testing@ses.

One of the interesting features of this technology is thist ossible to
investigate some of the manufacturing issues (especiallgcts at nano
scale) by guantum-mechanics simulation of these devices.

In this paper, the defect characterization of these deviees been
extensively studied; effects of defects are investigatedbgic-level .
Also, testing of QCA is compared with testing of conventio@MOS
implementations of these logic devices.

The approach proposed in this work is based on simulatirfgrdiit
manufacturing misalignments, investigating their effeatt logic level and
identifying the test vectors for detection of all faultsffBient fabrication

tion which connects the state of one cell to the state of iight®rs. This
results in a technology in which information transfer (net@nection)
is the same as information transformation (logic manipoigt Power
dissipation in QCA circuits is ultra low compared with contienal
CMOS circuits [12][13].

(a) Majority Gate (b) Inverter

Fig. 2. QCA devices

The basic logic gate in QCA is thenajority voter The majority
voter with logic functionMV (A, B,C) = AB + AC + BC, can be
realized by only 5 QCA cells (compared to a CMOS implemeatati
which requires 16 transistors), as shown in Fig. 2 . Logic AN logic
OR functions can be implemented from a majority voter byisgtone
input permanently to 0 and 1, respectively.
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Fig. 3. Binary Wire

The binary wire (as interconnect) and the inverter are shiowkig. 3.
Unlike conventional CMOS in which it is the simplest blockconsumes
considerable area in QCA. The ratio of the number of tranisor AND
to NOT in CMOS technology is 6/2, while the ratio of the numioér
cells in QCA technology is 5/12.

The concept of clocking for QCAs has been introduced in [1His
consists of four clock zones. QCA memories based on reaursiv
structures have been proposed in [18]. So sequential asasetiom-
binational designs can be realized using QCAs. Some debigssd on
QCA (including a carry look ahead adder, barrel shifter,ropcocessors,
FPGA, and neural networks) have been proposed [4][5][BIE][10].

Currently, micro-sized QCA devices have been fabricatetth wietal
cells which operates at 50mk [12][1]. In [12], an experinatrtemonstra-
tion of a basic QCA cell is presented. The device under stsidpinposed
of four metal dots, connected with tunnel junctions and cépes. The
experiments confirmed that switching of a single electrothi double
dot cell can control the position of a single electron in &eotdouble
dot cell. In [2], building of basic logic with these cells igmonstrated.
It is predicted that molecular scale-2nm) yields operation of QCA at
room-temperature. It is also stated in [9] that room-terapee operation
requires that QCA cells to be fabricated in the range of 1nmm Size.
[9] proposes some possible realizations of molecular Q@Aetcribes
the progress toward making QCA molecules and working oufaser
attachment chemistry compatible with QCA.

There has been a study of the fault tolerant properties ofthjerity
voter under some manufacturing misalignments [11][16][Based on
this simulation-based study, a fault tolerant MV block hastbproposed.
It has been shown that MV is more vulnerable to misalignmanthie
vertical direction than in the horizontal direction. A nligament (at
least equal to half a cell width in the vertical directionuses the MV
to malfunction. This confirms that a complete test of desigased on
MVs is extremely needed.

IIl. L OoGIC-LEVEL TESTING

The overall structure of the QCA implementation of (combimrzal)
logic designs is shown in Fig. 4. The block consists of anrguenection
of majority voters and inverters. There are two systemtlegatrol lines,
Up and Uz, which are connected to majority voteidy is connected to
logic ™0™ and sets some majority voters as the AND functiomhereas
U, is connected to logic ™1™ and sets other majority voterstae OR
function. A simple example is shown in Fig. 5. These contioéd can
provide more controllability since these lines can be seemxdra input
lines during test time. This unique feature of QCA can be @ipdl to
achieve higher test coverage and quality.
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Fig. 4. The QCA implementation of logic networks using m#joroters
(implementing AND and OR) and Inverters

Since logic designs are implemented as a network of majeatgrs
and inverters (as the universal logic set) in QCA technalogyis
important to investigate the properties of these netwosgeeially for
test execution.As shown through the following statemehtsse networks
have unique and interesting testing features which caneatchieved in
conventional CMOS implementations.

Cow b)

Fig. 5. (a) a simple AND-OR logic (b) MV-based implementatio

Consider a majority voter with input lines A, B, and C, and theput
line Z (Z = AB + AC + BQC).

Property 1. Consider a majority voter with input values a, b, and c,
(for lines A, B, and C, respectively) and output z. If the afpits are
flipped, abc — a’b’c’, the output will be also flipped; — 2’.

Note that this is not the case for other logic functions sustABD,
NOR, etc. For example, consider a three input AND gate wipluis 100
and output 0. If the inputs are flipped to 011, the output véiain 0.

Property 2. If there is inversion at any input and/or the output of the
majority voter, property 1 still holds.

Property 3. Consider a majority voter with input pattewbc (for lines
A, B, and C, respectively). The stuck-at-v fault on any inpubutput
line of the voter is detectable (fault effect appears at outme) by abe
if and only if the stuck-at’ fault on that line is detectable by'v/c’.

Proof. Consider! stuck-ate fault. If 7 is an input line, consider the
is A, without loss of generality. The fault is detected if amdly if the
value ofa is v’ and the other inputg;, and ¢, have opposite values. As a
result,a’ is v andb’ andc’, have opposite values. Hencgp'c’ detects
the ! stuck-aty’.

Again, this property doesn't hold for other logic function&s an
example, consider an AND gate with test vector 11 which dstsiuck-
at-0 at the top input (and the bottom input too). The complenog this
vector, 00, doesn't detect any single stuck-at-1 on thet&pu

Property 4. If there are some inversions at any inputs and/or the output
of the majority voter, property 3 still holds.

The interesting property of majority voters is that the abpvoperties
hold for any arbitrary network of majority voters (includirinverters).

Property 5. Consider an arbitrary network of majority voters (and
inverters) with primary input vector V. If all bits of V aregdped,V — V7,
all nodes in the network will be flipped.

Proof. The proof is based on induction on the level (distance) oheac
majority voter in the network from the primary inputs, by fing a
topological order of the majority voters in the network. Thep of
induction is property 2.

Property 6. Consider an arbitrary network of majority voters (and
inverters) with primary input vecto¥’. For any noder in the network,

n stuck-atu is detected by, if and only ifn stuck-at’ is detected by
\%8

Proof. The proof is similar to the proof of property 5. The step of
induction is property 4.

Property 5 and 6 are very interesting and proved unique riestaf
a network of MVs (and inverters). Based on property 5, thé vestor
pair (V, V'), whereV is any arbitrary vector, causes a transition on all
nodes of the network. Also, the three vectgrs v/, V') cause both fall
and rise transitions on all nodes in the network. Hence, &d@tpgle
fault coverage test set is applicable.

Based on property 6, the fault list for any network of majofibters
(and inverters) can be divided into two parts: just one fpatteach node,
because if a vectol/ detects one stuck-at fault on that nodé, will
detect the other stuck-at fault on that node. As a corolldnig feature
can be exploited to reduce the size of the fault list, and &eNEPG
execution, for the control inputs (to be generated by ATR®) half.



To generate tests for stuck-at faults in a network of MVs aneiiters,
conventional (combinational) ATPG tools can be exploifEde network
of MVs and inverters is first transformed into a hierarchigate-level
netlist. Each MV is replaced by a hierarchical cell impletirgp the
majority function. We only consider pin faults on the inputk these
hierarchical cells which correspond to the inputs of MVs. &plained
above, only half of the pin faults must be considered for thst t
generation.

IV. DEFECTCHARACTERIZATION

In this section, the robustness of QCA Majority Gates andaBjin
Wires, as well as some QCA circuits is investigated. Thedsiction-
ality of a QCA device is based on the Coulombic interactionoagn
neighboring QCA cells (depending on the accuracy and gegnudt
its implementation). Various configurations of QCA devidewe been
studied using the QCADesigrlen1.20 simulation tool. For accuracy,
the bistable model is employed. This is a quantum mechamicgine
using the Jacobi algorithm to calculate the eigenvaluetdve of the
Hamiltonian matrix.

A. Defect and Failure Modes

To perform a defect characterization of QCA devices anduitsc
and study their effects at logic-level, appropriate defaechanisms and
modes must be considered which 1) can be simulated usingréfilalze
simulation tool 2)be realistic for manufacturing and fahtion defects.

A cell displacemenis a defect in which the defective cell is misplaced
from its original direction. Several cell displacementeig$ are shown
in Fig. 6. In acell misalignmentlefect, the direction of the defective cell
is misplaced. Some examples of cell misalignments are show#ig.7.

In a cell omissiondefect, a particular cell is missing as compared to the
original (defect-free) arrangement.

In this work, the following defects are considered and sated for
QCA devices: all possible combinations of displacement afscwith
respect to the central cell for different distances, migatient of cells in
different directions, and rotation. For QCA circuits, cethission defects
are also simulated.

B. Majority Voter Defect Analysis

Consider a defect free majority voter has dot sizen, cell size
20nm x 20nm, cell distancesnm, as shown in Fig. 6(1).

Different defects in the majority voter, including cell giacement
and misalignment have been considered and simulated. Ho#sdor
cell displacement and misalignment are shown in Table | aadul€Tll,
respectively. Only faulty entries are shown in the tablasthie form of
(fault-free/faulty) values.

The data shows that in most cases the horizontal input cell ¢gll
B) is dominant; this cell seems to have a bigger impact on émeec cell
than A and C. For misalignment, any single cell misalignmgmeater
or equal to half a cell causes malfunction (fault at logiele In some
cases the fault margin is smaller.

C. Rotated Majority Voter Defect Analysis

The simulation results show that the majority voter is robwgh
respect to rotation of all input and output cells around tlemter
cell, i.e. the logic-level behavior of rotated majority gotis the same
as the original one. Based on this observation, some siionttare
performed to investigate the robustness of simple majmityers when
rotated (RMG). The basic functionality of majority votess hased on
the Coulombic interaction among four neighboring QCA cedisongly
depending on the precision and geometry of its implementatiVe focus
on validating different configurations of a majority votarda 4% rotation,
as shown in Fig. 8.

The simulation results show that the rotated majority \fatestions
normally except when the following moves occur:

1QCADesigner is the product of an ongoing collaboration leetw the
University of Calgary ATIPS Laboratory and the Universitl/Notre Dame.

TABLE |
RESULTS FOR DISPLACEMENT IN MAJORITY VOTER

displace cell A: fig 6(2)

d < 15nm Normal Operation]

d > 20nm, F=B

displace cell B: fig 6(3)

d < 40nm Normal Operation d > 45nm
ABC F
001 Z(no polarization)
011 Z(no polarization)
100 Z(no polarization)
110 Z(no polarization)
displace all input/output cells: fig 6(4)
d<100r30 < d < 40nm 15 < d < 25nm
Normal Operation ABC F
d > 45nm 010 0/1
F=Z(no polarization) 101 1/0
displace all input cells: fig 6(5)

d <15 0rd=40nm

20 < d <25 0rd=35nm

Normal Operation ABC F
010 0/1
101 1/0
d = 30nm d > 45nm
ABC F F=Z(no polarization)

000 0/1

010 0/1

101 1/0

111 1/0

displace cells A and B: fig 6(6)

d < 5nm Normal Operation |

d > 10nm, F=C
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TABLE I
RESULTS FOR MISALIGNMENT IN MAJORITY VOTER

move A towards west: fig 7(1)
d < 5nm Normal Operation]  d > 10nm, F=B
move A towards east: fig 7(2)
5<d< 15nm d=20o0rd=30nm

ABC F Normal Operation
001 0/1
010 0/1 d = 25nm
101 1/0 F=A
110 1/0
move C towards west: fig 7(3)
d < 5nm d > 10nm
Normal Operation F=B

move C towards
5<d < 15nm

east: fig 7(4)
d=20o0rd=30nm

move A,C towards east: fig 7(6)

d=15,20,d > 30nm 10nm < d < 15nm

F=B ABC F
d = 25nm 000 0/1
Normal Operation 010 0/1
101 1/0
111 1/0

move B towards south/north: fig 7(7)

d < 5nm d > 45nm
Normal Operation ABC F
001 0/1
011 1/0
100 0/1
110 1/0

A input north, with dA> 10nm for ABC = 001, 110 (output follows

(1) Fault-free

(2) B North displacement(3) A Northwest displacement

[

AO?.OC 0';1 Normal Operation (4) AB displacement (5) B East misalignment (6) B West misalignment
011 1/0 d = 25nm
100 0/1 F=C Fig. 8. Rotated Majority Voter: Fault-free, with displacent or misalign-
101 1/0 ment.
move A,C towards west: fig 7(5)
d > 5nm F=B |

1) OMG and RMG comparisonThe results for different configura-

tions of the Original majority voter and the Rotated majoxibter are
illustrated and compared in Table Ill.The majority voter cmmpletely
robust with respect to rotation of all inputs and output <@ltound the
central cell. This gives a significant degree of freedom foitisesizing
designs based on QCA as rotated majority voter
original majority voter
dependent on the middle input (B) than the other inputs (A @hdoth
in terms of displacement and misalignment. In the rotatedien, this
dependency can be completely changed based on the degre&tasm.
An overall comparison in the table asserts that the rotategonity
voter is more fault-tolerant than the original majority entNote that
only half and full misalignmnets are considered.

block. However, the original blods more

can be usebeas t

is shifted east.

C input). A similar output appears when moving A to northeeish TABLE 1Il
gB_Z 12\/57;:#- ith dB> 40 Th out | K | ORIGINAL MAJORITY VOTER VS. ROTATED MAJORITY VOTER
izéggj?ornAoBC’—Wé)Ol 011 1(;10m ilo eAcs):JmFi)Ilzlr Ics)ultjgup g\rl)vglefal#;“\)/\?hzrn config. Faults oMV RMV
! o ’ O A move distance d> 20nm d> 10(N) or
moving B to the northwest with dB 30+/2nm. 10v/2nm (NE)
C input south, with d& 15nm for ABC = 011, 100 (output follows #offaults > >
A input). A similar output appears when moving C to the sowthtv B move distance d> B5nm d> 40(W) or
with dC> 10v2nm. - 30v/2nm (NW)
A, B, CorA, B, C, Faway for & 30+/2nm. The output is unknown 7 of Taulis 7 7
(2) for all input combination with such a distance. C move distance d> 20nm d> 10(S) or
A and B inputs away with @ 10v/2nm for ABC = 001,110 (the 10v2nm (SW)
output follows the C input). # of faults 2 2
A and C inputs away with 8 10v/2nm for ABC = 010, 101 (the ABC move distance 20 <d< 35 d> 30v2nm
output follows the B input). or d> 45nm
B and C inputs away with @ 10/2nm for ABC = 011, 100 (the # of faults 2/4/8 8
output follows the A input). ABCF move | distance 15 <d< 25 d> 30v2nm
Cell misalignment defects for rotated majority voterhals®deen con- S or d22;é5nm .
sidered. Two of these misalignment examples (for B inpug)ibustrated ot fau s
in Fig. 8. The following shows the results for these misatigmts: AB move #dcl)sft?;lfli d> 7é5”m d> 10£/§nm
. Shifting input A v_vest (_half/full cell size), leads the outph t(_) AC move distance d> 7.5nm d> 10v/2nm
follow input A, while shifting A east effects the output sutttat it 7 of Taulis > >
follows the input C values. _ o Z move distance || d> 4bnm | d> 30v2nm
The majority voter functions normally when input B is shifteest # of faulis 3 3
for half or full cell size. However, the output becomes unkndor AlC
inputs ABC = 001, 011, 100, 110 when dB> 40nm. misalignment | # of faults 4 4
The output follows input B when B is shifted east for half ol fu B misalign. | # of faults 4 0
cell size. West
A similar trend is seen when input C is shifted to west or east: B misalign. | # of faults 4 2
output follows A when C is shifted west, and it follows C when C East




TABLE IV
RESULTS FOR DOUBLE BINARY WIRE
moving celll OR cell2

D. Binary Wires and Inverter Chains

The effect of cell displacement defects on two parallel bingires as
well as two parallel inverter chains have been investigated —

1) Double Binary Wire: Two defect-free binary wires are shown in| % 5&?&” d *;115: 1510nm dozl 5_57{”
Figure 9(a);these wires are denoted as the upper wirgo( o1) and 02 — il 02 _ 7
the lower wire {2 to 02). The cells used in this simulation have siz -

. ; moving cell3 OR cell4
20nm x 20nm, the dot diameter i$nm. In the defect-free case, the —
. . . d<35nm | d=40—50nm d > 55mm
cells in the same wire are separatedlsy.m. The distance between the| ~ §ormal ol =il ol = il
wires is60nm. 02 =71 02 =27

The displacement defects are simulated by moving one or éils in

the lower wire towards the upper wire, by a displacemgrdas shown in

moving celll AND cell2
d<35nm | d=40—50nm d > 55mm

Figure 9(b). N _ —
; . . ormal ol =11 ol =il
The simulation results are shown in Table IV. These reshitsvsthat 02 = il 02 =7
in mqsrt1 cases tlhe Iowg v(vjlre is ((j:i_omlnatecri]_br)]/ th?I upper \éuflre?nd od2 ] moving cellL AND cell3
are either equal tel or i1, depending on which ce (s) are isplaced ant———== T — 10— 50nm T= 5nm dS 55nm
the value of the displacement, In most cases the upper wire functiong  Normal ol =il ol = il ol =il
normally, i.e.il = ol. However, it can be observed that in some casgs 02 =il 02 =71 02 =7
the upper wire behaves as an'lnverter. Clearly, unlike C_M®§g!hs,_the moving celll AND cell4; OR moving cell 2 AND cell 3;
coupling defects at QCA device-level do not behavenared bridging OR moving cell3 AND cell4
fault model. However, these defects manifest themselves as andomi 7<= 35, T d = 40 — 50nm 4> 55nm
model at logic level, in which the output of a wire is deterednby the Normal ol =il ol =il
value of the coupled wire. 02 =il 02 =2
P moving cell2 AND cell4
5 d<15mm | d=20—25nm | d= 30— 35nm d = 50nm
S
Normal ol=il ol =il 0ol =1il,02 =il
2 =11 2 =141 2 =1l
EIEIEIEDED - TS [ — s
(1) Faultiree Double Wire ol =il
B 02=2
TABLE V
© ©® 60nm [S)E) [GX3) 60nm
e o L ‘, - RESULTS FOR DOUBLE INVERTER CHAINS
e H T Ted e e fault free
ol =il;02 =142
(2) Defects in Double Wire
moving celll OR cell2 OR cell3
Fig. 9. Displacment in Binary Double Wire d <35nm | d=40nm —50nm | d > 55nm
Normal ol =il ol =il
2) Double Inverter Chains:The double inverter chain is shown in 02 =il 02=27
Figure 10(a). The cells used in this simulation have gzem x 20nm, moving cell4
the dot diameter isnm. In the fault free case, each cell in the same wire d < 30nm | d=35nm —50nm | d> 55nm
is separated by5nm, the distance between the wiressim (the same Normal ol =11 ol =il
as the simulation for the double binary wires). The simalatiesults for 02 =il 02=2

moving one of the cells in the bottom wire towards the uppeewivith
displacementi, (as shown in Figure 10(b)) are presented in Table V. It
can be concluded that the displacement defects behave@sliaccto the . . . . .
dominating bridging faulimodel at logic level. Moreover, by comparing fro%r?n anei;il(;tvalirr]e\tlj\/cl)r:ssn’?Qf?e(l:?\iltir:er:c:i:ohrglrﬁeg?c\)”r‘:e?/e?asliﬂgle ﬁ?t”
the these results with those for binary wires, binary winesraore defect mav result ir)1/some delav faults Hovl\jever a sir): le Cg" OITNSE) auv?/ire
tolerant than the inverter chains in the case of displacémenpling . y delay B ; 9 .
implemented as an inverter chain results in an unwanted leongmtation
defects. ;
at the output of the chain.
Those binary wires which change direction in the layout.(e.ghape)
+ 2] = ufeod] o are very sensitive to the defects on the corner cells. Cel$sion defect
- at the corner cell is equivalent to unwanted complementaféult at

o || logic-level.

‘2 = ‘2 . 2) Defects in Wire Crossingin QCA implementation, two different
wires (horizontal and vertical) can cross each other in tmes layer
(co-planar wire crossing In this case, one of them is implemented as a
binary wire, while the other one is implemented as an investain (i.e.
the cells in the other wire are rotated). In the fault-fresecahe wires
) are unaffected by each other and can carry different sigalakes.
E. Defects and Faults in a Full-Adder However, this structure is very vulnerable to cell omissiefects

A QCA implementation of a full adder using three majority et at or near to the crossing point. The cell omission defecthatdross
and two inverters is shown in Fig.11. The corresponding Q&lt is point results in an unwanted complementation on the invettiain and
shown in Fig.12 which contains 145 cells. The cells are 18nh8nm the binary wire isdominatedby the faulty value of the inverter chain
with dot size of 5nm. 40 different single cell omission dé$elsave been (dominating bridging fault). Cell omission defects for tbells adjacent
simulated in this circuit. to the crossing point have similar effects, i.e. the valughefbinary wire

ceiln cenz cela cella celn celz celz cella
(a) Fault Free Inverter Chain (b) Single Cell Displacement Defect

Fig. 10. Displacment in Double Inverter Chains
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Fig. 12. one-bit QCA full adder layout

is dominated by the faulty value of the inverter chain.

3) Defects in the Majority VoterThe results of defects in a majority
voter of the full-adder is consistent with the defect chteazation results
for a single majority voter: the horizontal input has morepaut on the
output than the vertical inputs. Cell omission defect on hiogizontal
input cell doesn't affect the functionality. However, alaghission defect
on any of vertical inputs causes the output to be dominatéy lpnthe
horizontal input, i.e. the output is shorted to the horiabimput.

The cell omission defect on the center cell of a majority votéh
vertical input values: andb, and horizontal inpu¢ changes the function

to be the majority ofa’, ¢/, andc. This can be interpreted as unwanted

complementation faults on both vertical inputs.

V. TESTSETSCOVERAGE AND FAULT MODEL

The effectiveness of different stuck-at test sets have bealuated for
the simulated defects on a single majority voter. The foihgvare the
main results of this evaluation:

« In all simulations,super exhaustivénput patterns (i.e. all possible
input transitions) are used. Our data show that there is qoesee
dependent behavior at logic level; i.e. none of the manufag
misalignments introduce a state dependency at logic level.

« Except for a single case (i.e. the displacement of all ingrtd
output cells) faults are detected using a subset of some Ei0€k-
at fault test sets. Note that not all of these 100% stucksitdets
are equal.

« A particular 100% 2-detect stuck-at test set (each faultetected
by two vectors) can detect all manufacturing defects, exitempne
case, i.e. the simultaneous displacement of the top andhieits.

« Moreover, a particular 100% single stuck-at
(001,010,011,101) can detect all simulated defects.

The results for the full-adder circuit shows that none of degects
behave as stuck-at faults at logic-level. However, cellssion defects
in wires implemented as inverter chains mainly result unwanted
complementatioffiaults in which at extra inverter is present in the fault
wire. Cell omission defects at corner cells in the binaryewialso behave
this way.

We also considered stuck-at test sets for the full-addeg.lF)
and computed the corresponding defect coverage with resfmec
cell omission defects. Note that for a full-adder, any twoctoes
{(a,b,¢), (a’,b',c)} will result in 100% PIN stuck-at fault coverage.

For example,{(010), (101)} is a 100% PIN stuck-at coverage. How-

ever, this test set can detect only 17 out of 28 cell omissiefeals

(Note that 12 of 40 simulated cell omission defects do notcafits
functionality). By considering all internal nodes (nl to7nih Fig.11),
{000, 001,011, 100, 101} is a 100% single stuck-at test set. This test set
can detect all0— 12 = 28 detectable defects. This shows that the specific
QCA implementation must be considered for test generatioachieve

a high defect coverage.

VI. CONCLUSION

Quantum dots cellular automata (QCA) are novel devices hvaie
promising in the era of nano scale computing. In this papesting of
QCA based designs has been investigated. A detailed defacaateri-
zation for QCA basic logic devices and some representatiegits has
been presented. As shown in this paper, the coupling mesinanand
behavior of defects at logic-level (i.e. faults) are not iEamto those
in a conventional CMOS fabrication process. For exampldJawanted
complementatiofault at logic-level has been observed for a considerable
number of cases afell omissiordefects. Hence, appropriate fault models
for QCA must be developed and used for test generation.

The effectiveness of different stuck-at test sets in detgcQCA
defects has been studied. Our results show that to achigVe dafect
coverage, the specific QCA implementations of each functust be
considered for test generation. Some interesting and anpyaperties
of QCA implementation of logic networks have been invesdda As
shown in this paper, a network of majority voters (and irmesXx has
unique testing properties: Angy, V’, V) test set achieves 100% toggle
fault coverage. And/ detectsn stuck-atw if and only if V/ detectsn
stuck-atu’ .
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