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Abstract— Quantum-Dot Cellular Automata (QCA) is one of
several emerging nanoscale devices that is targeted at scalable
molecular electronics. In this paper, the tolerance to cell displace-
ments of a QCA interconnect is analysed in order to determine
limits on allowable displacements, as well as to identify the
important failure mechanisms. Numerical simulations using the
coherence vector formalism are performed for a short length of
QCA interconnect under various conditions. Contrary to previous
work, our results indicate that wider interconnects display a
higher sensitivity to cell displacements due to the formation of
cell clusters, which are more prominent in wider interconnects
as a result of the increased number of cells.

I. INTRODUCTION

Molecular quantum-dot cellular automata (QCA) has been
proposed by Lent et al. [1], [2] as a scalable implementation
of molecular electronics for computing. Although several
experimental results have been reported [3]-[6], work is still
underway to determine the exact structure of such molecules.
QCA breaks from the standard route of mimicking transistor
action at the nanoscale and instead uses the electronic config-
urations of the molecular system to encode and process binary
information. With this approach, no physical connection is
required to individual molecules [2], [7], [8], making molec-
ular QCA a more appropriate approach to computing using
molecules. Using QCA, significant research has been reported
on circuit design [9]-[14] and testing [15]-[17]. Fabrication
of such devices however, remains a primary hurdle for this
computing paradigm. In an effort to ease the fabrication
process and provide more tolerance to potential fabrication
defects, the use of n-cell wide interconnects has generated
considerable interest in recent years [17]-[21]. It is assumed
that the increased interconnect width introduces an additional
level of redundancy which contributes to the interconnect’s
ability to withstand cellular defects, including random cell
displacements. However, while earlier work has analysed the
effect of cell displacements on various building blocks includ-
ing the interconnect [17]-[23], it has not fully explained the
important parameters on interconnect displacement tolerance,
nor has it investigated the effect of increased interconnect
width. It is shown in this work that increasing the width of
interconnects does not provide any more tolerance to these
cellular displacements.
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II. DESCRIPTION OF NUMERICAL SIMULATIONS

All simulations were performed using the QCADesigner
tool [24] using a simulation engine that models the cells and
circuits using the coherence vector formalism described in
[25], [26]. Simulations were executed on a high-performance
computer cluster consisting of 174 Intel Xeon CPU cores on 32
nodes, each with memory ranging from 8 to 16GB, although
most simulations used a small fraction of the available RAM.
In total over 10,000 simulations were performed, each lasting
approximately 2.5 hours.

The displacement of each cell in the simulated circuits
was represented by a random variable, X, characterized by a
Gaussian distribution with a mean value equal to the original
location of the cell and a standard deviation, o. Each cell is
displaced without rotation. For each data point, 500 unique
simulations are performed for a single value of o using a
batch simulation mode in QCADesigner, and the percentage of
circuits that successfully complete the simulation is recorded.
Cell size (dot-dot distance) is chosen to be Inm and cell
spacing is chosen to be twice the dot-dot distance. Note that
the cell size definition differs by a factor of 2 from previous
work [22]. The dielectric constant for all simulations is chosen
to be, €,=1, consistant with a molecular implementation.

Simulation parameters were scaled according to the inter-
action energy (kink energy) between neigboring cells. The
relaxation time, 7, is chosen to be 7 = 57/ Exink, time step
is At = 7/1500 and the simulation duration is 7" = 10007.
The time step was set to three orders of magnitude smaller
than the relaxation time in order to prevent divergence during
our simulations. The simulation temperature was chosen to
be 1 K for all simulations. The standard deviation of the cell
displacements, o, was chosen to range from 0 to 100% of the
cell size (dot-dot distance). The maximum tunneling energy
Was Ymax = 2Fkink and the minimum was Ypin = 0.3 Exink. The
simulation engine parameters (the time step and the relaxation
time) are further explained in [22]. We gauge the successful
operation of each circuit by comparing the simulation output
of the randomly modified circuit with the simulation output
of a reference circuit that we have previously verified to
be logically correct. Input vectors for all simulations were
the same, input = 0101100. Circuits that were more than
one cell wide had multiple input cells, each of which was
presented with the same input value. The output waveforms
were not themselves compared. Instead, output waveforms
were interpreted using a simple threshold system: polarization
< lower threshold (usually —0.5) logic 0 and polarization
> upper threshold (usually 0.5) logic 1, otherwise the state
is indeterminate. The logical output of the circuit is then



compared versus the known working circuit output pattern.

III. RESULTS
A. Clock Electrode Spacing

Hennessy er al. have shown that it is possible to clock
a molecular QCA circuit using submerged electrodes [2].
These electrodes produce a near vertical forward traveling
electric field at the level of cells as shown in Fig. 1. Here,
the signal applied to each of the four electrodes shown in
Fig. 1 is shifted by ¢; as indicated on the electrodes, such
that @1 < @2 < @3 < ¢4. When the applied electric field on
the cell in the ¢ direction, E , is sufficiently large, it will draw
the mobile electrons towards the bottom two sites of the cell
forcing the cell into the “null” state. Conversely, if the electric
field on the electrodes becomes strongly negative, it will drive
the electrons to the upper sites of the cell and force it into one
of the “active” states. If the field is only somewhat positive or
negative, the cell will be in a switching state, occupying the
upper sites of the cell but still allowed to tunnel through the
lower sites and switch its configuration.

Data Flow

Fig. 1. Submerged electrodes can be used to clock QCA cells by generating a
forward moving electric field at the level of the cells. A ground plane located
above the cells is not shown in the figure. The sizing of the QCA cells are
not to scale with respect to the spacing of the electrodes, and many cells can
be placed between adjacent electrodes.

Computation is performed at the wavefront of this forward
moving wave, where cells are switched from the null to active
states. The number of cells in the active region is a function of
the electrode spacing, the total number of phases over which
the electrodes are divided, and the range of applied potential.
Assuming that each electrode is excited by a sinusoid with
phase difference of 7 /2; i.e., a 4 phase clock, the wavenumber
of the clocking wave, k, can be calculated using, £k = %
where, s is the inter-electrode spacing. For low wavenumbers;
i.e., spatial waves with long wavelengths, many cells are in
the switching state, and many cells are in the active state.
Within the current version of the QCADesigner tool, each cell
is assigned a particular clock signal and relative phase. The
clock is implemented in the tool by direct modulation of the
tunneling barriers between sites of a two-state cell while the
approach proposed by Hennessy et al. is based on a three-state
cell. It is believed that for an appropriate choice of clocking
parameters and assuming the system evolves adiabatically, the
tolerance to displacements is determined entirely by geometric
and interaction energy considerations rather than a result of

cell dynamics. To this end, the results presented here attempt to
approximate the full solution of the continuous wave clocking
approach by modifying the relative phase of the clock signal
applied to neighboring cells.

Semi-classical analysis has shown that longer interconnects
are more susceptible to thermal fluctuations resulting in error
[27], indicating that shorter interconnects or smaller active
regions are preferable. Earlier work on displacements were
performed using a wavenumber of 0, i.e., all cells switched
simultaneously [22]. However, it was not clear if the size of
the active region has any effect on the tolerance to cell dis-
placements. The phase difference in clock signal experienced
by neighboring cells with 4 phase clocking is given by,

¢cc =

2(n —1)’

where n is the number of cells between and above two
electrodes. By adjusting this relative phase, various clock
wavenumbers are simulated. Simulations were performed for
circuits with relative phases of 30°,25°,20°,15°,10°,5°, and
0°, which is equivalent to placing 4, 5.5, 10, 19, and co cells in
between adjacent clocking electrodes. Fig. 2 shows the results
of these simulations.
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Fig. 2. Success rate for interconnect of single cell width for decreasing clock
phase between cells.

It is clear from these results, that the spacing between
electrodes, and hence the size of the active region, has no
noticable effect on the tolerance of QCA interconnects to
displacements.

B. Interconnect Width

Simulations were performed on interconnects of increasing
width (shown in Fig. 3). It was expected that increasing
the width of the interconnect would increase the ability for
the interconnect to absorb faults, and hence increase the
displacement tolerance. To determine the effect of interconnect
width, simulations were performed with interconnect width
increasing from 1 to 6 cells. Results of these simulations
are shown in Fig. 4. Fig. 4 shows that there is a threshold
value, o0 =~ 0.12 nm, before which the probability of success
of each interconnect is 100%. While this threshold value is
common to all interconnects, the decrease in success rate



as a function of o is different for each interconnect, with
wider interconnects displaying a higher sensitivity to cell
displacements. This effect is believed to result from the larger
number of possible configurations in which an error has
occurred. While it is likely that such wide interconnects can
absorb single cell displacements, the same does not appear
to be true for interconnects in which all cells can have some
displacements.
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Fig. 3. Interconnects of various widths.
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Fig. 4. Success rate for interconnect of increasing width.

C. Number of Displaced Cells

Previous simulations were performed by displacing all cells
in an interconnect. Here, we consider an interconnect’s ability
to absorb faults as the number of displaced cells is increased.
In a first simulation, an interconnect with a width of 6 cells
was considered, with the number of displaced cells ranging
from 3 to 18 cells (input and output cells were not displaced).
The results of this simulation are shown in Fig. 5. As expected,
as the number of displaced cells increases, so does the rate at
which the interconnect fails. However, Fig. 5 also shows that
in spite of its width, the threshold value of o for the 6-cell
wide interconnect before which the probability of success of
each interconnect is 100%, is approximately 0.13 nm. It will

TABLE I
SUCCESS RATES FOR INTERCONNECTS OF DIFFERENT WIDTHS

Displaced Interconnect Width
Cells I 2 3 4 5 6
3 29.60% | 29.20% | 31.20% | 24.20% | 24.40% | 20.00%
6 - 16.80% | 11.20% 8.60% 8.80% 8.20%
9 - - 6.20% 5.40% 5.20% 2.00%
12 - - - 3.60% 3.20% 0.80%
15 - - - - 2.40% 0.60%
18 - - - - - 0.60%

be shown in a following simulation that this o value increases
for thinner interconnects.

Table 1 shows a comparison of the success rates for all
6 considered interconnects as the number of displaced cells
is varied. ¢ was kept constant at 1.00. The results shown
in Table 1 indicate that wider interconnects do not provide
any more capacity for absorbing displacement faults than do
thinner interconnects.
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Fig. 5. Success rate for interconnect of 6 cell width for increasing number

of displaced cells.

For a second simulation, the success rates of two intercon-
nects with different widths were compared as a percentage of
their cells were displaced. The results of this simulation are
shown in Fig. 6. Here, a single and 6-cell wide interconnect
were compared. Each interconnect was simulated having 33%,
67%, and 100% of its cells displaced. From Fig. 6, we see
that the interconnect of single cell width is more tolerant to
the cell displacements than the 6-cell wide interconnect. This
is likely a result of larger cell clusters forming in the 6-cell
wide interconnect due to the increased number of displaced
cells.

IV. DISCUSSION

The results in this work contradict what was reported
in [18]-[21] which had suggested that wider interconnects
would provide more tolerance to random cell displacements. It
is believed that the presence of cell clusters is what is causing
the interconnects to fail. The interaction energy between the
clustered cells increases to a level beyond which the clock
is able to turn them off. As a result, these cells relax to the



=11 cell wide, 1 displaced cell (33%)

=—O=— 1 cell wide, 2 displaced cells (67%)

=/ 1 cell wide, 3 displaced cells (100%)

—O— 6 cells wide, 6 displaced cells (33%)

—3— 6 cells wide, 12 displaced cells (67%)

—{=—6 cells wide, 18 displaced cells (100%)
C]

=
3

>
3

Success Rate %

00

> \% ’\\‘f—(
e \\

" \R
of VAN A
0.05 0.075 0.1 0‘25‘0.15 0.175 0.2 ‘

[ 0.2 0.4 0.6 0.8 1

g

i%

Fig. 6. Success rates for single and 6 cell wide interconnects for increasing
number of displaced cells.

polarization provided by the first input in the simulation, and
since the clock was unable to fully turn them off, remained in
that polarization throughout the rest of the simulation - essen-
tially creating a fixed cell in the middle of the interconnect. If
all cells can be displaced, the probability of one of these cell
clusters forming is the same for all interconnects irrespective
of its width, and hence, wider interconnects do not increase
the tolerance to such cell displacements.

V. CONCLUSIONS

The tolerance to random cell displacements in a QCA
interconnect have been analysed in this paper. It is found that
the number of cells between two clocking clocking electrodes
does not have an effect on the tolerance of the intercon-
nect to random cell displacements. It was also shown that
increasing the width of the interconnect does not contribute
to additional displacement tolerance. In fact, it was shown
that wider interconnects demonstrated a higher sensitivity to
cellular displacements. This result was due to the presence
of cell clusters in the interconnect that behave as fixed cells
once formed. It was found that these cell clusters were more
prominent in wider interconnects due to the increased number
of cells.
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