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Abstract: Quantum-dot cellular automata (QCA) is a novel nanotechnology which is considered as a solution to the scaling problems in
complementary metal oxide semiconductor technology. In this Letter, a robust one layer crossover scheme is introduced. It uses only 90°
QCA cells and works based on a proper clock assignment. The application of this new scheme is shown in designing a sample QCA
circuit. Simulation results demonstrate that using this new scheme, significant improvements in terms of area and complexity can be achieved.

1 Introduction

To date different coplanar quantum-dot cellular automata (QCA)
crossover schemes have been introduced [1-4]. The first structure
which is shown in Fig. la is implemented using 90 and 45° QCA
cells [1]. This crossover scheme has a high sensitivity to manufac-
turing faults and needs a high precision for QCA cell placement [2,
5]. The presented solutions in [2—4] are implemented using only 90°
QCA cells. The coplanar crossover scheme in [2] (as shown in
Fig. 2b) uses an eight-phase clocking mechanism with three types
of clock signals (normal, crossing and converting signals). In this
scheme, four-phase shifted versions of the normal clock signal
are used for general logic flow in QCA cells 4, ¢, p and r. A crossing
signal is used in QCA cell x and two-phase shifted versions of the
converting signal are required in QCA cells which are shown by b
and ¢. Regarding this structure, it is clear that this crossover scheme
leads to a QCA circuit with a complex clocking mechanism. The
crossover scheme in [3] and its clocking waveforms are shown in
Figs. 1c and d. This solution in contrast to the previous scheme
[2] uses only four regular clock signals. As shown in Fig. lc, the
horizontal wire is segmented into two parts. All of the four clock
signals must be elapsed at the left segment, whereas the QCA
cells of the right segment are controlled by the clocking signal
C2. At the first clock cycle, the input signal B propagates to the
‘output’ B (at 7=1 all of the QCA cells of the vertical wire B are
in the switch phase). At clock cycle 5, the input signal A has
been propagated to QCA cell x. This cell is in the hold phase and
drives the QCA cells of the vertical wire B which are in the
switch phase (the input B has been considered unpolarised at this
time). Finally, at 7=6 the input signal 4 is propagated to the
right using the QCA cells of the vertical wire (at this time, the
QCA cells of the right side of the vertical wire are in the switch
phase, whereas the QCA cells of the vertical wire B are in the
hold phase). However, as mentioned in [3], in this crossover
scheme, the input signals 4 and B are only applied during the
first clock cycle and then removed (the input B is considered un-
polarised at 7=5). If this condition is not satisfied at clock cycle
5, the input signal 4 cannot correctly be transmitted to the vertical
wire B. Regarding this condition, this scheme is not suitable for
pipeline structure of QCA circuits.

Based on the Landauer clocking mechanism, four clocking zones
can be used to design QCA circuits [5]. The schematic of a QCA
wire composed of four clocking zones is shown in Fig. 2a. Each
of these clocking zones is comprised of a group of QCA cells
which are controlled by the same QCA clock. The four QCA
clock waveforms [5] are shown by Fig. 2b. As shown in this
figure, in each of the clocking zones, four clock phases can
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occur; a switch, a hold, a release and a relax phase. During the
switch phase, the input cells affect the unpolarised QCA cells and
some values are reached. In the hold phase, the polarisation of
QCA cells is locked for transmission to their neighbouring cells.
During the release phase, QCA cells lose their values. Finally, the
relax phase means that QCA cells are completely unpolarised [5].
As shown in Fig. 2b, there is a 90° phase delay between clocking
zones. For example, there is a 180° phase delay from the first clock-
ing zone (zone0) to the third one (zone2). Regarding these phase
delays, two routing elements with simple structures were introduced
in [6]. These elements are constructed using five QCA cells and are
used to implement two edges and straight crossings in a QCA pro-
grammable switch matrix (PSM) interconnection element [6].
These elements also can be considered as a suitable solution for
crossing wires in a QCA circuit.

Recently, another coplanar crossover scheme has been intro-
duced [4]. This scheme works same as the presented elements in
[6]. The only difference is the clocking zone of the middle QCA
cell. In [6], the middle QCA cell is not connected to the QCA
clock, whereas in [4] a QCA clock is assigned to this cell. As
shown in Fig. 2¢, the crossover scheme in [4] uses two different
clocking zones with a 180° phase delay to crossover wires. In
Fig. 2¢, when the QCA cells of zone0 are in the switch and hold
phases, the QCA cells of zone2 are in the release and relax
phases; therefore the QCA cells of zone0O cannot be affected by
QCA cells of zone2 and vice versa. In the next section, the robust-
ness of this scheme is investigated and it is changed to obtain a
robust structure against sneak noise paths.

2 Robust QCA crossover scheme

In [7, 8], the robustness of the basic coplanar crossover scheme
(Fig. 3a) is investigated. The results demonstrate that the input
signal of the vertical wire can affect the output of the horizontal
wire and this leads to incorrect operation of the crossover
scheme. Based on calculations [7], the kink energy between QCA
cells {41, C2}, {42, C2} and {43, C2} is zero and therefore the po-
larisation of QCA cells A1, A2 and 43 do not affect the polarisation
of QCA cell C2. Unfortunately, the kink energy between the cell
pairs {C2, A} and {C2, X} is non-zero and these cells (4 and X)
affect the polarisation of QCA cell C2 [7]. This results in sneak
noise paths and the noise is conducted from input signal Sv to
QCA cell C2 [7]. It is worth mentioning that these sneak noise
paths can lead to incorrect operation when small QCA blocks are
used to design larger QCA circuits. To solve this problem, as
shown in Fig. 3b, in a robust crossover scheme the horizontal
QCA cells on the right side of the vertical wire are controlled
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Fig. 1 First structure

a Basic coplanar crossing scheme constructed using 90 and 45° QCA cells [1]
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b Coplanar crossing scheme constructed using only 90° QCA cells presented in [2]

¢ and d Coplanar crossover scheme in [3] with its clocking waveforms

using a QCA clock which has a 90° phase delay with the cells on
the left side of the vertical wire [7, 8]. Using this proper clock as-
signment, during the switch phase of QCA cells 4 and X (controlled
using clockO in Fig. 3b), the QCA cells C2, C3 and Z are in the relax
phase and they are not affected by the vertical wire. During the
switch phase of clockl, the QCA cells C2, C3 and Z are affected
by QCA cell C1 and the noise from cells 4 and X (the QCA cells
C1, A and X are in the hold phase). In this condition, the polarisation
of QCA cells C2, C3 and Z eventually settle down to the input

signal Sh. In fact, using this proper clock assignment the input
signal S/ does not arrive to the output no later than any noise
signal and this leads to a robust QCA crossover scheme against
sneak noise paths.

In this section, robustness of the coplanar crossover scheme in
Fig. 2¢ against sneak noise paths is investigated and a robust struc-
ture is introduced. Based on Fig. 44, it is clear that this scheme same
as the basic design (Fig. 3a) is vulnerable to the sneak noise paths.
As shown in this figure, the output QCA cells of the horizontal wire
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Fig. 2 Coplanar crossover scheme
a QCA wire constructed using four clocking zones
b Landauer QCA clocking waveforms [5]

¢ QCA crossover scheme in [4] which works same as the routing elements in [6]
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Fig. 3 Robustness of the basic coplanar crossover scheme
a Basic coplanar QCA crossover scheme
b Robust crossover against sneak noise paths [7, 8]

b

"]
AEE
A2EH

23]

< 2}

m B1B2
- AR - - - - B N R

oo

o

o

Fig. 4 Output QCA cells of the horizontal wire
a Coplanar crossover scheme in [4]
b Robust crossover scheme against sneak noise paths
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Fig. 5 Application of the new crossover scheme
a QCA circuit constructed using the new robust coplanar crossing scheme
b QCA circuit constructed using the coplanar crossing scheme in Fig. 36

(B1 and B2) in the switch phase are affected by the QCA cells of the
vertical wire which are in the same phase (QCA cells A1 and 42).
The values of the kink energy between QCA cells can demonstrate
this problem. The kink energy [7] between QCA cells A1, 42 and
B1, B2 is presented in Table 1 (the kink energy can be considered
as the difference in energy between two cells which have an oppos-
ite polarisation and those same two cells with a same polarisation
[7]). In this table, the kink energy is calculated using the four pos-
sible interaction patterns between a pair of QCA cells (the length of
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Table 1 Kink energy between QCA cells in Fig. 4a

QCA cells ~Energy, J
Bl Al —0.08x 1073
A2 —2.11x107%
B2 Al —0.96x 10723
A2 —3.03x107%

each cell has been considered equal to 18 nm and there is a space of
2 nm between each of the two neighbour QCA cells). Based on
these results, it is clear that the kink energy between QCA cells
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Table 2 Comparison results of the proposed structures in Figs. 5a and b

Design types Complexities Area, Maximum delay
(QCA cells) pm? (clock cycles)

new design in 50 0.06 1.5

Fig. 5a

presented design 84 0.13 1.5

in Fig. 5b
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Simulation Results
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Fig. 6 Simulation results of the proposed structure in Fig. 5a

A1, A2 and B1, B2 is not zero. In other words, the polarisation of the
horizontal outputs is affected by QCA cells of the vertical wire
which are in the same clocking zone. To solve this problem, an add-
itional clocking zone (with a 90° phase delay) must be added to the
output of horizontal wire (Fig. 4b). In this case, same as the pre-
sented robust design in Fig. 3b, the horizontal input does not
arrive after the noise signals. In this structure, when the QCA
cells A1 and A2 are in the switch phase the horizontal outputs
(B1 and B2) are in the relax phase and therefore the vertical wire
does not affect the horizontal outputs. In addition, it is clear that
an additional clocking zone (clocking zone 3 in Fig. 4b) must be
added to the output of the vertical wire. This is done due to the
fact that by adding a clocking zone to the horizontal wire, the
output QCA cells of the horizontal and vertical wires are positioned
in two clocking zones with a 90° phase delay (clocking zones 1 and
2 in this example). It is clear that in this case, the output QCA cells of
the vertical wire in the switch phase (positioned in clocking zone 2)
are affected by QCA cells of the horizontal wire which are in the hold
phase (B1 and B2 which are positioned in clocking zone 1). To
solve this problem, the output QCA cells of the vertical wire are
positioned in a clocking zone which has a 180° phase delay with
the outputs of horizontal wire (clocking zone 3 in Fig. 4b).

An application of the new crossover scheme is shown in Fig. 5a.
As shown in this figure, using the new scheme the input signals 4
and C are transmitted easily (the outputs of these signals are shown
by A1, A2, C1 and C2). The structure of this circuit using the basic
robust crossover scheme (Fig. 3b) is shown in Fig. 5b. Based on the
proposed designs, it is clear that the new scheme leads to a very
dense structure and is a suitable solution for designing robust
QCA circuits (Table 2). The exhaustive simulations of the proposed
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structure (Fig. 5a) using the default parameters of both bi-stable and
coherence vector engines of QCADesigner version 2.0.3 [9, 10] is
shown in Fig. 6. It is worth mentioning that using both engines
same results have been achieved which indicate the accuracy of
the new crossover scheme. Regarding the proposed results, this
scheme is a suitable solution for designing efficient and robust
QCA circuits.

3 Conclusion

In this Letter, a robust one layer QCA crossover scheme was
introduced. This design uses only 90° QCA cells and in contrast
to its counterparts does not need a complex clocking mechanism.
This scheme was used to design a sample QCA circuit.
Simulation results indicate that using this scheme very dense
structure and robust against sneak noise paths can be achieved.
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