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Abstract

Quantum-dot Cellular Automata (QCA) which is a suitable alterna-
tive to conventional CMOS technology is susceptible to some defects in
chemical synthesis and deposition phases of circuit fabrication. Besides,
the majority gate is one of the most important primary gates for
designing digital circuits in this emerging technology. Designing a fault-
tolerant majority gate is one of the hot topics in QCA technology. Most
previous works tried to improve the majority gate reliability by increas-
ing the number of QCA cells which resulted in occupying more area.
In this paper we propose a novel area-efficient three-input majority
gate which can tolerate the single-cell omission and extra-cell depo-
sition defects by 86% and 75%, respectively. The proposed majority
gate consists of 11 simple QCA cells with 0.006 pm? and 1.62 e-002
MeV area and energy consumption, respectively. A complete fault tol-
erance analysis for our proposed majority gate against cell omission,
extra-cell deposition, and cell displacement and misalignment defects
is also provided. We design a fault-tolerant coplanar fulladder/fullsub-
tractor and a two-to-one multiplexer using the proposed majority gate
and compare it with the same previous works. Simulation results from
QCADesigner 2.0.3 and QCADesigner-E show that in all cases our pro-
posed robust circuits can reduce the area consumption. Finally, we
implement a fault tolerant coplanar one-bit ALU using the proposed
circuits that can perform four logical and mathematical operations.
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1 Introduction

There has been a lot of research on finding a proper alternative to CMOS
technology in the last decade. Although CMOS technology makes it possi-
ble to design more depth circuits by decreasing the size of transistor width,
it has reached the physical restriction which results in some disorders like
short-channel effects, design variation, and heat. Considering the high lev-
els of performance, speed, and component density and the very low level of
power consumption of quantum-dot cellular automata (QCA) technology, it
has become a suitable alternative for CMOS technology [1-4].

QCA technology stores and transfers the information in cells containing
quantum dots. Two free electrons sit in four quantum dots which are located
in four corners of each cell. The free electrons are placed at diagonally oppo-
site positions due to electrostatic Coulombic interactions between them. The
two possible resulting polarizations define the logical state of the cell [5]. The
process of storing and transferring data in QCA cells is based on the relative
formation of the cell charges instead of electric flow which results in a field
coupled technology (FCN) [6]. Metal-Island, Semiconductor, Magnetic, and
Molecular are the four different types of QCA cell implementations [7].

QCA technology has some serious problems which are not already fixed
completely due to its novelty. There are some defects in the chemical synthesis
and deposition phases of QCA circuit design which decrease the reliability of
these circuits [8, 9]. Cell misalignment, cellular displacement, cell omission, and
deposition of extra cells are the four most probable defects that would occur
in the deposition phase resulting in a drastic reduction in circuit efficiency. As
a result, fault-tolerant logical QCA circuit design has become so momentous
that researchers have done a bunch of studies about this since the last decade.

Three-input majority gate and inverter are the two fundamental logic gates
in designing logical and computational circuits in QCA technology [7]. The effi-
ciency of these two gates will result in the efficiency of the whole logical system.
In this work, we design a novel robust area-efficient three-input majority gate
with 11 simple QCA cells. Then we design a one-bit fulladder/fullsubtractor,
a 2:1 multiplexer, and finally a one-bit ALU using the proposed three-input
majority gate.

The remainder of this work is structured as follows. First, we review the
QCA fundamentals as well as the different types of defects in QCA design in
Section 2. In Section 3 we propose our fault-tolerant area-efficient three-input
majority gate, verify its fault tolerance against common defects and compare
it with already proposed designs. The computational circuits including a one-
bit fulladder/fullsubtractor, a 2:1 multiplexer, and a one-bit ALU using our
proposed structure are introduced and compared with the previous works in
Section 4. Finally, we conclude the paper in Section 5.
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2 Preliminaries

In this section, we first review the QCA fundamentals including QCA basic
logic gates and clocking system. Then, we explain different types of QCA wire
crossing. Finally, common QCA defects are discussed.

2.1 QCA fundamentals

Square-shaped QCA cells are the basic element of QCA circuits which interact
via local field with each other and realize logical behavior [7]. Each QCA cell
consists of four quantum dots which are located at the vertices of the square
and able to confine electric charge [10]. Furthermore, the QCA cells contain
a free and mobile pair of electrons which can tunnel between the adjacent
dots [11]. Considering the Coulombic interaction between electrons in each
cell, they only can place themselves at opposite corners of the cell which leads
to two possible stable cell polarizations. Figure 1 shows P = -1 and P = +1
polarizations which define the logic ‘0’ and logic ‘17, respectively [11].

00 00
@O OO

P=+1 P=-1
Binary ‘1’ Binary ‘0’

Fig. 1: QCA cell two polariziations.

To construct a binary wire, a chain of QCA cells should be placed next to
each other to propagate the input to the output by Coulombic energy trans-
action between the electrons of the cells [12]. Figure 2 illustrates two types
of QCA wires which are based on 45-degree (rotated) and 90-degree (simple)
cells [13]. The rotated-based QCA wires (Figure 2.b) are usually employed to
implement an inverter chain or for wire-crossing purposes [14].
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Fig. 2: Wires based on simple (a), and rotated (b) QCA cells.
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The majority gate and inverter are the two basic gates of QCA technology
that are employed to implement almost all the logical circuits [15]. Figure 3.a
and 3.b show a basic three-input majority gate and an inverter, respectively.
As it is shown in Figure 3.a a three-input majority gate consists of three
input cells, one voter cell, and an output cell. A three-input majority gate
functionality is given by Eq.1. The output value of the three-input majority
gate becomes logic ‘1’ only when two or more input values equal ‘1’ [13].
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Fig. 3: Basic majority gate (a) and inverter (b) designed based on QCA technology.

OUT = AB + AC + BC (1)

The QCA technology uses the clocking system in order to control the timing
of the circuits and the information flow for creating pipelines and forcing logical
circuits to stay in the quantum mechanics ground state [7]. A QCA clocking
zone is a group of QCA cells which are controlled by the same clock. Four
clocking zones are available in QCA and each of them has four phases. Figure
4 illustrates the QCA clock phases named Switch, Hold, Release and Relax
[16]. In the Switch phase, the potential barrier among quantum dots is gone
up and cells begin to polarize according to their input. In the Hold phase, the
barrier is kept high. In the Release and Relax phases the barrier is lowered and
remains lowered, respectively and cells become and remain unpolarized. The
phase of a clock zone in a QCA design is 90 degrees different from the phase
of the next and previous clock zones. For example, as it is shown in Figure 5,
when clock 1 is in the switch case, clocks 2, 3 and 4 are in the relax, release
and hold phases, respectively.

/6dlledledfled \ —
2 2s8s

Switch Hold Release Relax

Fig. 4: Clock phases in QCA cells.
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Fig. 5: Clock phases in neighbouring QCA cells.

2.2 Cross wire approaches

There are three different methods for crossing over QCA wires including multi-
layer, coplanar and logical coplanar [7]. Figure 6 shows these crossing methods.
In the multilayer wire crossing (Figure 6.a), the crossing of two same type
wires will be done in different layers [17]. The drawback of this type of wire
crossing is that its implementation needs multiple active QCA layers on top
of each other which have not been demonstrated before [7]. In the single-layer
or coplanar wire crossing (Figure 6.b) which employs rotated QCA cells, two
orthogonal wires cross each other without any effect on their operations [18].
The main drawback of this method is that because of employing two types of
simple and rotated QCA cells, the implementation can easily be affected by
fabrication and cross coupling defects [17]. Finally, the logical coplanar wire
crossing (Figure 6.c) employs two groups of QCA cell arrays which have differ-
ent clock phases. QCA cells in relax and release phases do not affect on their
neighboring cells since they are unpolarized in these phases [19]. Therefore,
those cells which are in the hold and relax phases can cross over cells which
are in switch and release phases with no polarization effect [20]. This type of
wire crossing, which is named logical coplanar wire crossing, is more reliable
than simple coplanar wire crossing since it only employs simple QCA cells.
It is also more area and energy efficient compared to multilayer wire crossing
since it is implemented in one layer.

2.3 QCA defects

There are two types of defects in QCA design. One of them may occur during
manufacturing QCA cells referred to as the synthesis step. Another may occur
during placing the cells in the substrate which is referred to as the deposition
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Fig. 6: QCA crossing wires types: multilayer (a), coplanar (b),
and logical coplanar (c).

step [21]. Since QCA cell sizes are very small and need high accuracy i
ing, defects in the deposition step are more likely to occur [22, 23].

e (Cell omission: This type of fault occurs when a cell is missing compared to

the original fault-free design (Figure 7.a).

e (Cell displacement: This type of fault occurs when a cell is misplaced within
its original direction and the distance between the cell and other cells is

reduced or increased (Figure 7.b).
e (Cell misalignment: This type of fault occurs when a cell is no
correctly to its neighboring cells (Figure 7.c).

® FExtra cell: This type of fault occurs when an additional cell is placed in the

substrate (Figure 7.d).
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Fig. 7: QCA defects: Cell Omission (a), Cell Displacement (b),
Cell Misalignment (c), and Extra Cell (d).
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3 The proposed fault-tolerant three-input
majority gate

Majority gates are one of the most important basic gates which are employed
in QCA circuit designs. These gates always have an odd number of inputs and
their only output is the majority vote of the inputs. Designing a fault-tolerant
majority gate with optimized area consumption will result in area-efficient
QCA circuits. In this section, we first propose a novel robust area-efficient
three-input majority gate using simple QCA cells and verify its functionality
with QCADesigner 2.0.3 simulator [24]. Then the simulation results including
cell count, area, and number of clock cycles are provided using QCADe-
signer 2.0.3 simulator and the energy consumption is also reported using
QCADesigner-E simulator [25]. After that, we study the fault tolerance of the
proposed gate against different QCA defects such as cell omission, cell dis-
placement, cell misalignment, and extra cell deposition. Finally, we compare
the proposed design with those previous works which employ simple QCA cells
in terms of area, cell count, energy consumption, number of clock cycles, and
the amount of fault tolerance against single cell omission defect.

Figure 8 shows the layout of the proposed three-input majority gate. The
output is calculated based on Eq.1. As it is shown the proposed gate consists
of 11 simple QCA cells and the output is valid after one clock phase. The
simulation results of the proposed structure which is performed by QCADe-
signer 2.0.3 is shown in Figure 9. The area and the energy consumption of
our proposed three-input majority gate are 0.006 m? and 1.62 e-002 MeV,
respectively.
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Fig. 8: The proposed three-input majority gate layout.

Two-input AND and OR gates can be implemented by fixing the polar-
ization of one of the proposed three-input majority gate inputs to ‘0’ and ‘1,
respectively. Figure 10.a and Figure 10.b illustrate the proposed fault tolerant
two-inputs AND and OR gates, respectively. The output of these three gates
is verified by QCADesigner 2.0.3 which is shown in Figure 11.
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Simulation Results
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Fig. 9: The proposed three-input majority gate simulation results.
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Fig. 10: The proposed and, or gate circuit layout.

3.1 The fault tolerance of the proposed majority gate
against QCA defects

In this subsection, we study the fault tolerance of the proposed three-input
majority gate against different QCA defects including single-cell omission,
double-cell omission, cell displacement, and finally extra cell deposition.

To calculate the fault tolerance against cell omission defect which is one of
the most important QCA defects, we consider all possible cases in which a sin-
gle or double QCA cells of the proposed majority gate (excluding input/output
cells) are omitted. Table 1 and Table 2 show the output results in each case
of single and double cell omission, respectively. As Table 1 and Table 2 show,
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Fig. 11: The proposed and (a) , or (b) gate simulation results.

the majority gate output remains correct in many cases. In fact, the output
in 86% and 43% of cases of single and double cell omission defects is correct,
respectively.

Table 1: Single-cell omission analysis of the proposed majority gate based
on cell numbers in Figure 12.

Omitted Cell Output Omitted Cell Output

1 Correct 5 Incorrect
2 Correct [§ Correct
3 Correct 7 Correct
4 Correct

Correct Rate = 86%

Extra cell deposition is another important QCA defect that we consider it
in fault tolerance calculations. To measure the fault tolerance of the proposed
three-input majority gate against this defect, we consider all possible cases
where an extra simple QCA cell is located around the proposed gate. Figure
12 shows all these extra cells which are labeled as E1 to E8. The output result
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Table 2: Double-cell omission analysis of the proposed majority gate based
on cell numbers in Figure 12.

Omitted Cells Output Omitted Cells Output
1,2 Correct 3,4 Correct
1,3 Incorrect 3,5 Incorrect
14 Correct 3,6 Incorrect
1,5 Incorrect 3,7 Incorrect
1,6 Correct 4,5 Incorrect
1,7 Correct 4,6 Correct
2,3 Incorrect 4,7 Incorrect
2,4 Incorrect 5,6 Incorrect
2,5 Incorrect 5,7 Incorrect
2,6 Correct 6,7 Correct
2,7 Correct

Correct Rate = 43%

after depositing each extra cell is provided in Table 3. As it is shown the
proposed gate output is correct in 75% of cases.

E1 E2
0.0 010 0.0
E3 OIO OBO OZO E4
0,0 (0,0(0,0/[0.0] [Qy
do o’ol|0%0 0’0 08
0.0 [00 0.0
ES5 OGO OCO O7O E6
E7 E8

Fig. 12: Extra cells around the proposed majority gate.

For calculating the fault tolerance of the proposed gate against misalign-
ment and displacement defects, the permitted range of displacement of all
QCA cells in which the output remains correct is measured for four main sides
(e.i. north, east, south, and west). Table 4 shows the mentioned permitted
range. As it is shown, the proposed majority gate is highly tolerant against
misalignment and displacement defects.
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Table 3: Extra cell deposition analysis of the proposed majority gate based
on cell labels in Figure 12.

Position Output
El Correct
E2 Correct
E3 Correct
E4 Incorrect
E5 Correct
E6 Incorrect
E7 Correct
E8 Correct

Correct Rate = 75%

Table 4: Displacement defect analysis of the proposed majority gate based
on cell numbers in Figure 12.

Cell North South West East
A <7 <7 < 36 -

B <3 - - -

C - <3 . }
ouT <4 <4 - <6
1 00 - 00 -

2 00 - - 00

6 - [e%S] o0 -

7 - [e%S] - 0

3.2 Comparing the proposed three-input majority gate
with previous works

The majority gate is one of the basic logic gates in QCA circuit design.
Although there has been a lot of research in proposing an area/energy efficient
majority gate with a high level of tolerance against QCA defects, it is still an
open topic. We have proposed an area-efficient three-input majority gate using
simple QCA cells. Since as mentioned before, those designs which employ both
simple and rotated QCA cells can be affected by cross-coupling defects, in this
subsection we will only compare our work to other area/energy efficient and
robust three-input majority gates which are based on simple QCA cells.

Table 5 shows the comparison between the proposed majority gate and
previous works in terms of the number of QCA cells, area consumption (1m?),
latency (number of clocks), energy consumption (MeV), and the gate tolerance
against single-cell omission defect. As it is shown, our proposed robust majority
gate is the most area-efficient design which employs the least number of QCA
cells comparing to all the previous works.
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Table 5: Three-input majority gates comparison.

#Cell Area  Latency Total Cell Omission
(tm?) (#Clocks) Energy (MeV) Defect Tolerance (%)
[26] 25 0.009 0.25 1.57 x e-002 80
[27] 37 0.032 0.25 9.32 x e-003 82
[28] 36 0.042 0.25 2.31 x e-002  93.8
[29] 20 0.014 0.5 1.96 x e-002 87
[30] 27 0.015 0.25 1.66 x e-002 100
[31])-1 13 0.006 0.25 1.76 x e-002 88
[31]-2 18 0.009 0.25 1.52 x e-002 91
[21] 13 0.009 0.25 3.82 x e-003 71
proposed 11 0.006 0.25 1.62 x e-002 86

4 Digital circuits based on the proposed
three-input majority gate

In this section, we first design a fault-tolerant fulladder/fullsubtractor and
a robust 2:1 multiplexer based on the proposed majority gate and compare
them with same designs utilizing the best three area-efficient fault-tolerant
majority gates which already have been proposed ([31]-1, [31]-2, [21]). Finally,
we design a one-bit ALU based on our proposed basic circuits and compare it
with previous ALU designs.

4.1 The proposed fulladder/fullsubtractor

Fulladder/fullsubtractor (FA/FS) is one of the most important building block
in designing computational digital circuits like arithmetic multipliers, dividers
and ALU [32-34]. In this subsection we design four different FA/FSs based on
the three-input majority gates designed in [31]-1, [31]-2, [21], and our proposed
one. Then we compare them in terms of the number of cells, area and energy
consumptions.

The fulladder outputs named Sum and C,,; are calculated based on
equations Eq.2 and Eq.3, respectively. The equations for calculating fullsub-
tractor outputs named Sub and B,,; are also provided in Eq.4 and Eq.5,
respectively. In all these four equations A, B, and C are considered as inputs.

Sum=A®dBoC (2)
Cout = AB+ AC + BC (3)
Sub=A®B&C (4)

By =A'B+A'C+ BC (5)
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For designing an area-efficient fault-tolerant fulladder/fullsubtractor
employing the proposed fault-tolerant three-input majority gate, we use the
FA/FS combined circuit design which is introduced in [32]. The circuit outputs
(i.e. Sum, Sub, Cybyt and Byy:) can be computed using the equations Eq.6-8.

Sum/Sub= MV (MV'(A, B,C), A, MV (A', B,C)) (6)
Cout = MV (A, B,C) (7)
Bout = MV(A', B,C) (8)

The fault-tolerant FA/FS circuit diagram employing our proposed three-
input majority gate and its corresponding layout is illustrated in Figure 13.a
and Figure 13.b, respectively, and the simulation output of the proposed circuit
is also provided in Figure 14. As it is shown in Figure 13.b, the proposed layout
consists of 99 simple QCA cells, and the outputs are ready after one clock
cycle. The area and total energy consumption of this proposed circuit are also
0.09 pum? and 5.96 e-002 MeV, respectively. We calculate the reliability of the
proposed FA/FS against single-cell omission defect. The results show that the
Sum/Sub, Coy and By are 35%, 88% and 72% tolerant, respectively.

MV Cout

MV >— Sum/Sub

MV Bout

(a)

(b)

Fig. 13: Fulladder/fullsubtractor circuit diagram (a) and layout (b).

We compare our proposed fault-tolerant FA/FS with other three works
which are designed using the three-input majority gates designed in [31]-1,
[31]-2 and [21]. All the FA /FSs are designed based on [32] work which provides
one of the best architectures for coplanar FA/FS. The comparison is made in
terms of cell count, area, and energy consumption which is available in Table
6. As it is shown, the fault-tolerant FA/FS employing our proposed majority
gate occupies less area in comparison to other designs.
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Simulation Results
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Fig. 14: The proposed fulladder/fullsubtractor simulation results.

Table 6: Fulladder/Fullsubtractors comparison.

Design #Cells Area (1m?) Energy (MeV)
31)-1 127 0.13 5.65 e-002
31]-2 146 0.16 7.24 e-002
[21] 116 0.12 3.98 002
Proposed 99 0.09 5.96 e-002

4.2 The proposed 2:1 multiplexer

Multiplexers are important digital circuits which are widely used in imple-
menting different digital designs such as memory systems and FPGAs. In this
subsection we design and compare four different 2:1 multiplexers employing
three-input majority gates designed in [31]-1, [31]-2, [21] and our proposed one.

A 2:1 multiplexer can connect one of its two inputs to the only output by a
single-bit selection bit. Figure 15.a shows a 2:1 multiplexer diagram where A
and B are the inputs that can be transferred to the output (i.e. Out) based on
the selection bit named S. The multiplexer output becomes A when the value
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of S is Zero (i.e. S =’0"), and it becomes B when the value of S is One (i.e. S
="1"). The multiplexer output (i.e. Out) can be calculated using the equation
Eq.9. Based on this equation three three-input majority gate and a not gate
are needed for implementing a 2:1 multiplexer.

Out = (A.S") + (B.S) = MV (MV (A, S’,0), MV (B, S,0),1) 9)

Figure 15.b illustrates the proposed fault-tolerant 2:1 multiplexer. The sim-
ulation output of the proposed circuit is also provided in Figure 16. As it is
shown in Figure 15.b, the proposed design consists of 51 simple QCA cells
and the circuit output is ready after a 0.75 clock cycle. Based on the simula-
tion results of the QCADesigner 2.0.3 tool, our proposed multiplexer consumes
0.04m? area. The total energy consumption of our design is also 3.87 e-
002 meV according to QCADesigner-E tool simulation results. The proposed
design is also 43% tolerant against single-cell omission defects.

O OojoOjo O

O OjJO OjO O
Oojo ojoojoojoojoojo o
O OJO OjJO OJO OJO OJO OJO O

(e le) oo oo
O O O O O O

o ojoo o
0 Oojo O

oo
A -1.00
’ " BRER S
O OJ0 OO0 O O OjJOo OO0 O
N B GABEEEEE
00 00 ooloojo
° - M"> out
0 0 oolooloo
S
(o) o 0o
M s B HEEGEH
B 0O 0 o 0 o 0 o
o oloojoojoolooloojoo

ooloojo o
(a) o ojooloo

(b)

Fig. 15: Two-to-one multiplexer circuit diagram (a) and layout (b).

We compare our 2:1 multiplexer to three other works which are based on the
three best majority gates that were mentioned above. Table 7. shows the com-
parison of these designs in terms of cell count, area and energy consumptions.
As the simulation results show, the 2:1 multiplexer based on our proposed
three-input majority gate is area-efficient in comparison to other three works.

4.3 The proposed one-bit ALU

The Arithmetic Logic Unit (ALU) which is one of the most important parts
of the CPU, performs the basic arithmetic and logical operations. We design a
new coplanar fault-tolerant ALU based on our proposed three-input majority
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Fig. 16: The proposed two-to-one multiplexer simulation results.

Table 7: Multiplexers comparison.

Design #Cells Area (pm?) Energy (MeV)
[31]-1 65 0.06 3.88 e-002
[31]-2 86 0.09 4.64 e-002
[21] 63 0.07 1.73 e-002
Proposed 51 0.04 3.87 e-002

gate and compare it with the previous designs. Figurel7.a and Figurel7.b
shows the circuit diagram and truth table of the proposed ALU, respectively.
As it is shown, the proposed ALU can perform four different functions. The
QCA layout of the proposed fault-tolerant design is also provided in Figure 18.

Based on the proposed circuit layout in Figure 18, our coplanar ALU
consists of 591 simple QCA cells employing logical wire crossing. The QCADe-
signer 2.0.3 simulation results show that the ALU consumes 1.25 zm? and the
output is provided after 3.75 clock cycles.

We compare our design with previous works in Table8. As there is no
unique structure for these ALUs, we compare them in terms of the number
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Fig. 17: The proposed ALU circuit diagram (a) and truth table (b).
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Table 8: ALUs comparison

Designs  Building Layout #Cells  Area (um?) Latency Fault Cell
Blocks (#Clocks) Tolerant Type
[35] And, Or, Fulladder, Mux Single Layer 900 - - No Simple
[4] And, Or, Xor, Fulladder, Mux ~ Multi Layers - 0.78 3 Yes Rotated
[5] And, Or, Xor, Fulladder, Mux Multi Layers 324 0.245 2.25 No Simple
[34] And, Or, Fulladder, Mux Single Layer 625 1.34 3.75 Yes Rotated
proposed  And, Or, Fulladder, Mux Single Layer 591 1.25 3.75 Yes Simple

of implemented building blocks, the number of cells, area consumption, the
number of clock cycles that the output needs to be generated, the circuit
layout structure, and the type of cells which are employed in design. As it is
shown, compared to other designs, our proposed fault tolerant coplanar ALU
is superior in terms of QCA cell count, and occupied area.

5 Conclusion and future works

One of the most important issues in QCA technology is the circuit relia-
bility against defects in chemical synthesis and deposition phases of circuit
fabrication. We have proposed a novel area-efficient fault tolerant three-input
majority gate which has 11 simple QCA cells and occupies 0.006 pm? area with
1.62 e-002 MeV energy consumption. The proposed majority gate is highly tol-
erance against QCA defects and the most area-efficient design comparing to
the previous works. A coplanar area-efficient fault tolerant fulladder/fullsub-
tractor and 2:1 multiplexer are also designed based on the proposed majority
gate which in most cases could decrease the area consumption while improving
the circuit fault tolerance in comparison to other similar designs. Using the
proposed circuits, we designed a one-bit ALU which can perform AND, OR,
NOT, and ADD/SUBTRACT operations. Simulation results show that our
proposed ALU is also superior to other works. More area-efficient and robust
complex circuits can be designed in future works by employing the proposed
three-input majority gate.
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