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Abstract

CMOS technology is facing physical limitations in scaling the manufacturing pro-
cess. Therefore, to deepen the development of better designs in a smaller area, it
is necessary to look for other alternatives. One of the most studied approaches is
Quantum Cellular Automata (QCA). However, it has the disadvantage of its reli-
ability during the manufacturing processes, with high error rates that are difficult to
improve. To contribute to the design of more reliable operators based on this tech-
nology, new fault-tolerant full-adders are presented in this paper. The proposed solu-
tions improve area up to 57.14%, total energy dissipation up to 36.27%, and average
energy dissipation per cycle up to 36.22% compared to those previously proposed.
This reduction in power consumption is especially important to make QCA more
competitive as it has to operate in low-temperature environments.
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1 Introduction

Moore’s law describes an exponential growth in the number of transistors per area
unit over time. However, current Complementary Metal-Oxide—Semiconduc-
tor (CMOS) technology is encountering physical limitations such as lithography,
making it difficult to reduce the area and, therefore, continue this law [1]. At this
point, it is essential to find reliable alternatives for the construction of larger cir-
cuits in a smaller area that could replace or even improve CMOS manufacturing
processes. Currently, there are several technologies whose objective is to become an
alternative.

One possible solution is Nanomagnetic Logic (NML), based on the use of nano-
magnets for the construction of circuits, whose main advantage is their high-integra-
tion density and their ability to operate at room temperature [2, 3].

Another solution is Silicon Dangling Bonds (Si-DB) based upon quantum dots
that allow the creation of ultra-low energy schemes [4, 5].

Finally, Quantum Cellular Automata (QCA), the technology that we will focus on
in this work, is an efficient process studied for almost 30 years as a possible founda-
tion for a future generation of integrated circuits. It was proposed by Lent et al. in
1993 [6] and developed in 1997 [7], and it has grown to become a relevant alterna-
tive technology [8] due to the maturity of its development kits such as QCADesigner
[9], and QCADesigner-E [10].

1.1 Related works

Due to the QCA reliability disadvantage during the manufacturing process, a fault-
tolerant full-adder using QCA technology will be introduced in this work. The
full-adder is a fundamental piece for digital processing and, therefore, for elaborat-
ing more complex circuits. Some examples of this can be seen in the creation of a
microprocessor, whose Arithmetic Logic Unit (ALU) requires an adder [11], or in
other components such as a Digital Signal Processing (DSP) [12], which contains an
adder among its basic operations. Proof of this is the numerous works where adders
are used to develop more complex circuits [13, 14]. Regarding the creation of full-
adders in QCA, other approaches have been made prioritizing speed by creating a
three-layer full-adder [15] or sacrificing the circuit’s total area in search of fault tol-
erance, with the use of five-input majority gates [16].

One of the most used full-adder architectures in the literature is [17], which was
recently improved by [18] reducing the number of cells, area, and energy dissipa-
tion. However, this design is not fault-tolerant.

The current work shows a full-adder with different protection levels partially
based on the unprotected architecture from [18] compared to the fully protected one
from [19], trying, at the same time, to limit and reduce energy overheads to improve
cooling constraints. The main contribution of this work is the generation of a set of
full-adders with different layouts and levels of protections depending on the (normal
or fault-tolerant) configuration of their majority-logic gates, with a good trade-off in
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Table 1 Comparison to existing Work

Fault- Area-Power figures Delay  Fault-
works tolerant tolerant

adder config.

[15] - ++ + -

[16] + + + -

[17] - +++ + -

[18] - ++++ + -

[19] + + + -

This work  + ++ + ++

terms of area, delay and power consumption when comparing to previous solutions.
To the authors’ knowledge, no previous work proposes these different options that
can be used in different applications depending on the level of reliability required
by the system, and the area and power restrictions. An example of application is
approximate adders [20], used in error-tolerant applications where some accuracy
can be sacrificed to provide better circuit-based metrics.

Table 1 shows a comparison with a set of previous works that implement full-
adders. Considering those that provide fault tolerance, the proposed adder delivers
better circuit-based metrics. Additionally, a set of partial fault tolerance configura-
tions is presented, optimizing the area and layout of each one based on the required
fault-tolerant majority gates, where “+” indicates higher optimization and “-” less
optimized.

The paper’s organization is the following: Sect. 2 describes the different elements
that make up the QCA technology, progressing from a basic circuit to a fault-toler-
ant full-adder. Section 3 shows the proposed solution for the fault-tolerant full-adder
explaining its architecture and the differences concerning the reference model [19].
Section 4 shows the results obtained and finally, Sect. 5 concludes the paper.

2 Background

To understand QCA technology, it is necessary to know the basic components: cells,
wires, inverters, majority gates, logic gates, clocks, full-adders, and fault-tolerant
design. These are detailed in the following subsections.

2.1 Cells

The main unit of this technology is the cell. Each one is made up of four quantum
dots (semiconductor nanostructure that confines the movement of electrons) and two
electrons that can be positioned on the two diagonals; thanks to the opening of the
existing potential barrier and the Coulomb repulsion between the electrons [21].

In this way, the cell is in the 4+1 or —1 polarization state, representing a logical /
or 0, respectively, as shown in Fig. 1.
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Fig. 1 QCA Cells [22]
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2.2 Wire

Thanks to the Coulomb repulsion, the proximity between cells causes them to be
affected by the other cells’ state. In this way, a cell could be set as input waiting
for a value, and that state could be transmitted to other areas of the circuit. This
can be done in two different ways due to the cells’ placement, showing two differ-
ent behaviors depending on whether the cells are positioned normally or rotated
45°.

This can be seen in Fig. 2, which shows a simple wire that would behave like
CMOS connections. Also, Fig. 3 shows how the quantum dots are rotated 45°,
which causes the data transmission to vary. Due to Coulomb repulsion, the value
would change from 7 to 0 as it progresses through the wire. These changes could
result in the effect that, if the wire is composed of an input cell, an output cell,
and an intermediate n cells, if n is odd, the input and output will be the same,
while if it is even, the result will be the opposite of the input.

2.3 Inverter

Due to these characteristics, an inverter can be made very easily. Figure 4 shows
the simplest example to implement.

It has an input where the value to be inverted will be inserted and an output
where the operation’s result will be checked. However, instead of being a straight
wire, the last three cells are set down in one position. When reaching the point
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where the third cell value must pass to the fourth, it changes the polarization to
the opposite, obtaining the expected result in the output cell.

2.4 Majority gate

The majority gate is one of the main tools for creating logic circuits [18]. Knowing
the properties of this element, it can be modified to achieve the basic logic gates,
i.e., AND, OR, etc. Given three inputs, these propagate to the central cell, which
will take the most repeated polarization and be transmitted to the output.

The example in Fig. 5 shows a majority gate with three inputs and one output,
in which the desired inputs (A, B, C) will be set, and the expected value will be
observed at the output. Following the majority gate function:

M(A, B, C) = AB + AC + BC.

2.5 Logic gates

Majority gate’s structure can be manipulated to create the AND and OR logic gates
[24].

Figure 6 shows how the AND logic gate is formed. To achieve this behavior,
one of the three entries of the majority gate would have to be set to —1. Due to
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Fig.7 Logic gate OR [24] A
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this, we can alter the function described by the majority gate since the input pre-
viously called C would be replaced by —1. Applying Boolean logic, this logic
gate would be described by the following function M(A, B, -1) = AB. That is
the same as the AND logic gate. Similarly, in Fig. 7, the third input is set to
+1 to achieve an OR logic gate’s behavior. Resulting in the following equation:
M(A,B,1)=A+B.

2.6 QCA clock

QCA has a multiphase clock [21]. This allows multi-stage synchronization to be per-
formed. It has four clocks, each one of them shifted in phase by 90° to the previous
one, giving the possibility of crossing wires in opposing clocks without influencing
each other.

In this way, if two wires are to be crossed, they are in zones 0 and 2 or 1 and 3, it
can be done without the values transmitted by one wire affecting those of the other
wire [25]. Due to this, it is possible to create larger circuits in a smaller area.

As can be seen in Figs. 8 and 9, there are two opposing phases, while one is in the
“release phase,” the other one is in the “switch phase,” and while the first one is in
the relax phase, the other one is in the hold phase, and vice versa. A clock cycle is
completed when a clock zone passes through four different phases.

2.7 Full-adder

As can be seen in Fig. 10, the QCADesigner tool has been used for the implementa-
tion of a full-adder from [17].

The full-adder has A and B which are the two one-bit inputs and Cin is the carry
input. On the other hand, Sum and Cout correspond to the two outputs that provide
the result of the addition and the carry, respectively. This circuit consists of 44 QCA
cells. The circuit is delimited by clock zones that are reflected in the different colors
of the cells that make up the circuit.

For this full-adder, four clock zones have been used following a grayscale that
represents the clock zones from 0 to 3 as shown in Fig. 11.
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Fig. 8 Clock zones [21]

Fig. 9 Clock phases [21]
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The majority gates are the critical points where a small error can produce erratic
behavior of the circuit as demonstrated in [19]. For this reason, it has been proposed
to replace all simple majority gates with others with a larger area but greater reli-
ability, exposed in the same reference document.

The structure implemented in the majority gate is equivalent to a traditional one
detailed in Sect. 2. For the fault tolerance analysis, different errors were taken into
account in [19], such as single-cell omission, extra-cell deposition, and cell mis-
alignment were investigated using QCADesigner 2.0.3. The results obtained were
100% tolerant against a single-cell omission defect and 90% fault-tolerant against an

extra-cell deposition defect [19].
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This fault-tolerant majority gate has a total of 10 cells (seven normal cells and
three rotated cells) and overcomes the error caused by cell omission, extra-cell dep-
osition, and cell displacement defects [19].

In particular, the proposal improved above the previous ones in single-cell omis-
sion, double-cell omission, triple-cell omission, quadruple-cell omission, extra-cell,
and deposition permissible cell displacement defects.

This structure has been chosen as a reference for this paper after evaluating differ-
ent majority gates [26-33] since it is optimal in terms of the number of cells, area,
latency, cell displacement defects, and energy consumption.

Table 2! shows a comparison between a majority gate [18] and a fault-tolerant
one such as the one in Fig. 12. As can be seen, the greater the number of cells used,
the higher the area and energy dissipation are.

! To obtain the results, QCADesigner has been used. The QCADesigner-E (QD-E) is an extension of the
QCADesigner. It calculates the estimation of the power dissipation of QCA circuits. It is integrated as an
additional simulation module that is based on the Coherence Vector Simulation (CVSE) [9, 10]
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Fig. 12 Fault-Tolerant Majority A
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Fig. 13 QCA design (left) vs architectural diagram (right)

3 Proposed solution

This work introduces a new fault-tolerant full-adder architecture. However, the solu-
tions provided in this section can be applied to any full-adder with a different degree
of protection against errors, obtaining improvements in area and power consumption
without raising latency compared to the state of the art. In Fig. 13, we include the
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architectural diagram of the proposal. As it can be seen, the full-adder is built of
inverters (NOT) and majority gates (MLG). As we explained, majority gates are the
main source of error, for this reason in this work, we will exchange the MLG blocks
by its fault-tolerant implementations and we will provide customized solutions for
different combinations of protected and unprotected MLG blocks, providing design-
ers with a wide and optimized catalog of adders with different levels of reliability,
area consumption, energy dissipation and latency, depending on their needs.

In the following subsections, the parameters that have been taken into account
for the proposed full-adder architecture design will be exposed. Later, the general
and specific differences between both the existing architectures and the full-adders
described here will be presented.

3.1 Architecture design criteria

For the proposed full-adders, parameters such as area, energy dissipation, latency,
and connection with external circuits have been considered. Next, a brief explana-
tion of each of these factors and how they directly affect the proposed full-adder
architecture is included.

3.1.1 Area

To optimize the area, it has been necessary to reduce the number of cells used in the
circuit, reducing the wires’ length. On the other hand, the crossover of wires imple-
mented within the circuit itself allows us to avoid using a large number of cells by
having to surround the entire circuit, especially when it is necessary to use the same
input of the full-adder proposed in different majority gates. With this idea in mind, it
has been possible to considerably reduce the number of cells used in the circuit and
thus reduce the proposed full-adder’s total area.

3.1.2 Energy dissipation

This parameter directly depends on the total area of the circuit. For this reason, by
reducing the size of the proposed full-adder, energy dissipation is improved as well.
However, it is also important to take into account the number of clocks implemented
in the circuit. Due to this, the transitions in a wire have been optimized using differ-
ent clocks, thus achieving a direct reduction in energy dissipation.

3.1.3 Latency

Another critical factor that has been taken into account is latency. One of the main
challenges in the design of the proposed full-adder is to maintain the same latency
as the original one. This has been achieved thanks to the wire crossover within the
proposed full-adder, obtaining a circuit of equal latency and area reduction.
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3.1.4 Input and output connection to external circuits

Finally, it has been taken into account that the inputs and outputs must be easy
to connect to other independent circuits. To achieve this, it was necessary to
consider that both the three inputs and the two outputs must be located in the
borders, thus providing the possibility of connection with the pinout of different
circuits.

3.2 Reference architectures

The reference architectures used in this paper are the unprotected full-adder of
[18] and the fault-tolerant full-adder of [19] in Fig. 16.

We define three different zones related to the three majority gates involved in
the design. To provide flexibility with the level of protection against errors, we
analyze all the possible comparisons using majority gates or fault-tolerant major-
ity gates.

The proposed full-adder offers a flexible implementation that allows configur-
ing the degree of protection to apply to a circuit. As it is demonstrated in [19], the
majority gates are the critical points and main source of errors in QCA designs,
where a small error can produce erratic behavior of the circuit. For this reason,
increasing the level of fault-tolerant majority gates increases the reliability of
the whole logic unit, at a cost of a larger area, compared to unprotected major-
ity gates. This proposal is intended for architectures that do not need total pro-
tection but where partial protection is enough to satisfy their goals, as there are
other secondary sources of error apart from the majority gates. An example is the
approximate adders that are architectures implemented for image processing [20].

To name the different architectures, a three-letter code is used, one letter for
each zone. If the majority gate of a specific zone is not protected is represented
with U (Unprotected) in the corresponding letter and with P (Protected) if it is
fault-tolerant. Hence, the unprotected full-adder will be represented by the code
UUU, and PPP is the code for the fully protected circuit.

To compare the rest of the semi-protected architectures, despite not being
found in the original article [19], the circuits that would correspond to the litera-
ture (UUP in Fig. 18, UPU in Fig. 20, UPP in Fig. 14, PUU in Fig. 22, PUP in
Fig. 24, PPU in Fig. 26) have been generated.

3.3 Proposed architectures

The architectures proposed to compare with work [19] and its semi-protected rep-
resentations are UUP in Fig. 19, UPU in Fig. 21, UPP in Fig. 15, PUU in Fig. 23,
PUP in Fig. 25, PPU in Fig. 27, and PPP in Fig. 17.

The development of the UUP, UPU, and UPP designs has used the UUU circuit
of [18] as a reference. However, the rest of the circuits (PUU, PUP, PPU, PPP)
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Fig. 14 Full-Adder UPP from [19]
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Fig. 15 Proposed Full-Adder UPP

Zone 3

have been created specifically for this paper to provide better results in terms of

overhead reduction.

Models are compared below to show the differences between the circuit from
[19] and the proposed architecture.
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A particular focus has been set on UPP and PPP architectures due to UPP
being the circuit in which the highest percentage of energy dissipation improve-
ment has been achieved and PPP architecture being the design most protected
against failures.
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Fig. 20 Full-Adder UPU from [19]
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Fig. 21 Proposed Full-Adder UPU
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Fig. 24 Full-Adder PUP from
[19]

Fig. 25 Proposed Full-Adder
PUP

3.3.1 Architecture UPP
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Figure 14 corresponds to the full-adder from [19] with two fault-tolerant major-
ity gates implemented in zones 2 and 3. The proposed full-adder with the same
protection can be found in Fig. 15 where it can be seen that the inputs of the
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majority gate of zone 2 have been redistributed to take advantage of the area in
an optimal way. It can also be seen that, by distributing the regions in which the
majority gates are found in a descending way, it is possible to reduce the total
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Table 3 fault-tolerant full-adders with different protection levels compared to full-adder from [19] and
[32]

Faul-Tolerant Protection UUP UPU UPP PUU PUP PPU PPP
Num cells [19] 87 90 90 102 102 102 102
[32] 72 73 78 80 85 91 92
Proposed 58 61 63 66 76 69 72
Area (um?) [19] 0.11 0.11 0.11 0.14 0.14 0.14 0.13
[32] 0.06 0.06 0.07 0.08 0.08 0.09 0.08
Proposed 0.07 0.06 0.07 0.06 0.08 0.07 0.08
Total Energy [19] 2272 2672 2072 2.872 2272 2,672 1.972
Dissipation (eV) 39 2472 2372 222 282 2972 292 292
Proposed 2072 1772 1.372 2472 2172 247 16
Average Energy [19] 2,073 2.373 1.873 2,573 2,073 2.373 1.773
Dissipation (V) (3 223 213 2073 253 263 263 267

Proposed 1.873 1.573 1.173 2.173 1.973 2273 1.573

area of the circuit even more, resulting in a more compact full-adder with a cer-
tain level of protection.

3.3.2 Architecture PPP

To make a comparison of the fully protected version of the full-adder from [19] and
the proposed protected full-adder, the fault-tolerant majority gates have been imple-
mented in all the three zones, as can be seen in Figs. 16 and 17, respectively.

The main difference between both approaches is the distribution of the majority
gates. The majority gates in zones 1 and 2 are redistributed in Fig. 17, reducing the
number of cells in the circuit. In zone 3, the majority gate corresponding to Fig. 12
is also implemented in Fig. 17.

Finally, the clock zones in the full-adder from [19] are distributed as follows:
clock 1 (zone 1), clock 2 (zone 2) and clock 3 (zone 3), as can be seen in Fig. 16.
The proposed full-adder has the following distribution: clock 0 (zone 1), clock 2
(zone 2) and clock 3 (zone 3). This change allows clock 1 only to be used for clock
transitions in a wire, as shown in Fig. 17, impacting power consumption.

3.3.3 Semi-protected architectures

The architectures that can be implemented according to the desired level of protec-
tion are described as follows. The following figures can be seen in the rest of the
designs: UUP, UPU, PUU, PUP, and PPU. First, it was necessary to modify the ref-
erence architecture (PPP) from [19] to create and simulate the different partially pro-
tected reference designs. Subsequently, an architecture with partial protection was
designed for each of the cases mentioned above. Reference and proposed designs
have been compared to obtain the values in terms of number of cells, area, total
energy dissipation, and average energy dissipation per cycle, which can be seen in
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Table 4 improvement percentages of fault-tolerant full-adders with different protection levels compared
to full-adder from [19]

Faul-Tolerant Protection UUP UPU UPP PUU PUP PPU PPP

Reduction of num cells % 33.33 32.22 30.00 35.29 25.49 32.35 29.41
Reduction of area (um?) % 36.36 45.45 36.36 57.14 42.85 50.00 38.46

Reduction of total 6.36 33.33 36.27 15.79 7.05 6.54 14.36
energy dissipation (eV) %
Reduction of average 6.50 33.61 36.22 15.83 7.25 6.36 14.12

energy dissipation
per Cycle (eV) %

Table 5 Latency values of
fault-tolerant full-adders with
different protection levels

compared to full-adder from Latency [19] 4 4 4 4 4 4 4
19
1] This work 4 4 4 4 4 4 4

Faul-Tolerant Pro- UuUP UPU UPP PUU PUP PPU PPP
tection

Table 3. In addition, the two architectures that can be found in the literature with a
better trade-off between the number of cells, area, and energy dissipation are also
included in the table for comparison purposes. For the sake of simplicity, we only
analyze in the text the metrics of [19], as it is the most efficient. Similar conclusions
can be reached with [32].

4 Results

The results obtained after simulating all the possible levels of protection against
errors allow us to observe that the proposed architectures improve in the number
of cells, area, total energy dissipation, and average energy dissipation per cycle,
compared to the protected full-added from [19] and the derived semi-protected
architectures.

To compare each combination’s values, it has been necessary to perform 14 simu-
lations (7 simulations with the adapted architectures from [19] and 7 simulations of
the proposed full-adders).”

Table 4 shows the percentage of improvement obtained with our proposal com-
pared to the fault-tolerant full-adder of [19]. The margin for improvement of each
parameter is as follows: the number of cells from 25.49% in version PUP to 35.29%
in version PUU, area from 36.36% in version UUP and UPP to 57.14% in PUU, total

2 Note that, comparisons to CMOS technology are omitted as it is outside of this work’s scope and is
already analyzed in the literature by other authors.
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Fig.28 Thermal energy dis-
sipation maps for the full-adder
UUU from [19]

Fig.29 Thermal energy dis-
sipation maps for the proposed
fault-tolerant full-adder PPP
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Fig. 30 Thermal energy dissipation maps for the fault-tolerant full-adder PPP from [19]

energy dissipation from 6.36% in version UUP to 36.27% in UPP and the average
energy dissipation per cycle from 6.36% in combination PPU to 36.22% in UPP.

Table 5 shows that latency is the same for all the designs, so the area and power
savings do not penalize speed.

Next, we include the thermal energy dissipation maps in Figs.28, 29 and 30,
obtained with QCADesigner for the standard full-adder (unprotected), the fault-tol-
erant proposal with complete protection (PPP), and the reference proposed in the
literature also for the fault-toleration version (PPP). As it can be seen for the regu-
lar full-adder, there are five critical cells from a thermal energy dissipation point of
view (red cells), for the fault-tolerant proposal with complete protection (PPP) the
number of critical cells (between red and dark orange cells) increase to eight, which
is coherent with the increase in cells. The same happens with the reference proposed
in the literature, as it has a larger number of cells, it has a larger number of critical
cells as well, about thirteen (between red and dark orange cells).
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Finally, to analyze the robustness of the proposed architectures, we simulated the
errors of single-cell omission, extra-cell deposition, and cell displacement defects in
the fault-tolerant majority gates integrated in the different designs obtaining: 100%
tolerance against the single-cell omission error, 100% tolerance against extra-cell
deposition error and 100% tolerance with cell displacement smaller than 7nm north,
Snm south, and 6nm east and west.

5 Conclusion

This paper introduces efficient full-adder architecture designs with different degrees
of fault-tolerant protection. The architectures described here go from a design in
which all the majority logic gates are fault-tolerant, which is the most robust solu-
tion, to a design in which just one gate is protected. This flexibility will allow other
designers to choose an adder based on the trade-off between reliability and area/
energy dissipation, which can be useful in larger QCA circuits that do not require
full accuracy in their results or need larger protection for certain bits. All the archi-
tectures included here are based on full-custom designs validated with QCADe-
signer. Results show an area improvement between 36.36% and 57.14%, with a total
energy dissipation between 6.36% and 36.27%, average energy dissipation per cycle
between 6.56% and 36.22% compared to previous works found in the literature. As
this circuit is widely used in digital processing, all the savings introduced here will
have a greater impact on other structures such as ALUs or DSPs designed with QCA
especially in applications that need different levels of reliability in their processing.
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