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ABSTRACT

The continuous market demands for high-performance and energy-efficient computing systems have steered the
computational paradigm and technologies towards nano-scale quantum dot cellular automata (QCA). This paper
presents novel simple and complex QCA-based C-element structures. The proposed structures were thoroughly
analyzed based on key design parameters, such as area, energy dissipation and robustness against structural
defects. Simulation results demonstrate that the proposed simple structures have achieved up to 56% and 66%
improvement in area and energy dissipation, respectively. On the other hand, the complex structures have shown
a profound immunity against structural defects and achieved up to 143% improvement as compared to the simple
structures. The proposed C-element structures can be considered as viable blocks for asynchronous designs.
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1. INTRODUCTION

Over the past few decades, the microelectronics industry has been driven by increasing market demands
for enhanced integration, energy efficiency and speed of integrated circuits (ICs). This was done
primarily by scaling the transistor feature size and by implementing specific device architectures, such
as FinFET and Gate-All-Around (GAA) nanowires [1]-[3]. Nonetheless, as the transistor feature size is
reduced, some issues, like power consumption and increased leakage current, are beginning to dominate
device performance due to various quantum effects and increased process variation levels at nano-scale,
halting the advantages of device scaling being adopted. According to the International Technology
Roadmap for Semiconductors (ITRS), the development of new computational paradigms and device
structures is inevitable in future technology nodes with regard to device technology and clocking
strategies [2], [4]. In this context, the nano-scale Quantum-dot Cellular Automata (QCA) technology is
one potential alternative that is anticipated to overrule the VLSI technology and deliver rapid
advancements in the internet of things (10T) era [5] and information security [6]. The concept of QCA
was first introduced in [7]. Unlike conventional CMOS-based structures, in which information is
transferred by the flow of electrical current, QCA depends on the coulombic interaction between
adjacent cells. In addition, the polarization level of the confined electrons within a QCA cell represents
the binary levels in QCA-based structures. This ultimately allows the QCA-based structure to surpass
CMOS-based counterparts in terms of switching speed, device density and power consumption [8]-[9].
Hence, QCA is considered as a transistor-less technology which can serve as a replacement technology
to design nano-scale digital circuits [10]-[12].

Typically, QCA devices are described on the basis of symmetric square cells, whereby all computational
logic gates and memory structures can be correctly imitated. These structures can be implemented by
assembling QCA cells in a specific geometric pattern to achieve the desired logic function. In QCA
technology, the primitive building blocks are the majority voter and inverter gates, as shown in Figure
1. The conventional AND and OR logic gates can be simply implemented based on the 3-input majority
gate by setting one of the inputs to either ”0” or 17, respectively. An important issue in the design of
QCA circuits is the switching of QCA cells from one state to another that is controlled by external clock
signals. A clock signal has four sequential phases; namely, switch, hold, release and relax [13], as
depicted in Figure 2.
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Figure 1. Basic QCA building blocks: (a) Majority gate, (b) Inverter.

The purpose of these phases is to allow or deny the tunneling of the confined electrons in a QCA cell
and in turn, achieving stable logic states and information flow by controlling the inter-dot barrier of a
cell [14]. In addition, the QCA cells in a particular structure are typically grouped into sequential sub-
arrays known as clock zones. The clock signals applied to consecutive clock zones are phase-shifted by
90 degrees to synchronize the polarization change within the QCA structure and prevent back-
propagation of information between adjacent cells assigned to different clocking zones, as shown in

Figure 3.
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Recently, extensive research efforts have been made on the design of various computational logic and
memory structures, such as adders [15]-[18], multiplexers [19]-[20] and memory elements [21]-[23]
based on QCA technology. More recently, Bahar et al. [11] have introduced effective single-layer binary
discrete cosine transform (BinDCT) using QCA technology. In addition, the authors of [24] have
proposed a QCA-based architecture of a new single-layer butterfly switching network (BSN) as a
multistage interconnection network (MIN) for parallel computing. Moreover, the authors of [25] have
implemented a bit-serial adder (BSA) using modified majority gate and E-shaped exclusive-OR gate.
Additionally, Marshal et al. [26] have proposed novel and cost-efficient QCA-based configurable logic
blocks and memory blocks, that can be used in Field Programmable Gate Array (FPGA) and embedded
systems’ designs. Furthermore, Song et al. [12] have suggested a novel loop-based RAM cell with
asynchronous set and reset, based on a new 2-1 multiplexer and D-latch structures. Apparently, the
variety of QCA-based logic and memory structures introduces QCA technology as a substantial
candidate for a new computing paradigm.

A key factor in designing QCA-based structures is the reliability against structural defects. These defects
can be categorized as dislocation defects that are caused by cells moving around their axis, dopant
defects in which a QCA cell may have one or more extra or missing dots, interstitial (i.e., cell
displacement) defects where cells may deviate from their intended horizontal or vertical orientation and
vacancy defects (i.e., cell missing) caused by complete absence of cells. The presence of such defects
in a computational structure may be manifested as an error that compromises the expected functionality
of a design [27].

In recent years, asynchronous circuit designs have received considerable significance in the VLSI
scientific community [28]-[30]. Such designs pose a great potential for low-power and high-
performance computing and network-on-chip systems [31]. Asynchronous circuit designs can be used
to ensure correct communication between different frequency domains. One of the most frequently used
structures in constructing asynchronous circuits is the C-element, known as Muller gate [32]. This
peculiar structure serves as a primitive building block in several asynchronous logic designs and is used
in implementing the synchronization required by most handshaking schemes, which provides the basis
for asynchronous communication, especially in micro-pipelines and some network-on-chip designs
[31]-[34]. Figure 4 represents the symbolic representation of the 2-input C-element and Table 1
demonstrates its truth table. Its output (F) only changes when the inputs (A and B) have equal logical
values. However, when the inputs (A and B) are different, the output (F) memorizes its previous logical
state.

Figure 4. Symbolic representation of 2-input C-element.

Table 1. 2-Input C-element truth table.

A B Fi
0 0 0
0 1 Fi1
1 0 Fi1
1 1 1

The purpose of this paper is to propose various QCA implementations of the C-element. As far as the
authors could verify, there is no previous research efforts to tackle QCA-based C-element designs. This
paper presents different QCA-based C-element structures with thorough analysis of their area, energy
dissipation and robustness against structural defects. The proposed designs include 2-, 3- and 4-input C-
elements.

The rest of this paper is organized as follows. Section 2 shows the proposed C-element structures.
Section 3 presents the simulation results and compares the proposed structures in terms of their area,
energy dissipation and robustness. Finally, Section 4 summarizes and concludes the paper.
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2. PROPOSED QCA-BASED C-ELEMENT STRUCTURES

Figure 5a shows the proposed 2-Input QCA-based C-element structure. The simplest structure is mainly
composed of a 3-input majority gate with a single feedback utilizing three different clock zones.
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Figure 5. Proposed 2-input C-element structures: (a) Simple structure, (b) Complex structure.

As shown in Figure 5a, this structure consists of 14 cells with a total area of 0.013um?. The functionality
of the proposed structure can be formulated as:

F=MAJ(A B,F)=AB+F. (A +B) 1)

where A and B represent the inputs and F is the output of the C-element. In this structure, the device
cell is responsible for computing the majority function between the inputs (A and B) and the output (F),
while the feedback cells are responsible for controlling the flow of information from the output (F) to
the device cell, allowing the proposed structure to achieve its intended functionality. Figure 5b shows
an alternative design of the 2-input C-element, where the device cell is further duplicated to achieve a
more robust design. In addition, the feedback has been duplicated to assure correct functionality in the
presence of any structural defects. This design is composed of 43 cells with an area of 0.029um?.

Figure 6 shows the proposed 3—input QCA-based C-element structures. Table 2 demonstrates the truth
table of the 3-input C-element.
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Figure 6. Proposed 3-input C-element structures: (a) Simple structure, (b) Complex structure.
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Table 2. 3-Input C-element truth table.

Fi
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Fi1
Fi1
Fi1
Fi1
Fi1
Fi1
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As depicted in Figure 6a, the 3-input C-element can be implemented by modifying the simple 2-input
C-element structure to accommodate more inputs while maintaining the clock zone sequence in the
feedback. This design consists of 22 cells occupying an area of 0.021 pm2. On the other hand, Figure
6b shows a 3-input C-element structure that is achieved by modifying the design shown in Figure 5b by
adding 15 more cells to accommodate an extra input while improving the robustness against structural
variations.

Figure 7 illustrates the proposed 4-input C-element structures. Table 3 shows the truth table of the 4-
input C-element. Figure 7a shows the simple 4-input C-element that is achieved based on a 5-input
majority gate with proper structuring of the feedback. As shown, the number of used cells is 31 with an
area of 0.03um?. It is also possible to obtain a more robust C-element structure, as shown in Figure 7b,
with a total of 67 cells.
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Figure 7. Proposed 4-input C-element structures: (a) Simple structure, (b) Complex structure.
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Table 3. 4-Input C-element truth table.
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3. RESULTS AND ANALYSIS

The QCADesigner-2.0.3 simulation tool was used to verify the functional correctness of the proposed
C-element structures and assess their structural cost in terms of the occupied area [35]. The
QCADesigner tool is a widely used layout and simulation tool in QCA technology to model and analyze
the dynamics of QCA-based structures. In this work, simulation parameters are configured as shown in
Table 4. Figures 8, 9, 10, 11, 12 and 13 show the simulation results of the proposed 2-, 3- and 4-input
C-element structures, respectively under different input combinations.

As shown in Figures 8 and 9, when both inputs (A and B) are equal to (0), the output (F) is equal to (0)
and maintains its logical value when one of the inputs toggles. However, when both inputs (A and B)
are equal to (1), the output (F) is set to (1). Similarly, the output (F) keeps its state as long as the inputs
change to distinct logical values. These observations validate the functional correctness of the proposed
2-input C-element structures. On the other hand, Figures 10, 11, 12 and 13 validate the intended
functionality of the proposed 3- and 4-input structures. Apparently, the functionality of the C-element
is correctly captured by the proposed structures; the output (F) only changes when the inputs have the
same logic levels (0 or 1). However, when the inputs have distinct logic values, the output (F) memorizes
its previous logic value.

Table 4. Simulation parameters.

Parameter Value
Number of samples 12800
Cell Dimensions 18 nm x 18 nm
Quantum-dot diameter 5nm

Cell separation 2nm
Radius of effect 65nm
Relative permittivity 12.9
Clock High 9.8 %1072
Clock Low 38%10%
Clock shift 0

Clock amplitude factor 2

Layer separation 11.5nm
Temperature 1K

max: 1.00e+00
A
min: -1.00e+00

max: 1.00e+00
B
min: -1.00e+00

Figure 8. Simulation results of the proposed 2-input simple structure.

The only difference between simulation results of the proposed simple and complex structures is
that the polarization level of the output cell (F) in the complex structures is slightly higher than
that of the simple structures due to the increased level of cell interaction induced by the redundant
paths to the output cell.
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Figure 9. Simulation results of the proposed 2-input complex structure.
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Figure 10. Simulation results of the proposed 3-input simple structure.
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Figure 11. Simulation results of the proposed 3-input complex structure.
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Figure 12. Simulation results of the proposed 4-input simple structure.
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Figure 13. Simulation results of the proposed 4-input complex structure.

Figure 14 shows and compares the occupied area of the proposed C-element structures. As shown, the
occupied area increases as the number of inputs is increased. In addition, the complex (i.e., with more
redundant cells) structures occupy more area as compared to their simple counterparts. To estimate the
energy dissipation of the various structures, the QCADesignerE tool has been used [36]. The
QCADesignerE is a viable tool that models and estimates energy dissipation of QCA-based structures.
Figures 15a and 15b illustrate the total energy dissipation and the average energy dissipation per clock
cycle of the proposed C-element structures.
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Figure 14. Area comparison of the proposed structures.
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Figure 15. Energy dissipation of the proposed structures: (a) Total energy, (b) Average energy.

In order to evaluate the robustness of the proposed C-element structures, the QCADesigner-FS simulator
has been used [37]. The QCADesigner-FS is a modified version of the QCADesigner tool with a
capability of simulating the behavior of QCA-based structures under different structural defects. The
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rationale behind this simulator is to inject a particular defect into the structure (Vacancy, Interstitial,
Dopant or Dislocation) and compare the output of the defective structure to that of the defect-free
structure. The structure is said to be error-free if its output in the presence of a defect matches its correct
output. This process is repeated for an adequate number of simulations. The robustness of a design is
quantified in terms of the percent of the error-free simulations from the total number of simulations.
Figure 16 demonstrates the robustness of the various designs under different structural defects.
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Figure 16. Robustness analysis of the proposed structures.

In Figure 16a, the robustness analysis is carried out under the vacancy (i.e., cell missing) structural
defect. As shown, the proposed complex structures have higher robustness when compared to their
simple counterparts. On the other hand, Figure 16b compares the robustness against interstitial defects
for both simple and complex structures. It can be seen that the complex structures exhibit higher
immunity against interstitial defects as compared to the simple ones. Similar trends can be observed for
the dopant and dislocation structural defects, as shown in Figure 16¢ and 16d, respectively. Figure 16e
shows the robustness analysis results under combined structural defects. The observations that can be
drawn from this figure are two-fold. First, the robustness of the simple structures as well as the complex
structures decreases as the number of inputs of the C-element is increased. Second, the percentages of
enhancement achieved by the complex C-element structures as compared to their simple counterparts
are 66%, 143% and 137% for the 2- , 3- and 4-input structures, respectively. Table 5 summarizes and
compares the proposed structures in terms of cell count, area and energy dissipation, while Table 6
compares their robustness under different structural defects.
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Table 5. Comparison of the proposed structures in terms of cell count, areaand energy

dissipation.

Structure Inputs Cell count Area (Um?) Total Energy (eV) Average Energy (eV)

2 14 0.013 1.15e-002 1.04e-003
Simple 3 22 0.021 1.17e-002 1.06e-003

4 31 0.030 1.80e-002 1.64e-003

2 43 0.029 3.39e-002 3.08e-003
Complex 3 58 0.041 3.08e-002 2.80e-003

4 67 0.045 3.95e-002 3.59e-003

Table 6. Comparison of the proposed structures in terms of robustness against different
structural defects.

Structure Inputs Vacancy (%) Interstitial (%) Dopant (%) Dislocation (%) Combined (%)
_ 2 14.29 75.00 42.86 58.93 52.23
Simple 3 13.64 47.73 14.77 45.45 30.40
4 24.19 48.39 19.35 12.90 23.96
2 79.65 95.93 84.30 95.35 86.63
Complex 3 51.72 93.10 61.64 85.34 73.92
4 29.85 78.95 40.30 69.78 56.83

It is worth noting that the simple structures provide easier reachability to the output cell while suffering
from low immunity against structural defects. On the other hand, the complex structures achieve higher
immunity against structural defects at the expense of requiring either coplanar or multilayer crossover
wiring techniques to reach the output cell [38]-[39]. Moreover, the proposed QCA-based C-element
structures have significant improvements in terms of area and energy dissipation as compared to
previously reported CMOS-based C-element designs [40].

4. CONCLUSION

In this paper, 2-, 3- and 4-input QCA-based C-element structures were proposed and evaluated in terms
of their functional correctness, area, energy dissipation and robustness against structural defects. The
proposed structures can be classified as either simple or complex designs. Whereas simple structures
have resulted in lower area and energy dissipation with up to 56% and 66% improvement, respectively,
complex ones have shown significant immunity against structural defects and achieved up to 143%
improvement when compared to simple structures. In addition, the number of inputs has a pronounced
impact on the considered evaluation parameters. Ultimately, the proposed structures can serve as a basis
for further research in the asynchronous circuits design.
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