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A B S T R A C T

Quantum-dot Cellular Automata (QCA) is a very interesting nano-scale technology. Extremely small feature size
and ultra-low power consumption are the most important features of QCA compared to CMOS. Counters are
considered as one of the most fundamental components in sequential circuits. Previous QCA synchronous counters
(QSCs) have been designed and simulated using two methods. In the first method, QSCs utilize direct mapping
flip-flop designs in CMOS technology to QCA. In the second method, QSCs are designed with the inherent
capability of QCA technology. Despite being attractive, mentioned approaches have constraints (i.e. long wire
length and area issues). In this brief, design and simulation of a QSC are presented through combining the two
approaches. Experimental results reveal that the novel combination not only overcomes limitations of the above
methods, but also improves delay and cost function (at least two times lower than the best previous QSCs).

1. Introduction

Continuous physical down scaling of CMOS transistors has led to
several issues such as physical challenges (increment of tunneling and
leakage currents), power-thermal challenges (high power consumption
and thermal dissipation) and technological problems [1].

Regarding constraints of CMOS, researchers look forward to alter-
native technologies. One of the technologies proposed to replace CMOS
and overcome its limitations is QCA, especially when typical circuit pa-
rameters like high speed and low power are concerned [2]. QCA provides
power dissipation less than 100 w/cm2, device density higher than 1012
device/cm2 and functional pace in the frequency range of terahertz [3].

In this paper, a new QSC is presented as one of the most important
components in sequential circuits.

Previous QSCs have been designed in two ways. The first method has
been performed through direct mapping of CMOS designs to QCA [4] [5]
[6] [7]. This approach deals with designing various flip-flops in QCA. The
final counters are derived based on these QCA flip-flop designs. In this
method, the number of circuit gates increases remarkably. Therefore, not
only the cost function [4] in above circuits is increased, but also gate
connections incur more complexity. It should be noted that as circuit
complexity increases, delay and number of crossovers, which are the
biggest challenges in fabrication QCA circuits, also increase [8].

Utilizing the inherent capability of QCA is the second approach [9].
This method is not as complicated as the first method, but it has its own
constraints such as an irregular circuit structure for word size extension,
as well as significant delay growth (which is the most important criterion
in growth of cost function).

This paper presents a QSC without restrictions of previous designs. In
comparison to the first method, the proposed QSC design is more efficient
in terms of cost function and complexity due to the reduction in number
of logic gates. Furthermore, this new QSC has a regular design for
convenient circuit extension (more input/output bits). This is in contrast
to the secondmethod. The proposed QSC is also much faster than the two
mentioned methods. As a result, it has a lower value in terms of cost
function. Coplanar design, lower area and computational delay in addi-
tion to using clock-zone based crossovers are other advantages of the
proposed counter circuit. The novel contributions of this work are as
follows.

- A method is proposed to design a QSC which uses both QCA inherent
capability and fast initialization scheme.

- A novel structure is proposed based on this new method that leads to
fastest and smallest QSC layout compared to the existing methods.

The rest of this paper is organized as follows:
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Section 2 covers a brief background of QCA technology. Section 3
expresses the applied QCA cost function. Section 4 reviews related works
in QCA counter literature besides their advantages and disadvantages. In
Section 5, the novel QSC is proposed and compared with the best existing
relevant circuits. Analysis of novel QSCs reliability, implementation on
the USE clocking scheme and defect analysis is presented in Sections 6, 7
and 8, respectively. Finally, the paper is concluded in Section 9.

2. QCA background

The basic unit of QCA circuits is a cell. A QCA cell consists of four
quantum dots on the corners of a square Nano structure (Fig. 1). Two
electrons are injected into the cell, where they move freely between the
Quantum dots. Columbic repulsion causes the two free electrons to reside
in diagonal positions inside the QCA cell. The ground state polarization
“�1” and “1” are used to represent logic states “0” (Fig. 2(a)) and “1”
(Fig. 2(b)), respectively [10] [11]. A wire is constructed using a chain of
QCA cells.

2.1. Primary QCA gates

In QCA technology, all logical calculations are implemented using
two fundamental gates: QCA inverter andmajority gate, which are shown
in Fig. 3(a), and (b) respectively.

Fig. 3(b) is called majority as it votes among multiple values (polar-
izations) of input cells and transmits the majority polarization of inputs
to the output cell.

Supposing that the inputs are a, b and c, the logic function of majority
gate is shown in Eqn. (1). According to this equation, by fixing one of the
inputs to binary ‘0’ or ‘1’, the majority gate simply turns to a logic “AND”
or “OR” gate, respectively.

Mða; b; cÞ ¼ ab _ bc _ ac (1)

2.2. QCA clocking scheme

The clock signal is the only power source of QCA circuits [12].
Clocking mechanism is also used in pipelining and determining data
direction. The circuit is divided into four sections and these sections are
driven by four-phase clock signals [13].

2.3. QCA crossovers

Generally, there are two options for QCA Crossovers:
Multi-Layer Crossover. In this type of crossover, two separate sub-

strate layers are utilized to prevent interference of two intersecting QCA
wires polarizations [14].

There has been no report about implementation of multi-layer circuits
up to now [15]. However, a number of experimental prototypes of single
layer circuit have already been fabricated [16].

Coplanar Crossover. Unlike CMOS, in QCA technology, wire
crossing in one layer is possible. If one wire with regular cells crosses
another wire made by 45� rotated cells, the binary polarization of each
crossing wire does not affect other wires. Unfortunately, this structure is
not robust enough [17] [18]. So, in this brief, another type of crossover is
used which does not have limitations of previously described crossovers.
In this crossover scheme, there is a 180� phase difference from one
crossing wire clock signal to the other one [19] [20].

3. QCA cost function

To measure and compare the quality of circuit via conventional
methods, metrics such as number of cells (also referred to as complexity),
area and delay are applied. However, these metrics seem to be inap-
propriate for evaluating QCA circuits since area and delay products
(ADP) and the main cost functions used in CMOS circuits have been
directly mapped from CMOS to QCA technology [21] [22]. Thus, a new
metric specified for QCA circuits has been introduced in Ref. [23]. Ac-
cording to this criterion, the complexity of QCA circuits depends mainly
upon three parameters: number of majority gates, inverters, and cross-
overs. Delay is an important metric. Eqn. (2) depicts a new cost function,
where M, I, C and T are (respectively) numbers of majority gates, in-
verters, crossovers and delay of the circuit. k,  l and p show exponential
weights assigned to majority gate counts, number of crossovers and delay
of the circuit, respectively. Also, the coefficients k and l refer to power
dissipation, and complexity of QCA circuit (fabrication difficulty)
respectively, on the other hand, latency is an important metric, as [23]
has opted for k ¼ l ¼  p ¼ 2, for performance evaluation of various QCA
circuits. Thus, in this paper, all exponential weights are assumed to be 2.

CostQCA ¼ �Mk þ I þ Cl
�
*Tp (2)

As mentioned before, fabrication of multi-layer QCA circuit has not
been reported in the literature. On the other hand, if multi-layered QCA
circuits are realized in the future, the exponential weights of cost func-
tion will remarkably increase, so C (number of crossovers) will be
substituted by Eqn. (3) in the cost function.

In this equation, Cml is the cost of a multi-layer crossover, Ccp is the
cost of a coplanar crossing and coefficient m expresses the higher cost of
multi-layer crossover over a coplanar crossing [23].

Cml ¼ m*Ccp (3)

To distinguish coplanar circuits from multi-layer circuits, a specific
value should be assigned to coefficientm. The minimum value which can
be assigned to coefficientm is 3 in multi-layer circuits since these circuits
are made of at least 3 layers. In all coplanar circuits m, is equal to 1 [23].

4. Previous works

Flip-flop is a circuit that can be used to store state information (i.e. ‘0’
or ‘1’ logic value). It is the basic storage element in sequential logic,
which is the fundamental building block in the counter circuits. SR, D, T,
and JK are common types of flip-flops that their behavior can be
described by what is termed as characteristic equation.Fig. 1. Basic QCA cell without polarization.

Fig. 2. QCA cell and two possible polarizations: (a) P ¼ �1 (0 binary) and, (b)
P ¼ þ1 (1 binary).

Fig. 3. QCA primary gates (a) inverter (b) QCA majority gate.
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