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Abstract By the inevitable scaling down of the feature
size of the MOS transistors which are deeper in nanoranges,
the CMOS technology has encountered many critical chal-
lenges and problems such as very high leakage currents,
reduced gate control, high power density, increased circuit
noise sensitivity and very high lithography costs. Quantum-
dot cellular automata (QCA) owing to its high device den-
sity, extremely low power consumption and very high switch-
ing speed could be a feasible competitive alternative. In this
paper, a novel 5-input majority gate, an important fundamen-
tal building block in QCA circuits, is designed in a symmetric
form. In addition to the majority gate, a SR latch, a SR gate
and an efficient one bit QCA full adder are implemented
employing the new 5-input majority gate. In order to verify
the functionality of the proposed designs, QCADesigner tool
is used. The results demonstrate that the proposed SR latch
and full adder perform equally well or in many cases better
than previous circuits.
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1 Introduction

Due to defects of conventional CMOS technology and its
physical limits, wide-range researches on nanoscale such
as quantum cellular automata (QCA), tunneling phase logic
(TPL), single electron tunneling (SET), and carbon nanotube
(CNT) have been studied. QCA would be of more interest
because of its capability to implement general computation
as well as its attractive features including high speed opera-
tion, low power consumption and small dimension. A QCA
cell consists of four dots and two identical electrons. Each
dot can be occupied by one of the two hopping electrons in
a way that the electrons stay diagonally opposite owing to
Columbic interaction. In QCA technology binary informa-
tion is encoded by formations of electrons rather than current
employed in CMOS. Two fundamental building blocks for
QCA are the inverter and the majority gate [1–3]. In imple-
mentation of many structures these gates are utilized as basic
elements [4–11].

In this paper, we propose a new powerful 5-input majority
gate and then in order to investigate the effectiveness of the
proposed gate, a SR latch and a one bit QCA full adder using
the new majority gate are implemented.

The rest of this paper is organized as follows. In Sect. 2, a
review of the QCA and previous similar works is presented.
The proposed approach and implementation of the symmet-
ric 5-input majority gate as well as the SR latch and the QCA
full adder are represented in Sect. 3. In Sect. 4, we demon-
strate simulation results and comparisons and finally Sect. 5
concludes the paper.

123



J Comput Electron

Fig. 1 QCA cell and two possible polarizations

Fig. 2 Three types of inverter gate

2 Preliminaries

2.1 QCA gates review

The basic structure in QCA is a squared cell that has four
dots positioned at its corners and two free electrons. Due to
Coulombic interactions, two stable arrangements of electrons
might occur, which are encoded to logic “0” and logic “1”
[1,2,12], as shown in Fig. 1.

The basic gates in QCA design are majority gate and
inverter gate by which various gates and circuits can be con-
structed. In Fig. 2 three formerly proposed types of inverter
gate are shown. Although the last inverter consists of more
cells in comparison with the other two ones, it is being
employed more due to its proper functionality in different
cases.

On account of the major role of majority gate in QCA,
different majority gate designs have been suggested over the
last years. Earlier designs used in important circuits such as
full adders, were almost 3-input majority gates as shown in
Fig. 3. These majority gates acts according to the following
equation:

M(A, B, C) = AB + AB + BC (1)

Recently some 5-input majority gates have been proposed.
The 5-input majority gate functions as Eq. (2). In [13] which
provides a three dimensional design for the 5-input majority
gate, the five input cells affect on the middle cell and the out-
put polarization is determined. Figure 4 shows this majority

Fig. 3 A QCA 3-input majority gate

Fig. 4 Schematic symbol for a 5-input majority gate [13]

(a) (b)

Fig. 5 Two layouts of effective 5-input majority gate [14,15]

gate. Although only seven cells are employed, it is hard to
implement because the gate cells are located in three layers.

M(A, B, C, D, E) = ABC + ABD + ABE + ACD + ACE

+ADE+BCD + BCE + BDE + CDE

(2)

In [14] as shown in Fig. 5a, the output cell is a middle cell
and it is surrounded by the five input cells. In order to connect
this gate to other gates a multilayer design is needed. In [15]
the same number of cells as in the majority gate proposed
in [14] is used; however, the output cell is not a middle cell.
Figure 5b illustrates the majority gate proposed in [15].

Another design of 5-input majority gate suggested in [16]
is depicted in Fig. 6.
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Fig. 6 A 5-input majority gate [16]

Clock Zone 1

Clock Zone 2

Clock Zone 3

Clock Zone 4

Fig. 7 Four-phased clocks of the QCA zones

2.2 QCA clocking

Clocking in QCA is different from clocking in CMOS. To
synchronize and control each part of QCA circuitry properly,
four clock signals are employed where each signal is shifted
by 90◦ compared to the previous clock signal. Each clock
signal has four phases, Switch, Hold, Release and Relaxed
and each cell could be in one of the four phases in accordance
to the clock signal applied. The four clock signals are shown
in Fig. 7.

The clocking mechanism provides synchronization as
well as signal energy restoration.

2.3 Kink energy

The polarization of a QCA cell is computed by all its neigh-
bors placed in the energy-effective range. This state is deter-
mined by the Coulombic interaction between QCA cells,
namely kink energy, which can be computed using the elec-
trostatic interaction between all electrons in two cells, i and
j , as

Ei, j = 1

4
∏
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4∑
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4∑

m=1
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(3)

Fig. 8 Proposed symmetric 5-input majority gate

where ε0 is the permittivity of free space, εr is the dielectric
constant, qin is the charge in dot n of cell i, rin is the position
of dot n in cell i and |rn − rm | is the distance between cells.
The kink energy between two cells is defined as the difference
in energy between the state in which the cells have opposite
polarizations and the one in which those same two cells have
the same polarization:

En,m
kink = En,m

pn �=pm
− En,m

pn=pm
(4)

According to the recent equation the polarization state of
each of the cells is computed using Eq. (5) [17,18],

Pi =
Ei, j

kink
2γ

∑
j p j

√

1 + (
Ei, j

kink
2γ

∑
j p j )2

(5)

where Pi is the polarization state of the cell, and Pj is the
polarization state of the neighboring cells. γ is the tunneling
energy of electrons within the cell. The tunneling barriers’
heights are controlled by QCA clock [17–20].

3 Proposed approach

In this paper we consider simultaneously achievement of two
criteria for our designs: improvement in reduction of cell
number as well as symmetry which leads to fault tolerance
feature.

3.1 Five input majority gate

Figure 8 illustrates the design of a novel symmetric 5-input
majority gate. The gate is fault tolerant owing to its symmet-
ric structure. The new 5-input majority gate is composed of
13 cells, five input cells, one output cell and seven device
cells. Additionally all input cells have an inverting effect on
polarizations of device cells. A 3-input OR gate and 3-input
AND gate can be easily implemented by fixing two of the
five input cells to +1 or −1, respectively. The new five-input
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Fig. 9 Layout of Boolean function A+BC

Table 1 SR latch truth table

S R Q Q

0 0 Latch

0 1 0 1

1 0 1 0

1 1 Latch

majority gate proposed here, will be reconfigured in the fol-
lowing sections in order to construct various useful gates and
circuits.

3.1.1 SR latch

Producing various outputs in the proposed 5-input major-
ity gate, we are able to design some useful gates and cir-
cuits. For example, the arrangement illustrated in Fig. 9
which outputs A + BC, could be used to design a SR latch.
In [21–23] some designs and utilizations of SR latch are
discussed.

A SR latch is an asynchronous element which has no con-
trol signal and it functions only based on states of S and
R. SR latch is usually implemented by means of NAND or
NOR gates. Truth table of SR latch is as Table 1 (The state,
in which both S and R are 1, is disallowed because in this
state the gate would be metastable. This state is assumed a
Latch state in our design.).

Figure 10 shows the SR latch designed based on the pro-
posed 5-input majority gate. Although the input R is not
applied inversely, since the output is inverted, the gate func-
tions correctly according to its truth table.

Since any change in the inputs of SR latch leads to imme-
diate change in its output, a control signal is required. Hence,
in order to convert a SR latch to a SR gate, an enable signal
or a clock signal should be added. Since in level triggered
flip-flops, input changes are applied to the circuit immedi-
ately, we have modified the circuit in order to become an

Fig. 10 Layout of the SR latch

edge triggered flip-flop (Fig. 11). Table 2 shows the oper-
ation of the level to edge converter part of the proposed
SR gate.

Employing the proposed SR latch, D latch, JK latch
and other useful circuits including memory cells and ALU
blocks could be constructed on basis of our proposed
gate.

3.1.2 One bit QCA full adder

Full adder is a widely used circuit which in QCA is real-
ized using majority gate. In earlier full adder designs, 3-
input majority gates were employed [4,5] however recently
5-input ones have been used in order to reduce the number
of cells as well as occupied area in designs [7,15]. An effi-
cient one bit QCA full adder is presented and implemented
based on the proposed 5-input majority gate. It is produced
utilizing 58 cells and is implemented in three layers based
on multilayer implementation method [24,25]. The possibil-
ity of multilayer QCA has been examined in a robust pre-
vious work [24]. The inputs are applied in the upper layer.
It uses three clock phases to generate the carryout and the
sum. In Fig. 12 the layout of the proposed full adder is
shown.

3.2 Fault tolerance analysis

Fault tolerant designs are able to continue their function-
ality in the presence of some faults. To assess displace-
ment and misalignment tolerance [7,26], a 3-input AND
gate based on our proposed gate is designed and cells A,
B and C are displaced and misaligned in it. Figure 13
shows the possible defects which may occur for cell A
(The green cells depict the possible locations of a displaced
or misaligned A.). The obtained results are summarized in
Table 3.
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Fig. 11 Schematic and layout of the edge triggered QCA SR flip-flop

Table 2 Operation of the proposed rising edge triggered QCA SR flip-
flop (Fig. 11)

Clk(old) Clk(old) Clk X = Maj (Clk, Clk(old),−1)

0 1 0 0 (not changed)

0 1 1 1 (input)

1 0 0 0 (not changed)

1 0 1 0 (not changed)

4 Results

4.1 Simulation results

The functionality verifications of the proposed gate and
circuit are carried out using the QCADesigner bistable
engine [27]. The following parameters are used for a
bistable approximation: cell size = 18 nm, number of samples

Fig. 13 Displacement and misalignment defects in the proposed
3-input AND gate

= 50,000, convergence tolerance = 0.0000100, radius of
effect = 65.000000 nm, relative permittivity = 12.900000,

Fig. 12 Proposed QCA full
adder, a schematic, and b layout
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Table 3 Results of cell displacement and misalignment of cell A (C)
and B, separately

Cell C behaves mirrorly similar to cell A in all directions

Move A to West Move A to East Move A to North Move A to South
0 ≤ d ≤ 5 0 ≤ d ≤ 11 0 ≤ d ≤ 5 0 ≤ d ≤ 12

Normal function Normal function Normal function Normal function

Cell B

Move B to West Move B to East Move B to North Move B to South
0 ≤ d ≤ 11 0 ≤ d ≤ 11 0 ≤ d ≤ 14 0 ≤ d ≤ 11

Normal function Normal function Normal function Normal function

clock high = 9.800000e-022 J, clock low = 3.800000e-023 J,
clock shift = 0, Clock amplitude factor = 2.000000, layer
separation = 11.500000, maximum iterations per sample =
100. Most of the mentioned parameters are default values
in QCADesigner. For a clear view, simulation results of the

function A + B.C, SR latch and SR gate are shown in Fig. 14.
Figure 15 depicts simulation results of the 5-input majority
gate, the one-bit full adder and 3-input AND gate constructed
using the proposed gate.

4.2 Comparison results

The proposed SR latch and one bit QCA full adder are com-
pared with the previously proposed ones and the results are
illustrated in Tables 4 and 5, respectively. It can clearly be
perceived that our circuits resulted in significant improve-
ments in terms of cell count and area.

5 Conclusion

This paper presented a novel and expandable design of 5-
input majority gate. The proposed majority gate can be

Fig. 14 Simulation results of a function A + BC, b proposed SR latch, and c proposed edge triggered SR flip flop (In the filled region, SR=10 and
Clk=1, but the output is 0.)
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Fig. 15 Simulation result of a 5-input majority gate, b proposed one bit full adder, and c 3-input AND

Table 4 Comparison of QCA SR latch designs

Area (μm2) Cell count Delay

Previous design [22] ∼200 67 6 clock phases

Proposed design (Fig. 11) 0.04 22 4 clock phases

used to construct more sophisticated QCA structures. Tak-
ing the advantages of the proposed majority gate, a SR
latch, a SR gate (edge triggered) and an efficient one-
bit QCA full adder were implemented. As it was appar-

Table 5 Comparison of QCA full adder designs

Area (μm2) Cell count Delay

Previous design [6] 0.17 145 5 clock phases

Previous design [5] 0.10 86 3 clock phases

Previous design [15] 0.04 73 3 clock phases

Proposed design (Fig. 13) 0.04 52 3 clock phases

ent in results, the proposed full adder has some superi-
ority over the previous designs and shows considerable
improvements.
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