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‡Department of Computer Science, Universidade Federal de Minas Gerais, Belo Horizonte, MG, Brazil

Abstract—QCA (Quantum-dot Cellular Automata) is a promis-
ing new technology with low power consumption and high speed
that allows the design of nanoscale integrated circuits. The 3-
input/1-output majority gate is the basic building block in QCA
circuits. This work presents a new design of a multi-output, 5-
input majority gate. Our proposed gate is quite useful because its
outputs can present different configurations with several logical
functions at once, enabling the design of smaller circuits. Also,
the proposed gate is a feasible solution for the recently proposed
USE (Universal, Scalar and Efficient) clocking scheme. In order
to demonstrate the flexibility and area efficiency of our 5-input
majority gates we implement two designs: a full adder and a
RAM cell block. These designs have been implemented using a
free and a regular (USE) clock schemes. Our results show area
reductions up to 50% compared to state-of-the-art designs.

I. INTRODUCTION

A QCA cell is basically a nanometric square with four
quantum dots and two electrons that can perform tunneling
between the dots [1]. Due to Couloumb interactions, there
are only two stable configurations of the electrons inside the
cell, as shown in Fig. 1. The black dots are the quantum dots
containing an electron. Polarizations P = −1 and P = +1
represent logic states 0 and 1, respectively. Bistable cells
are locally connected through field effect forces and can be
organized in such a way that computation is performed.

Fig. 1. Polarized QCA cells.

The inverter and the majority voter gates are the basic ele-
ments of QCA circuits. These two elements form a universal
gate that can be used to implement any logical function. For
instance, we can build 2-input AND/OR gates by fixing one
of the inputs of a 3-input majority gate. Moreover, we can
configure a 5-input majority gate (MAJ5) to perform a series
of complex logical functions [2], which is useful to design
area efficient circuits. In sum, we can design more complex
circuits using these basic majority gate building blocks.

Recently, a new clocking scheme, namely USE (Univer-
sal, Scalable and Efficient), has been proposed for clock
distribution in QCA circuits [3]. It solves one of the most
limiting factors of existing clock schemes, the implementation
of feedback paths, which facilitates QCA circuit routing, and
also avoids thermodynamics problems. With this clock scheme
one can focus on the design of the circuit and ignore those
problems. Also, a standard cell library has been designed based
on USE clock scheme [4].

Many MAJ5 designs have been proposed [2], [5]–[7], but
none of them is suitable to USE clock scheme. In this work
we present a multi-output, 5-input majority gate that takes
into account the restrictions that USE scheme brings to the
information flow of a QCA circuit. We use the proposed gate
to implement two circuits, a full adder and a RAM cell. In
addition, we implement two layouts for each circuit, one using
USE clock scheme and another without any clock restriction
(free clock scheme). We compare, in terms of area and delay,
our designs with the state-of-the-art equivalent ones.

This work is organized as follows: Section II presents the
design and configurations of the proposed 5-input majority
gate. In Section III we apply our MAJ5 to design two circuits.
Section IV presents our experimental results comparing to
other state-of-the-art QCA designs. Finally, we present con-
clusions and future work.

II. PROPOSED DESIGN

If we define the inputs as A, B, C, D, and E we can express
MAJ5 logical function as follows:

MAJ5 = ABC +ABE +ABD +ACE +ACD +AED+

+BCE +BCD +BED + CED
(1)

Our MAJ5 can assume four configurations with two outputs
that can be set both as Majority or Minority gates, increas-
ing our MAJ5 gate flexibility. We can perform the output
configuration as majority or minority by moving the last cell
before the respective output. We can observe all possible
configurations in Fig.2, where blue and yellow cells represent
the inputs, and the outputs, respectively. This multi-output
scheme is useful to facilitate circuit routing and reduce the
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(a) Configuration 1:
out1 = Minority
out2 = Minority

(b) Configuration 2:
out1 = Minority
out2 = Majority

(c) Configuration 3:
out1 = Majority
out2 = Minority

(d) Configuration 4:
out1 = Majority
out2 = Majority

Fig. 2. All possible configurations for our MAJ5.

TABLE I
LOGICAL FUNCTIONS SUPPORTED BY OUR MAJ5 GATE.

Majority Minority Inputs

AB Ā+ B̄ A B -1 -1 1
A+B ĀB̄ A B -1 1 1
ABC Ā+ B̄ + C̄ A B C -1 -1

A+B + C ĀB̄C̄ A B C 1 1
A(B + C) Ā+ B̄C̄ A A B C -1
A+BC Ā(B̄ + C̄) A A B C 1

A(B + C +D) +BCD (Ā+ (B̄C̄D̄))(B̄ + C̄ + D̄) A A B C D
A(BC +BD + CD) +BCD (Ā+ ((B̄ + C̄)(B̄ + D̄)(C̄D̄)))(B̄C̄D̄) A B C D -1

A(B + C +D) +BC +BD + CD (Ā+ (B̄C̄D̄))(B̄ + C̄)(B̄ + D̄)(C̄D̄) A B C D 1
MAJ5 Min5 A B C D E
MAJ3 Min3 A B C -1 1

number of gates since both Majority and Minority operations
can be implemented in any given gate.

In addition to having two possible outputs, another impor-
tant advantage of the proposed MAJ5 is that the same design
can be used to implement several different logic functions, as
shown in Table I.

III. CIRCUIT DESIGN

In this section, we present the designs of a full adder and a
RAM memory cell to demonstrate the area reduction achieved
by the adoption of our MAJ5 gate in QCA circuit designs.
For both designs we have implemented the free and the regular
(USE) clock schemes layouts.

A. Full adder

Fig. 3 shows the QCA adder majority gate-level representa-
tion. Our adder uses two MAJ5 gates to simplify the design
layout. Traditional designs use three 3-input majority gates
(MAJ3), wires, and inverters. Moreover, our design takes
advantage of the MAJ5 ability to implement a multiple-output
MAJ3, by fixing the values of inputs D and E in +1 and −1,
respectively. We need two results from one gate at the same
time, one is a 3-input majority function to calculate the carry
and the other is a 3-input minority as inputs to calculate the
sum. The full adder is shown in Fig. 4.

Fig. 3. Full adder schematic.

In order to demonstrate that our design is suitable to USE,
we build another adder with this clock scheme. The adder
implemented with USE clock scheme is shown in Fig. 5. Here,
we have applied the multilayer approach to implement wire
crossing. We have used the same schematic presented in Fig. 3,
but considering all USE restrictions.

B. RAM memory cell

Another interesting circuit that takes advantage of our
proposed MAJ5 is the RAM memory cell [5]. Fig. 6 reveals
the schematic of the circuit, having three MAJ3 and one
MAJ5 gates. The leftmost MAJ3 implements an AND gate
and its outputs are connected as inputs in the other two MAJ3.
The latter are simple 2-input AND gates with a single output.
Finally, they connect to a MAJ5.

Fig. 7 shows our proposed design of the RAM memory cell
circuit in QCA, considering a free clock scheme. The leftmost
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Fig. 4. Full adder design with free clock scheme.

Fig. 5. Full adder design with USE clock scheme.

Fig. 6. Schematic of RAM cell proposed in [5].

MAJ3 of Fig. 6 is implemented by a MAJ5 in order to
exploit its multiple outputs features. The other two MAJ3
are implemented using traditional majority gates. Finally,

Fig. 7. RAM memory implemented with free clock scheme.

Fig. 8. RAM memory cell implemented with USE clock scheme.

the MAJ5 receives its inputs and provides the result, also
exploiting the multiple outputs, since the result of the RAM
cell is an input in the uppermost MAJ3 of Fig. 6.

We also follow the schematic of Fig. 6 to implement the
RAM memory cell using the USE clock scheme. Again, we
apply one MAJ5 to implement a 2-input AND gate with
multiple outputs and a MAJ5 in the output of the circuit.
The two normal majority gates have diagonal inputs in order to
respect the restrictions of USE cells, as proposed in [4]. Fig. 8
shows our layout for this QCA design, which is larger than the
free clock scheme version (Fig. 7) due to USE restrictions. It
is important to note that the delay is the same in both layouts.

IV. RESULTS

Here we compare our full adder and the RAM memory cell
with other implementations available in literature. All circuits
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TABLE II
QCA FULL ADDERS COMPARISON

Design Cells Delay Multilayer Area (µm2)

Proposed (free clock) 38 3 No 0.04
Roohi et al. [8] 52 3 Yes 0.04

Sasamal et al. [9] 49 4 No 0.04
Kassa and Nagaria [10] 48 3 No 0.05
Mohammadi et al. [11] 38 3 Yes 0.02

Proposed (USE clock) 130 7 Yes 0.14
Campos et al. [3] 278 11 Yes -

Reis et al. [4] 345 18 Yes -

TABLE III
QCA RAM COMPARISON

Design Cells Delay Area (µm2)

Angizi et al. [5] 88 6 0.08
Redesigned RAM without USE 80 6 0.17

Redesigned RAM with USE 91 6 0.16

proposed in this work have been simulated using QCADe-
signer through the coherence vector simulation engine [12].

Table II presents the comparison between our proposed full
adder and those implemented in other works. The first column
shows the design, second column presents the circuit size in
terms of number of QCA cells, and third column shows the
delay in terms of QCA clocking zones. Finally, the last column
details if the design uses multilayer.

The first five designs in Table II have been implemented
using the free clock scheme. We can see that our adder
outperforms three of them, considering the number of cells.
The delay is almost the same in all circuits. The first four
circuits apply 5-input majority gates. Our circuit has the same
size and delay than the design proposed in [11]. Despite the
latter only apply 3-input majority gate, they use multilayer
approach to implement a compact circuit. However, multilayer
can be expensive and difficult to be implemented. So, it is a
good strategy to minimize it. Our adder, on the other hand,
presents a planar design.

The last three adders presented in Table II have been
implemented considering the USE clocking scheme. Due to the
USE design rules, these circuits are larger than those presented
before. However, we can see that our adder design with USE
outperforms those implemented with the same clock scheme.
In summary, our adder has 53.23% and 62.32% less cells and
are 36.36% and 61.11% faster than the adders proposed in [3]
and [4], respectively.

Table III shows the comparison between our two RAM
memory cell designs and that presented in [5]. Our proposed
design with free clock scheme has 9.09% less cells than the
latter. On the other hand, our design with USE clock scheme
is just 3.40% larger even considering the USE constrains.

Due to space limitations, we present only the simulation
results for proposed 5-input majority gate. We have used
QCADesigner (coherence vector engine) [12] to perform the
simulation. The simulation results for our 5-input majority gate

is depicted in Fig. 9. The basic gate behavior can be verified by
observing that OUT1 is always one whenever the polarization
+1 appears at least three times in the inputs.

There are 4 highlighted regions in Fig. 9. We fixed some
of the inputs to observe a determined function in OUT1. In
the first region, A and B are both fixed at −1, simulating the
CDE function. In the second and third regions, we set A, B,
and C to −1, 1, and −1, simulating the DE function. In the
last region, A and B are both set to 1, simulating the function
C +D + E.

Fig. 9. Simulations results for our 5-input majority gate.

V. CONCLUSION

In this work, we proposed a novel 5-input, multi-output ma-
jority gate for QCA technology. Our gate has several features
such as: two outputs that can be configured as both majority
or minority; ability to perform different logic functions by
simple fixing some of the inputs; efficient layout in free and
USE clock schemes. We used our gate to implement a full
adder and a RAM memory cell designs. For both designs we
have implemented free and USE clock schemes. Our results
support our claims of the efficiency and flexibility of our gate.
We not only reduced the designs areas but also the delay.
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