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ABSTRACT As an emerging nanotechnology, quantum-dot cellular automata (QCA) has been considered
an alternative to CMOS technology that suffers from problems such as leakage current. Moreover, QCA is
suitable for multi-valued logic due to the simplicity of implementing fuzzy logic in a way much easier than
CMOS technology. This paper uses a quaternary cell with two isolated layers because of requiring three
particles to design this quaternary cell. Moreover, due to the instability of the basic gates, the three particles
cannot be placed in one layer. The first layer of the proposed two-layer cell includes a ternary cell and the
second one includes a binary cell. It is assumed that the overall polarization of the quaternary QCA (QQCA)
cell is determined as the combined polarization of the two layers. The proposed QQCA cell can also be
implemented in one layer. Simulations of the QQCA cell are performed based on analytical calculations.
Moreover, a majority fuzzy gate, an XOR fuzzy gate, and a crossbar structure are simulated.

INDEX TERMS Multi-valued QCA, majority fuzzy gate, XOR fuzzy gate, quaternary, polarization, QQCA.

I. INTRODUCTION
Quantum-dot cellular automata (QCA) technology is a can-
didate to replace CMOS technology in digital circuit designs.
CMOS technology has encountered some problems because
of the technology scaling. According to Moore’s law, the
component density of integrated circuits doubles every two
years, so scaling of transistors and the subsequent problems
in circuit implementation are inevitable [1]–[8]. QCA, which
implementation is by Lent et al. in the 1990s, is a promising
approach for future computing systems with optimal relia-
bility and performance [2], [4], [9]. Data transfer in QCA
cells is based on quantum effects and external electrostatic
fields, and no current is transferred in QCA-based circuits.
Instead, data is transmitted from one cell to another based on
the polarization of cells [1], [2].

The first designed binary QCA (bQCA) model contained
four potential wells and two electrons [9]–[13]. The second
electron in a bQCA cell stabilizes the cell [14]–[19]. The
first multiple-valued logic (MVL) design in QCA was the
ternary QCA, which consisted of eight potential wells and
two electrons [1]–[3], [20]–[27].

The associate editor coordinating the review of this manuscript and

approving it for publication was Giovanni Pau .

Multiple-valued logic has drawn attention because of its
similarity to fuzzy logic and natural variable description.
The advantages of using MVL are reducing the number of
inputs/outputs, high speed, simplicity, and cost-efficiency.
Moreover, MVL can be applied to provide more information
on system variables [1], [3].

Many studies have been conducted on ternary cells to
design basic gates. However, a QCA cell with more than
three values has not been presented. This paper presents a
quaternary QCA (QQCA) cell for quantum computation.

II. QQCA
This section presents a QQCA cell model as a three-particle
(electron) system. In this system, the electron spin value is
equal to 1/2, the quantum number of an electron can be 1/2
or−1/2 [28], and the quantum states describe a three-particle
system.

A. BACKGROUND OF QQCA QUANTUM COMPUTING
This section will briefly discuss the concepts of the Hamil-
tonian matrix and the calculation of polarization in QQCA.
As mentioned, each QQCA system can be considered a
three-particle system with eight different states based on the
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quantum number of the particles. Using these quantum states,
a state matrix can be provided for the system as given in
Eq. 1., as shown at the bottom of the page. Moreover, Eq. 1
expresses all states and the spin effect of the particles on each
other. This matrix can be separated into three states, each
representing the state of a particle. Following the separation
of the states, the spin angular momentum in the x, y, and z
directions can be calculated for each particle from Eqs. 2 to 4
[20], [28].

Sz = < j,m′|jz|j,m >= }mδj′,jδm′,m (2)

Sx =
1
2
((}
√
j(j+ 1)− m(m+ 1)δj′,jδm′,m+1)

+ (}
√
j(j+ 1)− m(m− 1)δj′,jδm′,m−1)) (3)

Sy =
i
2
((}
√
j(j+ 1)− m(m− 1)δj′,jδm′,m−1)

− (}
√
j(j+ 1)− m(m+ 1)δj′,jδm′,m+1)) (4)

In the scheme, the calculations are performed for a three-
particle system. The calculated spin angular momenta in
the three directions for each particle (based on Eq. 1) are
algebraically summed, as given in Eqs. 5 to 7.

Sx = S1x + S2x + S3x (5)

Sy = S1y + S2y + S3y (6)

Sz = S1z + S2z + S3z (7)

Based on Eqs. 5 to 7, the spin angular momentum in the x, y,
and z directions can be written as follows [28]:

Sx =
}
2



0 1 1 2 1 2 2 3
1 0 2 1 2 1 3 2
1 2 0 1 2 3 1 2
2 1 1 0 3 2 2 1
1 2 2 3 0 1 1 2
2 1 3 2 1 0 2 1
2 3 1 2 1 2 0 1
3 2 2 1 2 1 1 0



Sy=
}
2



0 −i −i −2i −i −2i −2i −3i
i 0 0 −i 0 −i −i −2i
i 0 0 −i 0 −i −i −2i
2i i i 0 i 0 0 −i
i 0 0 −i 0 −i −i −2i
2i i i 0 i 0 0 −i
2i i i 0 i 0 0 −i
3i 2i 2i i 2i i i 0



Sz=
}
2



3 2 2 1 2 1 1 0
2 1 1 0 1 0 0 −1
2 1 1 0 1 0 0 −1
1 0 0 −1 0 −1 −1 −2
2 1 1 0 1 0 0 −1
1 0 0 −1 0 −1 −1 −2
1 0 0 −1 0 −1 −1 −2
0 −1 −1 −2 −1 −2 −2 −3


By eliminating }

2 from Sx, Sy, and Sz, the value of
δ is obtained in three directions. Another problem in
QCA-based cells is the calculation of the Hamiltonian
matrix. In QCA technology, the Hamiltonian matrix is
determined using the Hartree-Fock approximation as given
in Eq. 8.

Ĥj = −γjδx(j)−
Ek
2
δz(j)Pj (8)

where γj is the tunneling energy; δx(j) and δz(j) are the
quasi-Pauli matrices in the x- and z-directions, respec-
tively; Pj is the polarization of QQCA, and Ek is the
kink energy value. Using Eq. 8, the value of the Hamil-
tonian matrix in QQCA can be obtained as described
in [28], Ĥj, as shown at the bottom of the next page. In this
scheme, quantum measurements are required to calculate the
polarization of the input state) from δz(j) in the z-direction)
as performed in Eq. 9 [20], [28].

Pk = −〈δzk 〉 (9)

For the quantum calculations and measurements, the input
states must be specified. For the three particles, there are eight
states. States |〉 and |〉 are shown in the following, but all input

S =
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
8∗8

(1)
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states are considered in the calculations.

|000〉 =



0
0
0
0
0
0
0
1


|111〉 =



1
0
0
0
0
0
0
0


Based on the quantum measurements of input state matrices,
the polarization value are {−3, −1, −1, 1, −1, 1, 1, 3}.
In the next section, a two-layer QQCA cell is presented. This
cell can also be presented in one layer. The QQCA cell uses
a bQCA cell and a ternary QCA (tQCA) cell, which are
separated by a distance of 25 nm.

Four particles exist in the QQCA cell. The tQCA cell has
two electrons that can provide the polarization {−2 0 0 2},
and the bQCA cell has another two electrons and four poten-
tial wells. However, the bQCA cell can also include a single
particle as used in [14]–[19]. Because four potential wells
exist in the bQCA cell of the QQCA cell, the second elec-
tron is considered for cell stability. Moreover, to obtain the
Hamiltonian matrix of the bQCA cell, it must be considered
as a single particle system as given in Eq. 10 [27], [29]–[34].

H (j) =

−Ek2 Pj −γ j

−γ j
Ek
2
Pj

 (10)

The polarization of the QQCA cell contributes to the polar-
izations of the bQCA and tQCA cells.

B. SUGGESTED QQCA CELL
Quaternary logic increases the speed, requires fewer
inputs/outputs, reduces circuit complexity, and allows cost-
effective implementation.

A quaternary system requires three particles (electrons)
to produce four different polarizations. The polarizations
are calculated by solving Eq. (1) and performing quantum
measurements in the z-direction, and finally, the polariza-
tion values {−3, −1, −1, 1, −1, 1, 1, 3} are achieved.
Some of the polarizations are duplicated, which are ignored

in this study, so the polarizations of the QQCA system
are {−3, −1, 1, 3} [28].
The quaternary system consists of three particles, which

lead to instability in the gate if they are placed in one layer.
Therefore, the QQCA cell is presented in two layers, which

are separated by 25 nm to reduce and eliminate the elec-
trostatic effects between these two isolated layers. The first
layer of the QQCA cell contains a tQCA cell with the
polarization {−2 0 0 2} from which only −2 and 2 are
chosen. The second layer contains a bQCA cell with the
polarization {−1 1} [20], [28].

To fabricate QCA cells, electron beam lithography with
two resist layers on Si or Si/SiO2 substrate is used, and
quantum dots are deposited on an aluminum substrate,
as explained in [35].

The QQCA cell structure can also be implemented
on one layer. The dimensions of less than 10 nm can
be achieved using some methods, such as field emission
scanning probe (FE-SP) [36], plasmonic lithography [37],
electron beam lithography using polymethylmethacrylate
(PMMA) resist [38], and extreme ultraviolet (EUV) interfer-
ence lithography [39].

In [40], a bQCA cell is fabricated with four quantum dots
and two electrons with dimensions of 6 nm×6 nm using
Si (100) dangling bonds (DBs). In [41], a bQCA cell is
fabricated with two quantum dots and one electron with
dimensions of 2 nm using Si DBs.

Figure 1(a) shows the model of the cell in [28], and
Figure 1(b) shows the dimensions of the layers [28]. The
QQCA model is a three-dimensional structure, so it is diffi-
cult to show the designed quaternary gates that use thismodel.
For this reason, the symbolic model is used in the simulation.
Figure 1(c) shows the QQCA cell symbol [28]. The QQCA
cell polarization consists of the polarizations of both the
first (ternary) and the second (binary) layers. Figure 1(d)
shows the polarizations of the QQCA cell [28].

III. INTEGRATION IN APPLYING INPUTS TO THE QQCA
CELL
In the QQCA structure, the input to the cell in each layer
is applied through single-electron transistors (SETs). Thus,
the input can be integrated into the cell using digital circuits.

Ĥj=



−
3
2
EkPj −EkPj − γj −EkPj − γj −

1
2
EkPj − 2γj −EkPj − γj −

1
2
EkPj − 2γj −

1
2
EkPj − 2γj −3γj

−EkPj − γj −
1
2
EkPj −

1
2
EkPj − 2γj −γj −

1
2
EkPj − 2γj −γj −3γj

1
2
EkPj − 2γj

−EkPj − γj −
1
2
EkPj − 2γj −

1
2
EkPj −γj −

1
2
EkPj − 2γj −3γj −γj

1
2
EkPj − 2γj

−
1
2
EkPj − 2γj −γj −γj

1
2
EkPj −3γj

1
2
EkPj − 2γj

1
2
EkPj − 2γj EkPj − γj

−EkPj − γj −
1
2
EkPj − 2γj −

1
2
EkPj − 2γj −3γj −

1
2
EkPj −γj −γj

1
2
EkPj − 2γj

−
1
2
EkPj − 2γj −γj −3γj

1
2
EkPj − 2γj −γj

1
2
EkPj

1
2
EkPj − 2γj EkPj − γj

−
1
2
EkPj − 2γj −3γj −γj

1
2
EkPj − 2γj −γj

1
2
EkPj − 2γj

1
2
EkPj EkPj − γj

−3γj
1
2
EkPj − 2γj

1
2
EkPj − 2γj EkPj − γj

1
2
EkPj − 2γj EkPj − γj EkPj − γj

3
2
EkPj


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FIGURE 1. (a) QQCA model in [28], (b) specifications of the layers in [28], (c) QQCA cell symbol in [28], and (d) QQCA cell polarization in [28].

The purpose of the integration is to apply the calculated
polarizations into each of the QQCA cells.

Figure 1(d) shows the polarization of the QQCA cell,
which uses only polarizations −2 and 2 in the first (ternary)
layer. These polarizations should be combined with the
bQCA polarization to obtain the overall polarization of the
QQCA cell. In the first layer, polarizations 0(0◦) and 0(90◦)
are considered as intracellular states.

Input and output drivers are used for input and output
integration of polarizations in the QQCA cell. The QQCA
cell is designed in such a way that the circuits based on
this cell can be implemented in one layer using driver and
output [28].

A. INPUT DRIVER DESIGN
The purpose of driving input and output is their integra-
tion based on polarization in QQCA. The driver uses two
2 × 4 decoders with an Enable, and the input of the bQCA
layer is used as the decoder input to create the polarization of
the ternary layer at the input. In the presented input driver, the
first decoder generates a polarization of −2, and the second
decoder generates a polarization of 2. If the Enable pin in the
proposed circuit is set to −1, decoder 1 is enabled, while if
it is set to 1, decoder 2 is activated. It is notable that for the
design of the input driver, SETs are used in the binary layer.
The SETs are not activated simultaneously for polarizations
−1 and +1. In fact, these transistors are used at the input to
apply information to the ternary layer. Figure 2(a) shows the
schematic of the input driver for integrating the input into the
QQCA cell.

Table 1 shows the truth table of the input driver. In this
study, the SETs in the binary layer are used to specify the
polarization in the ternary layer.

B. DESIGN OF OUTPUT DRIVER
For output integration, the QQCAoutput driver is used. In this
driver, the presence of an electron in the SET channel in each
layer is equivalent to 1, while the absence of an electron is
equivalent to 0.

Two encoders and a decoder are used to realize the inte-
gration. To show the polarization in bQCA, two SETs with
opposite states are used. These transistors are never activated
together, and their simultaneous activation is considered a
forbidden state.

The tQCA cell uses four SETs to create polarization in a
single cell. These transistors are never activated simultane-
ously. Figure 2(b) shows the model proposed for the output
driver.

Table 2 presents the truth table of the output driver.
In this table, the two inputs B and C cannot be identi-
cal at the decoder output. This is because B and C are
taken from the ternary layer of the QQCA cell. There
is an electron in the SETs of QCA cells correspond-
ing to a polarization, while two polarizations never occur
simultaneously.

IV. ENERGY OF QQCA CELL
The energy of QQCA cell, like in bQCA and tQCA cells, can
be intracellular or extracellular. In the QQCA cell, two layers
are used to generate polarization. The first layer contains
tQCA, and the second one contains bQCA. The intracellu-
lar energy is constant regardless of the polarization. This
energy includes internal electrostatic energy, ground state
energy, kink energy, and quantum tunneling. Extracellular
energy refers to external electrostatic energy. The QQCA cell
uses the external electrostatic energy between adjacent cells,
as described below.
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FIGURE 2. Block diagram of (a) the input driver and (b) the output drive in QQCA.

TABLE 1. The truth table of input driver.

TABLE 2. The truth table of output driver.

A. EXTERNAL ELECTROSTATIC ENERGY IN QQCA CELLS

Electrostatic energy is the basis of the operation of
QCA-based cells. In these cells, no current flows between
two cells during the transmission of information from one

cell to another. The electrons in an external electrostatic field
interact according to Eq. (11) [28].

Eij =
1

4πε0εr

m∑
i=0

n∑
j=0

qiqj
dij

(11)
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FIGURE 3. Symbolic representation of distances between two QQCA cells in [28]; (a) distances between two ternary cells, (b) distances between binary
cells, and (c) symbolic representation of the two QQCA cells.

The distance between the two layers in the QQCA cell is
considered to be 25 nm to avoid effective electrostatic interac-
tion between the layers. The method presented in [2] is used
to calculate the electrostatic energy between the two cells.
For calculating the electrostatic energy of the quaternary cell,
the electrostatic energies of the first and second layers are
summed. The distances between electrons in two neighboring
cells in the first layer (a12, a11), (b12, b11), (b12, a11), and (b11,
a12) are calculated, and then, the external electrostatic energy
between electrons corresponding to these distances, i.e., Ee11,
Ee12, Ee13 and Ee14, respectively, are determined.
In the next step, the energies resulting from similar labels

(Ee11 and Ee12) are summed, as well as those from dissimilar
labels (Ee13 and Ee14); the final electrostatic energy of the
ternary layer (EttQCA layer) is obtained by subtracting these two
values as given in Eq. (12).

EttQCAlayer = (Ee11 + Ee12)− (Ee13 + Ee14) (12)

Figure 3(a) shows how the distances between electrons in two
neighboring cells in the first layer are labeled [28].

In the second layer, the same process as in the first one
is followed. The distances between electrons in the second
layer of two neighboring cells are (a22, a21), (b22, b21), (b22,
a21), and (b21, a22). The external electrostatic energies corre-
sponding to these distances are Ee21, Ee22, Ee23, and Ee24,
respectively. In the next step, the energies resulting from
similar labels (Ee21 and Ee22) are summed, as well as those
from dissimilar labels (Ee13 and Ee14); the final electrostatic
energy of the second binary layer ( EtbQCA layer) is obtained by
subtracting these two values as given in Eq. (13) [28].

EtbQCAlayer = (Ee21 + Ee22)− (Ee23 + Ee24) (13)

Figure 3(b) shows how the distances between electrons in two
neighboring cells in the second layer are labeled. In the final
step, to calculate the electrostatic energy in a QQCA cell, the
values

∣∣EtTQCA layer

∣∣ and ∣∣EtbQCA layer

∣∣ are algebraically summed
as given in Eq. (14). Figure 3(c) illustrates the symbolic
representation of the two QQCA cells [28].∣∣EtQQCA ∣∣ = ∣∣EtTQCAlayer ∣∣+ ∣∣EtbQCAlayer ∣∣ (14)

V. CLOCK IN QQCA
The clock in QQCA is the same as the clock in bQCA, with
the following four phases:

FIGURE 4. Clock in QQCA [28].

• Switch
• Hold
• Release
• Relax

In the zero or Switch phase, the potential of the barrier
increases slowly, which reduces the kinetic energy of the
electrons in each layer. In the first or Hold phase, the potential
of the barrier reaches its maximum, and the kinetic energy of
the electrons in each layer is almost zero. In the second or
Release phase, the potential of the barrier begins to decrease
slowly, and the kinetic energy of the electrons in each layer
begins to increase. In the fourth or Relax phase, the potential
of the barrier reaches its lowest point, and electrons can
easily tunnel into any layer of the QQCA cell. Of course,
tunneling only occurs inside the cell, and there is no tunneling
from one cell to another. The clocking in QQCA is shown in
Figure 4 [28].

VI. POWER DISSIPATION IN QQCA CELL
The power dissipation in a QQCA cell can be exam-
ined from two perspectives. First, the power consump-
tion of a three-particle system for quantum computing,
and second, the power dissipation of the QQCA cell [28].
Equation 15 calculates power dissipation in a cell in QCA
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technology.

Pdiss =
dE
dt
= −

1
τ
(E − Ess) (15)

where τ is the time of the Relax phase and change in polar-
ization, E is the expected energy calculated from the mea-
surement of the Hamiltonian matrix (due to the movement of
electrons in the potential wells calculated in Eq. 16), and Ess
is the thermal equilibrium energy calculated fromEq. 17 [28],
[29], [31].

E =
h
2
−→
0
−→
λ (16)

Ess =
}
2
−→
0
−→
λss = −(

}
∣∣∣−→0 ∣∣∣
2

) tanh(1) (17)

where h̄ is the reduced Planck constant, 0 is the magnitude

of the energy vector in the x, y, and z directions,
−→
λ is the

coefficient vector of the densitymatrix, and
−→
λ ss is the steady-

state coefficient. Equations 18 to 20 have to be calculated
for obtaining these parameters [28], [29], [31]. The power
dissipation of the QQCA cell is shown in Figure 5.

−→
0i =

Tr
[
Ĥδi

]
}

i = x,y,z (18)
−→
λ = 〈δi〉 i = x,y,z (19)

−→
λ ss = −

−→
0∣∣∣−→0 ∣∣∣ tanh(1), 1 =

}
∣∣∣−→0 ∣∣∣

2KbT
(20)

VII. PROPOSED MAJORITY FUZZY GATE STRUCTURE IN
QQCA
In the quantum calculation of QQCA, the polarization is
determined from the Hartree-Fock approximation in the form
{−3, −1, 1, 3}. A QQCA cell is a three-particle system, and
if the three particles are considered in one layer, the quantum
numbers of two identical particles cause instability in the cell
and incorrect output of the logic gates.

As explained in Section 2, the QQCA cell has two layers,
with the tQCA cell in the first layer and the bQCA cell in
the second layer. QQCA polarization was obtained from the
algebraic sum of the polarization of these two layers. The
purpose of this section is to design QQCA majority fuzzy
gates similar to bQCA ones in a single-phase clock.

In the QQCA cell, the circular radius of the potential wells
is 2.5 nm, and their distance from the wall is 1.5 nm. The
wells in the first and second layers are at 45- and 90-degree
angles, respectively.

First, all the states {A B C D} are applied to the inputs
of the majority fuzzy gate structure, as shown in Figure 6.
The standard majority fuzzy gate is shown in Figure 6a, and
the diagonal majority fuzzy gate is shown in Figure 6b. The
responses of the two proposed gates as states {A, B, C, D}
are given in Table 3. The proposed majority fuzzy gates are
the basis for the design of AND and OR gates, which are not
plotted for the sake of brevity [42]–[44].

FIGURE 5. a) power dissipation in QQCA for quantum calculation and
b) power dissipation of the QQCA [28].

VIII. QQCA SIMULATOR FOR CIRCUIT SIMULATION
In this section, QQCA Sim software is reviewed based on
calculations. This software was first introduced in [28], and
its functions are similar to computer programs such as tQCA
Sim [2] and QCA Designer. The QQCA Sim software can be
used to simulate QCA-based quaternary circuits. In this soft-
ware, the cell size is considered to be 8 nm×8 nm. According
to [45], size reduction in QCA technology improves cell
performance, and we examine this improvement in metal
QCA technology. Based on calculations, the polarization in
a quaternary system is calculated as {−3, −1, 1, 3}. The
combination of polarizations of bQCA and tQCA gives the
overall polarization.

In this study, a majority fuzzy gate is first proposed
by using the QQCA cell and by performing the simu-
lation. Then, this gate is used as the basis for design-
ing AND, OR, and NOT basic gates. An XOR fuzzy
gate is implemented to verify the performance of the pre-
sented majority fuzzy gate (AND, OR, and NOT basic
gates are marked in Figure 8, which shows the imple-
mented XOR fuzzy gate). The majority fuzzy gate based
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FIGURE 6. (a) standard and (b) diagonal QQCA majority fuzzy gates.

TABLE 3. QQCA majority gate output.

on the QQCA cell is simulated by the QQCA Sim software
version 1.0.0.1.

A. MAJORITY FUZZY GATE
Based on the QQCA cell model, the structure of the majority
fuzzy gate presented in this study is similar to that of the
bQCA or tQCA majority fuzzy gate because the two cell
models are used in the design. In the majority fuzzy gate,
the output response is the state with the most repetitions at
the input. To conform to the QCA standard, the majority
fuzzy gate is simulated in one clock phase. Figure 7 shows
the majority fuzzy gate and results provided by QQCA Sim

software. In this figure, the input cell is blue, the middle cell
is green, and the output cell is yellow. The comparison of
the majority fuzzy gate results in Table 3, and the simulation
results show a good agreement, which indicates the accuracy
of the calculations.

The QQCA-based gates were simulated in one phase clock
to fully conform to the QCA standard.

In the majority fuzzy gate, if one of the inputs remains
constant in State A, the quaternary AND function can be
implemented; if one of the inputs remains constant in State
D, the quaternary OR function can be implemented. To date,
quaternary majority fuzzy gates have not been studied.
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FIGURE 7. Majority fuzzy gate and results provided by QQCA Sim
software; (a) majority fuzzy gate, (b) output waveform of the majority
fuzzy gate.

Therefore, the proposed gate with Min and Max functions,
which are similar to the quaternary AND and OR functions,
is compared with its counterparts in CMOS and CNTFET
technologies in terms of latency and complexity, as shown
in Table 4.

B. IMPLEMENTATION OF XOR FUZZY FUNCTION IN QQCA
The XOR operator consists of a combination of basic oper-
ators. A quaternary XOR fuzzy gate has two inputs and in
quaternary algebra produces one output according to Eq. 15.
In this equation, A and B are the inputs of the XOR fuzzy
gate, and y is the output of the gate Designing the quaternary
XOR fuzzy gate requires twoANDgates, twoNOT gates, and
one quaternary OR gate.

FIGURE 8. Quaternary XOR fuzzy gate.

FIGURE 9. The output waveform from the simulation results.

The designed quaternary XOR fuzzy gate using the QQCA
cell is shown in Figure 8.

y = AB′ + A′B (21)

The simulation results and the truth table of the XOR fuzzy
gate, which uses 38 QQCA cells, are shown in Figure 9. The
results demonstrate the correct performance of the proposed
XOR fuzzy gate compared to [42], [43].

C. IMPLEMENTATION OF CROSSBAR WITH QQCA CELL
This section simulates a crossbar using a QQCA cell.
In QCA-based circuits, crossing wires are one of the most
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TABLE 4. Comparison of the proposed majority fuzzy gate with Min and Max functions.

FIGURE 10. (a) Structure of cross over, (b) output waveform.

important issues. Crossbar designs using QQCA and bQCA
cells are the same. In a crossbar design, the wire-crossing
point should have two different clock phases so that the

signals on the crossing wires do not interfere with each other.
Figure 10 shows the QQCA-based crossbar, its simulation
results, and its truth table. In this figure, input signal A1 is
transmitted to output O1 and input signal A2 to output O2;
this indicates the proper operation of the crossbar, which uses
the QQCA cell.

IX. DISCUSSION AND CONCLUSION
In this study, basic quaternary quantum gates were inves-
tigated. These gates were based on the QQCA cell model,
which is a three-particle structure. Some polarization values
were repetitive, so they were omitted, and the final polariza-
tion set was obtained as {−3 −1 1 3}. Since including more
than two electrons in one layer could result in cell instability,
the QQCA cell was presented in two layers to design stable
gates. In the QQCA cell, the first layer uses a ternary cell
and the second layer uses a binary cell in two-particle and
one-particle structures, respectively. In the QQCA cell, the
two layers are separated by 25 nm to avoid effective electro-
static interaction between the layers. The size of the cell is
8 nm×8 nm, and the overall polarization of the QQCA cell
can be determined as the sum of the polarizations of the lay-
ers, as follows: For polarization−3, the polarizations−2 and
−1 correspond, respectively, to the ternary and binary layers
are summed; for obtaining -1, polarizations −2 and 1 are
summed; for obtaining 1, polarizations 2 and−1 correspond,
respectively, to the ternary and binary layers are summed;
finally, for obtaining 3, polarizations 2 and 1 are summed.
Using the QQCA cell, a majority fuzzy gate, an XOR fuzzy
gate, and a crossbar structure were designed. The results of
the QQCA cell design are in good agreement with those
of the quaternary gates designed in CMOS technology, yet
designing a logic gate in QQCA is much easier than in CMOS
technology. The QQCA-based gates were simulated in one
phase clock to fully conform to the QCA standard.
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