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Abstract

One of the nanoscale technologies that shows its capability of implementing integrated
digital circuits with low power, high speed, and high density is quantum-dot cellular
automata (QCA). The fundamental device for designing and implementing circuits in
QCA is majority logic. In this paper, a novel energy-efficient QCA design of three-input
AND/OR logic functions is proposed. This design can perform both AND and OR logic
operations using the same structure with an achievement of 58% and 64% approximate
reductions in power consumption compared to majority-based structures, and 31% and
32% approximate reductions in power consumption compared to the best available circuits,
respectively. In addition, other physical constraints such as area and latency are improved
and have better or similar results compared to the best existing circuits. The proposed
circuit can be considered as a fundamental and better alternative to the majority gate for
energy-efficient circuit design in QCA. This will pave the way for developing efficient
large-scale QCA-based sequential and combinational circuits.

Keywords: low-power QCA circuit; energy-efficient circuit design; AND/OR logic circuit;
logic synthesis

1. Introduction

The downscaling of the design and construction of integrated circuits in a complemen-
tary metal oxide semiconductor (CMOS) has faced difficult challenges due to its physical
limitations [1]. Several studies have investigated and introduced different emerging nan-
otechnologies beyond the CMOS. Quantum-dot cellular automata (QCA) is one of the
most competitive candidates of promising nanotechnologies that can overcome physical
limitations such as energy efficiency, integration density, and switching frequency [2-7]
compared to CMOS technology. In CMOS technology, the NAND, NOR, and NOT logic
functions are the fundamental devices used to implement circuits. However, the basic
logic devices used in QCA are majority gate and inverter. The property of the majority
gate being the fundamental of QCA leads researchers to investigate new structures for the
majority gate [8] and the optimum equivalent majority-based designs of different circuits
such as arithmetic circuits [9-17], memory [18-23], reversible gate [24], comparator [25],
etc. On the other hand, several researchers have proposed special QCA structures for
particular functions such as multiplexer [26-29], XOR/XNOR [30], etc. The designs of these
circuits were developed independently based on QCA cells’ position without relying on
the fundamentals of QCA, i.e., majority gate.
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As is known, logic AND, OR, and NOT are the basic realization units of Boolean
functions in traditional Boolean logic design. These logic operators can be easily used for
realizing any logic function following the well-known simplification methods, which result
in one of two main standard representation forms, i.e., sum of products (SOP) and product
of sums (POS). In QCA, AND and OR functions can be implemented using a three-input
majority gate by fixing one of its inputs’ polarization to —1 and +1, respectively. These
functions can perform AND and OR operations for two inputs per gate. Other designs of
AND and OR functions were developed based on multiplexer designs [27]. These circuits
are also limited to process up to two inputs per gate. Compared to majority-based circuits,
two-input AND and OR functions are much easier to use for realizing and designing
circuits in QCA due to the complexity of majority circuits. Even though different synthesis
methodologies for majority logic networks have been proposed [31-34], it is not guaranteed
that they result in optimized QCA designs in view of different constraints at the physical
level such as area, latency, power, etc., due to their inputs” and outputs’ limitation [35].

In this paper, energy-efficient QCA structures of three-input AND and OR functions
are proposed. Unlike the existing AND and OR gates, which can perform operations for
only two inputs, the proposed structures are developed to perform the operations for
three inputs. To the best of the author’s knowledge, QCA circuits, developed to perform
AND and OR functions specifically for three or more inputs without relying on the current
two-input structures, are not available. The proposed circuits are also developed with an
optimization priority given to energy dissipation based on relative positioning of QCA cells
without considering the QCA structure of majority gate as a fundamental building unit.
This results in three-input AND/OR structure with lower energy dissipation compared
to its equivalent majority-based and existing circuits. This also leads to energy-efficient
large-scale circuits, since the overall energy dissipation of any QCA circuit is determined
by different factors, and one of the major factors is energy dissipation of the basic building
unit used in the circuit [36]. In addition, other performance factors such as area and latency
are enhanced due to the great minimization of gate and level counts.

2. Methodology
2.1. Proposed QCA Structures of a Three-Input AND/OR Function

AND and OR logic operations are the fundamentals for realizing simplified Boolean
functions produced by the conventional reduction methods. As mentioned previously,
AND and OR functions can be implemented in QCA using the basic unit, which is a
three-input majority gate. However, the number of inputs that can be received in this
gate is limited to two. The proposed low-power QCA structure can perform AND and
OR operations for three inputs simultaneously. This structure is developed independently
based on the relative positioning of QCA cells without using majority gate as a basic
design unit. Designing logic structure with less number of cells, fewer inputs/outputs,
and optimized clocking schemes, the energy dissipation will be minimized due to the
improvement of energy changes during switching and state transitions. Therefore, the
design is developed using 13 QCA cells in a single layer. The cells are placed in a square
shape using eight QCA cells with the same clock zone and attached with three cells for
inputs (x1, x2, x3), one cell for constant (—1/+1), and one cell for output (f). By setting the
constant cell to logic 0, i.e., polarization of —1, the circuit will perform AND operation for
the three inputs and deliver the output to f as shown in Figure 1a. For OR operation, the
same structure is used except the constant cell, which is set to logic 1, i.e., polarization of +1
as shown in Figure 1b.
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Figure 1. QCA structures of proposed three-input AND/OR logic function: (a) three-input AND
design; (b) three-input OR design.

From the figures, it can be noticed that both AND and OR functions can be obtained
using the same design based on the value of the constant cell. This can be determined by

X1X2X3, if constant = —1
f= 1

X1+ xp + x3, otherwise

2.2. Development of n-Input AND/OR Logic Functions Based on the Proposed Structure

In QCA, gates and levels are two of the most significant factors that play a vital role in
the overall circuit performance. This is due to the direct effect of these factors on different
physical-level constraints such as area, latency, power consumption, etc. In addition, the
number of basic logic devices used in a circuit mainly affects the reliability and probability
of error [37,38] and the cost of the circuit [39]. Therefore, minimizing the number of gates
and levels used in the circuit will improve the physical factors, and thus, the overall circuit
performance will be enhanced. Unlike the majority-based AND and OR structures, which
are limited to performing the operations for two inputs, the proposed structure can perform
AND and OR operations for three inputs simultaneously using a single gate. This leads
to reductions in the number of used gates and levels compared to the equivalent circuits
developed based on majority gates. For instance, consider the three-input AND function
f = x1x2x3 and the three-input OR function f = x; + x3 + x3. The QCA circuits of these
functions can be designed using two cascaded majority-based gates of two-input AND and
OR functions, i.e., f = M(M(x1,x2,0),x3,0) and f = M(M(x1,x2,1),x3,1), respectively.
However, by using the proposed structure, these functions can be implemented with a
single gate. Figure 2 shows the block diagrams of these functions and the required number
of gates and levels using majority and the proposed structure. From Figure 2a, it can be
noticed that the majority-based design requires two cascaded gates in two levels, whereas
one gate and one level are required using the proposed structure as shown in Figure 2b.

Level 1 . Level 2 Level 1
l
1
X1 : X3 Xy
X, M, : M, f X5 AND/OR; — f
+1/-1—— :+1/—1— X3 |
1
| +1/-1
(a) (b)

Figure 2. Block diagram of three-input AND/OR logic function: (a) majority-based diagram; (b) pro-
posed unit-based diagram.

Using the proposed structure for large-scale circuits with a large number of inputs,
the required gates and levels can be reduced, which significantly enhances the circuit’s
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performance. By considering simplified Boolean functions expressed in one of two main
standard representation forms that are sum of products (SOP) and product of sums (POS),
terms in each of these forms are AND and OR logic operations of n inputs. The development
of n-input AND/OR circuit using a majority-based gate or the proposed structure is based
on a sequence of cascaded gates manner in which one gate at least in each level is required.
This results in an equal number of gates used and the maximum number of levels in the
designed circuit. Therefore, by reducing the number of gates, the number of levels will also
be reduced. Figure 3a,b show the block diagrams of n-input AND/OR operation using
majority gate and the proposed unit, respectively. From the diagrams, it can be noticed that
in the majority-based circuit, only one input can be received to the operation at each level
except the first level, where two inputs can be received. Thus, the number of gates (g) and
maximum levels (/,;5x) using majority gates can be determined by

g:lmax:n_l 2

Using the proposed structure, three inputs in the first level and two inputs in each remaining
level are allowed. This leads to fewer gates and levels required compared to majority-based
designs. Therefore, the number of gates (g) and maximum levels (/;;4x) using the proposed
three-input structure can be determined by

n—1
8 = lmax = { 5 -‘ 3)
Level 1 . Level 2 | \ Level L,qx
1
l | l
1 1 |
1 1 I
X1 1 X3 1 I Xn
x M > My Db mmmm-e- SR VE f
+1/-1—] 14+1/-1—— ! 1+1/-1—
1 |
]
l | l
(a)
Level 1 . Level 2 . | Level L ax
1
| | l
1 1 |
1 1 |
Xq 1 X4 1 1 Xp—1
Xz AND/OR; |- AND/OR, H— ------- : AND/OR; —— f
X3 1 X5 | ! Xn
1 1 |
| . | ' . |
+1/-1 | +1/-1 ' ! +1/-1
1 1 |
(b)

Figure 3. Block diagram of n-input AND/OR logic function: (a) majority-based diagram; (b) proposed
unit-based design.

For determining the maximum levels using majority-based or the proposed structures,
it can be noticed that only one gate is placed in each level, and only single inputs are
considered in each level, in addition to the output of the gate at the previous level. However,
by placing more than one gate in each level and considering the combination of gate outputs
as input to the gate in the next levels, the number of levels can be further reduced. For an
n-input circuit developed using two-input AND/OR majority gates, the minimum number
of levels is

Lnin = UogZ(nﬂ 4)
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For the proposed three-input AND/OR structure, the minimum number of levels can be
determined by

Lin = [1083(”)1 %)

Moreover, the proposed structure can be used to perform AND and OR operations for
two inputs by fixing one of the inputs’ (x1, x, x3) polarization to +1 and —1, respectively.
Among different choices of selecting one of the three inputs to be fixed, fixing the polar-
ization of cell x3 gives the optimum energy dissipation for both AND and OR circuits as
shown in Figure 4.

x1

il
-1.00 g I R B
o
1.00 -1.00
(a) (b)

Figure 4. QCA circuits of two-input AND/OR logic function based on the proposed structure:
(a) two-input AND design; (b) two-input OR design.

3. Simulation Results and Comparison

In this section, the simulation results of the proposed structures and comparison with
the existing circuits are presented. The proposed circuits are designed and simulated using
QCADesignerE [36] (version 2.2) with the coherence vector engine. The coherence vector
(w/energy) engine is also used for the calculation of power dissipation. The settings used
for simulations and power calculations are given in Table 1.

Table 1. Simulation settings used in QCA DesignerE.

Parameter Standard Value
Size of a Quantum Dot 5 mm
Dimensions of Each Cell 18 nm x 18 nm
Distance Between Two Cells 20 nm
Layer Separation 11.5 nm
Temperature 1K
Relaxation Time 1x10 s
Clock Period 4x107 12
Input Period 4x107 125
Time Step 1x107%s
Total Simulation Time 5x 107115
Clock High 9.8 x 10722]
Clock Low 3.8x10723]
Clock Shift 0
Clock Slope 1x10712s
Type of Clock Signal GAUSS
Radius of Effect 80 nm
Relative Permittivity 129

Figure 5a,b show the simulation results of the proposed QCA structures of three-input
AND and OR functions, respectively. From the figures, it can be seen that both circuits give
correct and stable results.
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Figure 5. Simulation results of the proposed three-input AND/OR circuits: (a) three-input AND

circuit; (b) three-input OR circuit.

Comparison of power dissipation of the proposed three-input AND and OR structures

and existing designs is given in Table 2. The table includes the energy dissipation for each

input combination. The average of all these combinations is also calculated to give the

average energy dissipation of the circuits. Other physical factors, i.e., area and latency,

required for each circuit, are also given in the table. Since the existing QCA circuits of AND

and OR operations are limited to two-input functions, the three-input circuits are designed

by cascading two gates of their basic two-input structures to meet the functionality and

to be comparable with the proposed structures. In this comparison, the circuits are also

analyzed considering different clock zones as given in the table.

Table 2. Comparison of the three-input AND/OR functions using the proposed and existing designs.

Energy Dissipation (meV) with Respect

Average Energy Area

Function Circuit Design to the Input Assignments (x3xx1) Dissipation (um?) Latency
000 001 010 o011 100 101 110 111 (meV) wm

AND  Proposed (1zone) 0346 0.186 0338 1091 0351 0229 0387 0.994 0.490 002 025
Proposed (2 zones) 0333 0.173 0327 1.023 0337 0228 0499 0.735 0.457 0.02 05
[36]* (2 zones) 0454 1.146 1.025 0786 1.062 1755 1.634 1.201 1.133 0.03 05

[36]* (3 zones) 0443 1.136 1015 0555 1.051 1743 1.622 1.190 1.094 003 075

[27] * 0445 0291 0424 0732 0466 0312 0444 2.154 0.659 003 075

8] * 0469 0438 1.061 1703 0477 0446 1.069 2.393 1.007 0.03 05

OR Proposed (1 zone) 0794 0246 0230 0496 0814 0202 0.187 0493 0.433 002 025
Proposed (2 zones) 0.534 0358 0229 0482 0745 0191 0174 0.480 0.399 0.02 05
[36] * (2 zones) ~ 0.668 1755 1.682 0573 1.083 1.146 1.074 1.181 1.145 0.03 05

[36]* (3 zones) 0436 1743 1670 0562 1.072 1136 1.063 1.170 1.106 003 075

[27]* 0445 0315 0313 0580 1.867 0294 0292 0.601 0.588 003 075

8] * 1316 1.050 0329 0828 2006 1.042 0321 0.836 0.966 0.03 05

* The circuits are designed by cascading two gates of their basic two-input structures.

From the table, it can be noticed that the proposed structure of AND operation provides

better energy dissipation, when using either one or two clock zones, with an approximate
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reduction of 55% and 58% compared to majority-based design in [36], and 26% and 31%
compared to MUX-based design in [27], respectively. In addition, it produces better results
in terms of area and latency compared to all best existing AND circuits. For OR operation,
the proposed structure also provides better energy dissipation, when using either one or
two clock zones, with an approximate reduction of 61% and 64% compared to majority-
based design in [36], and 26% and 32% compared to MUX-based design in [27], respectively.
It also has a smaller area and lower latency compared to the existing circuits.

Another comparison of power dissipation, area, and latency of AND and OR circuits
for only two inputs using the proposed structures and existing circuits is given in Table 3.

Table 3. Comparison of the two-input AND/OR functions using the proposed and existing designs.

Energy Dissipation (meV) with Respect

: Average Energy Area
Function Circuit Design Constant to the Input Assignments (x3x2x1) Dissipation (um?) Latency
00 01 10 11 (meV) "
AND Proposed (1 zone)  x3=+1  0.3329 0.2056 0.3714  0.5246 0.3586 0.02 0.25
Proposed (2 zones) 0.3093 0.1945 04739  0.4683 0.3615 0.02 0.5
Proposed (1 zone)  xp = +1 0.5066 0.1809 0.5555 0.5402 0.4458 0.02 0.25
Proposed (2 zones) 0.5136 0.1661 0.6854 0.4057 0.4427 0.02 0.5
Proposed (1zone) x3 =+1  0.4096 0.2647 04500  0.4916 0.4040 0.02 0.25
Proposed (2 zones) 0.4054 0.2473 0.4578 0.3757 0.3715 0.02 0.5
[36] (1 zone) - 0.3057 0.9973 0.8769  0.6801 0.7150 0.01 0.25
[36] (2 zones) - 0.2963 0.9857 0.8669  0.3708 0.6299 0.01 0.5
[27] (1) - 0.2784 0.1243 0.2566 0.5860 0.3113 0.01 0.5
[27] (2) - 0.2702 0.9271 0.1922 0.3688 0.4396 0.01 0.5
[8] - 0.3393 0.3083 0.9311  1.5209 0.7749 0.01 0.25
OR Proposed (1 zone)  x3 = —1 0.3933 0.2310 0.2064 0.4810 0.3279 0.02 0.25
Proposed (2 zones) 0.3370 0.3334 0.1953  0.4574 0.3308 0.02 0.5
Proposed (1 zone)  xp = —1 0.4711 0.5542 0.1786 0.5095 0.4284 0.02 0.25
Proposed (2 zones) 0.3366 0.6840 0.1638 0.5165 0.4252 0.02 0.5
Proposed (1 zone)  x; = —1 0.4276 0.4488 0.2581 0.4125 0.3867 0.02 0.25
Proposed (2 zones) 0.3117 0.4566 0.2407 0.4082 0.3543 0.02 0.5
[36] (1 zone) - 0.5616 0.9979 0.9246 0.4245 0.7272 0.01 0.25
[36] (2 zones) - 0.2524 0.9880 09130 04151 0.6421 0.01 0.5
[27] (1) - 0.3663 0.1995 0.8484 0.3836 0.4495 0.01 0.5
[27] (2) - 0.2989 0.1266 0.1252 0.4129 0.2409 0.01 0.5
[8] - 1.1340 0.9120 0.1910  0.6981 0.7337 0.01 0.25

The energy dissipation for each input combination and the average energy dissipation
of the circuits are also given in the table. All three possible options for selecting the constant
input for AND and OR functions are considered and compared. The circuit of each option
is also compared when designing with different clock zones as given in the table.

From the table, it can be noticed that the proposed structures of both AND and OR
operations have the optimum average energy dissipation when selecting x3 as the constant
and using one clock zone compared to the other constant selection options designed with
one or two clock zones. These designs outperform the existing circuits except the circuit
of AND function developed based on MUX design (1) in [27] and OR circuit developed
based on MUX design (2) in [27]. However, the proposed designs obtained the optimum
average energy dissipation with a latency reduction of 50% for both AND and OR circuits
compared to the MUX-based designs in [27]. Even though the QCA structures in this paper
are mainly proposed for energy-efficient three-input AND and OR functions, they also can
be used to perform operations for two inputs with better results in terms of latency.

Figures 6 and 7 show the number of gates, and minimum/maximum levels required
using existing two-input and proposed three-input circuits, based on the number of function
inputs, respectively. It can be seen that the proposed structures greatly contribute to the
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reduction of used gates and levels compared to the existing two-input AND/OR-based

circuits. This leads to efficient circuits that outperform existing fundamental units in terms

of energy dissipation and other physical factors such as area and latency.
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Figure 6. Number of gates for existing- and proposed-based circuits.
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Figure 7. Minimum/maximum levels for existing- and proposed-based circuits.

4. Conclusions

QCA is one of the promising technologies that can efficiently replace CMOS technology

and overcome the challenges of physical limitations. In this paper, a novel QCA design of

the fundamental AND and OR logic operations is proposed. Unlike existing circuits, which

are limited to performing only two inputs, the proposed circuits can perform the operations

for three inputs simultaneously. The design of these circuits is developed independently

based on QCA cells’ positions without relying on the available basic building blocks
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