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Abstract: In very large-scale integration (VLSI) circuits, a partial of energy lost leads to information
loss in irreversible computing because, in conventional combinatorial circuits, each bit of information
generates heat and power consumption, thus resulting in energy dissipation. When information is
lost in conventional circuits, it will not be recoverable, as a result, the circuits are provided based on
the reversible logic and according to reversible gates for data retrieval. Since comparators are one
of the basic building blocks in digital logic design, in which they compare two numbers, the aim of
this research is to design a 1-bit comparator building block based on reversible logic and implement
it in the QCA with the minimum cell consumption, less occupied area, and lower latency, as well
as to design it in a single layer. The proposed 1-bit reversible comparator is denser, cost-effective,
and more efficient in quantum cost, power dissipation, and the main QCA parameters than that of
previous works.

Keywords: QCA; reversible logic; comparator; Feynman gate; TR gate; coplanar; quantum cost;
energy dissipation

1. Introduction

Many researchers today consider quantum cellular automata to be a foundation for
quantum physics [1]. Reversible logic is used to realize quantum systems and circuits. With
the advancement of technology in all fields of the electronics industry, especially in the
design of digital circuits, energy and power consumption are of great importance. The
power dissipation generated by conventional logic circuits can be remedied by reversible
circuits [2]. The reversible logic is that the energy dissipation during a circuit can be reduced
to zero if it is possible to go from the final states to the initial states, regardless of what
happens along the way. In these circuits, one can stop at any stage of the path, return to
the previous stages, and access the circuit inputs. In fact, in these circuits, there is a 1-to-1
relationship between input and output vectors. This means that, not only can the outputs
be obtained by 1-to-1 correspondence of the inputs, but the outputs can also be obtained
from each input [3,4]. Reversible logic circuits consist of a wide range of applications,
including quantum computing. QCA is being evaluated as a novel technology that has
excellent properties at the nanoscale [5,6]. This technology is different than conventional
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technology, and it does not use any current or voltage to transmit information. Rather, a
coulombic relation the QCA cells created paths for propagation and the transmission of
information; these paths are called QCA wires [7]. On the other hand, one of the basic
blocks in digital logic design is comparators, which compare two numbers. The optimal,
cost-effective, and efficient design of circuits and base blocks helps us achieve more efficient,
cost-effective, and complex circuits. As a result, this paper provides an optimal layout of
the 1-bit comparative building block by reversible logic and implementation in QCA as a
single layer (coplanar) with minimum cell consumption, occupied area, and less latency.
In this paper, we initially propose an improved QCA scheme from FG and TR gates. The
optimal design of the reversible comparator is then obtained using these TR and Feynman
gates. Then, the proposed design is compared with previous work. The article is further
prepared into five parts. Section 2 provides the basic QCA terminology and an overview
of basic QCA comparators. The design and implementation for the proposed circuits are
presented in Section 3. Tables, graphs, and power dissipation analyses are presented for
comparison with previous work in Section 4. Finally, the conclusions are presented in
Section 5.

2. Background Materials
2.1. QCA Basic Terminology

Circuits are designed and implemented in QCA, based on QCA cells. As mentioned
in QCA technology, communication and calculations are achieved via the interaction of
coulombic repulsion of QCA cells and influence on neighboring cells, in order to influence
the electrons enclosed in each cell, thus transmitting and spreading information [7]. As
a result, based on the interaction of coulombic repulsion, QCA wire is used for the com-
munication required in QCA, and digital gates are used to create its computing circuits.
Figure 1a shows the QCA 90-degree cell in both logical 0 and 1 modes [7-10]. Coulombic
energy is used between neighboring cells for data transfer and QCA operations. QCA wire
is created from an array of QCA cells and by stacking them together in such a way that,
by entering an input with a logical value of “1” or “0”, from the input cell to the output
cell, the polarization of the cells will be the same. The input will bring all the cells to their
polarity. Figure 1b shows the QCA 90-degree wire used to propagate the signal [8,9].
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Figure 1. Schematics types of QCA cells (a) two structures logical values the QCA 90-degree
cells, (b) QCA 90-degree wire, (c) two structures logical values the QCA 45-degree cells, (d) QCA
45-degree wire.

Another type of coplanar wire is known as 45-degree wire. This wire is created by
using a 45-degree cell and putting this type of cell together [7]. Figure 1c shows the QCA
45-degree cell. Figure 1d also shows the QCA 45-degree wire. As you can see, this type
of QCA wire is created using 45-degree cells. In this type of wire, the values of the input
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logic are propagated in the odd cells, with the inverter the values of the input in the even
cells. Since the 45-degree cells have less strength, due to the 45-degree rotation of the cell,
the designs made with this type of cell have more implementation cost and less strength.
Therefore, we have not used any 45-degree cells in our designs [7-9]. On the other hand,
the QCA clock (Figure 2) was used to synchronize circuits [11,12]. QCA clock has four
phases, which are required for control signals and circuit synchronization.
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Figure 2. The four-phase clock.

The confluence of two QCA wires is called a crossover. In order for QCA wires to not
destroy each other’s data at the crossovers of two wires, QCA crossovers are used. There are
two different types of crossovers in QCA. The first type is known as multilayer crossovers.
As seen in Figure 3a, in this type, one of the wires is passed through the intersection in one
layer (first layer), and the other wire is passed in the third layer, so that the wires keep their
data and prevent data destruction. We have not used this type of crossover, due to the high
cost of implementation and large occupied area and volume [13].
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Figure 3. QCA crossover, (a) multilayer crossovers, (b) coplanar crossovers by using rotation cells,

and (c) coplanar crossover by using standard cells.
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The second type of QCA crossover is referred to as coplanar crossover. This type of
crossover is created in two ways. In the first method, the coplanar crossover, is created
using both 45° and 90° wire types. Figure 3b shows this type of crossover. As you can see,
in this method, one of the wires is a 90° wire (standard wire), and the other wire is a 45°
wire. As explained, in the 45° wire, in order for the input data to be received in the output
cell, the number of cells must be odd. As a result, in this method, the number of cells must
be odd. We have not used this type of crossover either, as we said before, due to the use of
a 45° cell [14].

Another method of coplanar crossover design is only achieved by using standard wire.
In this method, both wires are created using 90-degree cells, and non-adjacent clock phases
are used at the crossover, so that the wires do not destroy each other’s data. Figure 3¢
shows both types of QCA wire coplanar crossovers for coplanar designs. As you can see, in
this method, one of the wires must be two clock phases ahead or two clock phases behind
the other wire [15].

The 3-input majority gate (MV) is shown in Figure 4a, in which, by fixing one of the
3-input MV inputs and providing the logical value “0”, the AND gate is created; the OR
gate is created by fixing one of the 3-input MV inputs and providing the logical value
“1” [10,16]. Figure 4b,c shows the 2-input AND and OR gates. The inverter gate is also
shown in Figure 4d.
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Figure 4. (a) MV, (b) two-input AND, (c) two-input OR, and (d) inverter gates.

2.2. Comparator

The comparator circuit is a combinatorial logic circuit to compare two numbers, which
defines whether they are equal and which one is bigger or smaller than the other [17,18].
Table 1 is the truth table, and Figure 5 is the block diagram from this circuit. The output
equations A > B, A < B, and A = B are as follows:

Fa_p=(A'B+ AB') = (A& B) = A'B'+ AB 1)
Fyp = A'B=M(A’,B,0) )
FA{B = AB, = M(A/ Blro) (3)
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Table 1. Truth table of one-bit comparator.

Input Output
A B A>B A<B A=B
0 0 0 0 1
0 1 0 1 0
1 0 1 0 0
1 1 0 0 1
A -9
XOR —| So——A=B
B—e¢

AND A>B
"o

AND -A<B
"o

Figure 5. Block diagram logic circuit 1-bit comparator.

3. The Proposed Circuits
3.1. Reversible Comparator with QCA

The reversible logic circuits have the unique outputs for each of the inputs, and each
of the inputs for the reversible circuits can be estimated from their outputs. In reversible
circuits, the number of inputs is equal to outputs [3,18,19]. Extensive articles on reversible
comparators have been presented by many researchers. However, in this paper, we propose
an optimal design of the reversible comparator relative to the circuit presented in [2], based
on [20], and describes its QCA implementation. In the reference [2], a comparator design,
based on TR and FG gates, is presented; it is a design with a quantum cost of 9, which is a
lower quantum cost than similar works. Figure 6 shows the quantum implementations. As
shown in the figure, the quantum implementation of the inverter in (a), the control V in (b),
and (c) also represents the quantum implementation of V+.

A————P=A A——¢—P=A

A |
Q=if (4) Q=if (4)
B v thenVB) B Y then V'(B)

clseB clseB

(a) (b) (c)

Figure 6. The quantum implementation (a) inverter, (b) control V, and (c) control V+.

3.2. Design of FG

FG is one of the reversible gates that consists of two inputs and two outputs. A and

B are the input bits; P and Q are also the outputs bits of this gate. Figure 7 shows the

quantum implementation of this gate. The quantum cost of this gate is equal to 1 [20].

Table 2 also shows the truth table of this gate. The logical equations of the P and Q outputs
are as follows:

P=A 4)

Q= M(M(4A’,B,0), M(A,B,0),1) = A® B (5)
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A l P=A
B Q=A®B

U

Figure 7. The quantum implementation FG.

Table 2. Truth table of FG.

Input Output
A B P Q
0 0 0 0
0 1 0 1
1 0 1 1
1 1 1 0

The logic and block diagram and QCA implementation for FG are represented in

Figure 8.
P
A — — P
A FG
XOR — Q B — —— Q
B —
(@) (b)
=i
-
O o o o
5
A Bo-ses
B
Y.

Figure 8. FG gate (a) logic diagram, (b) block diagram, and (c) QCA layout.
3.3. Design of TR Gate

The TR gate is another reversible gate consisting of three corresponding unique
inputs and outputs [21]. Figure 9 shows the quantum implementation from this gate. As
represented in Figure 9, the inputs bits (A, B, and C) are mapped to the outputs bits (P, Q,
and R) one-by-one. Its quantum cost is calculated 4 [21]. The truth table of the TR gate
represents in Table 3.

A . P=A
B Q=A®B

: +
C v v v R=AB' @C

Figure 9. The quantum implementation TR gate.



7 of 15

Output

=A

Q=A®B

AB' @C

L R=

XOR

[elle)
0 O
o

Q=AGB

o o OO

R=AB'@C

o o

Input
AB'®C

—R:

XOR

(@)

The logic and block diagram and QCA implementation for TR are represented in

Figure 10.

Table 3. Truth table of TR gate.
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Figure 10. TR gate (a) logic diagram, (b) block diagram, and (c) QCA layout.
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The following logic equations are the TR gate equations that correspond to Table 3,
as follows:

P=A (6)
Q= M(M(A',B,0),M(A,B,0),1) = A® B )
R= M(M((M(A, B,0)), c,o),M(M(A, B',0),C’,0),1= AB'&C ®)

3.4. Design of Reversible 1-Bit Comparator Circuit

A reversible 1-bit comparator can be built by combining the TR gate and FG, as shown
in Figure 11. For its creation and design, it requires two TR gates and one FG gate. As can
be seen, the proposed design produces only two waste outlets. The block diagram, logic
diagram, and QCA implementation are shown in Figure 11a—c, respectively.

—— Gar
A —
B— TR
—A=B
0"
TR |—A<B
FG
0"—] | — Gar
—\—A>B
(a)
...................................................
Gar T
! ‘ D A=B
: | | |
XOR : ! ;
3 " : 1 XOR e L A<B
3 AND P P L> |
T XOR b S s B |
3 o 3 | XOR ‘ 3 XOR T Gar
i 1n0~\ ! i 1" — |
TR gate

Figure 11. The 1-bit comparator (a) logic diagram, (b) block diagram, and (c) QCA layout.
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The logic equations for Figure 11 can be written as follows:

Fo_p=(A'B+ABY =(A®B) =A®B=AB +AB ©9)
Fyp=(AB®0)©0=(A'B®0)=AB (10)

4. Performance Evaluation
4.1. Design Results and Discussions

All the designs were simulated and verified using the QCADesiner 2.0.3 version. In
our verification process, both the bistable approximation and coherence vector simulation
engines have been applied. The list of parameters used is given in Table 4. Figure 12 shows
the output of the FG simulation implemented with the simulator. The simulation results
are compiled and approved with Table 2. The results show that, against the inputs A =1
and B = 0, the outputs were P = 1 and Q = 1; against the inputs A =1 and B = 1, the outputs
were P =1 and Q = 0, as shown in Figure 12. For the remainder of the inputs values, the
outputs were correct and similar to the truth table.

Table 4. Simulation parameters of the coherence vector tool.

Parameter Value
Cell width 18 nm
Cell height 18 nm
Relative permittivity 12.9
Dot diameter 5nm
Number of samples 12,800
Convergence tolerance 0.001
Clock high 9.8 x 10722]
Clock low 3.8 x 10727
Clock amplitude factor 2
Radius of effect 65 nm
Layer separation 11.5 nm
Maximum iteration per sample 100

Simulation Results

max: 9.80e-022

CLOCK 0

min: 3.80e-023 )L u u U

0 1000 2000 3000 4000 50D £ODO 7OCO HOOD SODO 10000 11000 12000

Figure 12. Simulation results for FG gate.
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Figure 13 represents the simulation outputs of the TR gate; the results are compiled
and approved in Table 3. The results show, against the inputs A=1,B =1, and C =0, the
outputs were P =1, Q =0, and R = 0; against inputs A =1, B =1, and C =1, the outputs
values were P =1, Q = 0 and R = 1; for the remainder, the outputs were similar to those in
Table 3.

Simulation Results

max: 1.00e+000 |
" |

min: -1.00e+000 S e

max: 1.00e+000
A | . — |- I

min: -1.00e+000

max: 1.00e+000
e I I NN
min: -1.00e+000 i = w = l_ = P g

e {Lh,ijiilgi%ii";liii'
:;Q;} iﬁiﬁf;::::ﬁ;g;:
mmsemesn | (O] TIOTTIT T
mmamocsmongl | F 1| O )0 N R O

. T VI T T 1
s | AT AT

el [NIINY I
el | TR IATA TR ATRARRI

Figure 13. Simulation results for TR gate.

Figure 14 represents the simulation outputs for the proposed one-bit comparator; as
be seen, the results are compiled and approved in Table 1. The circuit against the inputs
A =1and B =0had outputs of A > B, A <B, and A = B, respectively, 0, 0, and 1. Against
inputs A =1 and B = 0, outputs were 1, 0 and 0, respectively. For the remainder of the
inputs, outputs were similar to those seen in Table 1.

4.2. Results Circuit Cost and Quantum Cost

The number of AND, XOR, and NOT operation gates, which were used to create and
build each reversible gate or circuit, was referred as the circuit cost. Circuit cost for the
FG and TR gates were 1a and 2« + 18 + 1, respectively [22]. Where &, 8, and y show the
number of XOR, AND, and NOT gates, respectively. As shown in Figure 11, the proposed
1-bit reversible comparator circuit was designed with two TR gates, one FG gate, and one
NOT gate. Thus, the proposed reversible comparator with two TR gates, one FG gate, and
one NOT gate had a circuit cost of 5a + 2 + 3 and quantum cost of ((2 x 4) +1) = 9.
Thus, 4 was the quantum cost for the TR gate and 1 was the quantum cost for the FG gate.
Because two TR gates were used, the cost of the proposed one-bit comparator circuit for
the two TR gates and one FG gate was 9. Figure 15 shows the quantum cost required for
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the performance of the proposed comparator with traditional technology and QCA-based
technology, in exchange for our implementation design and [2]. Figure 15 confirms that
QCA-based design was less costly than current technology design. Table 5 shows the
quantum cost for the proposed reversible circuit. The following equation was used to
calculate the quantum cost in QCA technology, where the area is the consumption and
occupation area of the QCA circuit and latency is the delay of the QCA circuit.

Cost = Area x Latency?

Simulation Results

A

3
5

max: 1.00e+000

in: -1.00e+000

max: 1.00e+000

B

min: -1.00e+000

max: 9.54e-001 ‘-_" ‘

>t T I
min: -9.54e-001 L_\__________l_ \—J [—_ s ———
max: 9.47e-00 1 [ B

i . LI | ™ ﬂ |
min: -9.46e-001 i..a ___________ ﬂ.l L._i ----ﬁ| .-.-_|__
max: 9.54e-001 T 11 Il [ s )
NI mulia
min: 9.54e-001 | | o . LJ ‘A,J ’*J

max: 9.80e-022

CLOCK 3

min: 3.80e-023

ﬂﬂ 1L

Figure 14. Simulation results for the proposed 1-bit comparator.
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» Traditional Circuit

Figure 15. Quantum cost for the proposed circuits [2].
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Table 5. Quantum cost for the proposed reversible circuits.
Proposed Reversible Area Latency Cost
Circuits (um?) (clock) (Area x Latency?)
FG 0.010 0.25 0.0006
TR gate 0.073 1.50 0.164
1-bit comparator 0.237 3.0 2.133

Tables 5 and 6 show the quantum cost for QCA implementation and layout of the
proposed FG gate, TR gate, and one-bit comparator circuit, as well as a comparison for
the proposed QCA reversible circuits by previous work layout. As represented in Tables 5
and 6, the quantum cost for the comparator circuit was 3.087 for [2], 9 for traditional
implementation, and 2.133 for our QCA implementation. As a result, our proposed circuit
was 76.3% and 30.9% superior, in terms of the quantum cost of its implementation than
with traditional technology and [2], respectively as.

Table 6. Quantum cost for QCA layout the proposed reversible circuits.

. .. Circuit Quantum
Proposed Reversible Circuits Cost Cost
FG la 1
TR gate 20 + 1B+ 17y 4
1-bit comparator S5a+2B + 3y 9

4.3. Complexity Estimation for the Proposed Circuits

Table 7 shows a comparison with the reference design [2]. The QCA implementation
for the proposed FG gate for the QCA parameters, such as area, delay, and number of
consumed cells had 0.010 umz consumption area, 0.25 delay clock, and 11 QCA cells, respec-
tively. For the proposed TR gate, it had 0.073 pm? consumption area, 1.5 delay clock, and
64 QCA cells, respectively. The QCA circuit for the proposed 1-bit reversible comparator
also had 0.237 pm? consumption area, 3.0 delay clock, and 165 QCA cells, respectively.

Table 7. Comparison for the proposed QCA reversible circuits of previous works.

comparator

Propose'd Re'eversible Are;l Cell Delay Cost ,. Power (W) PDP (Ws) Crossover
Circuits (um?) Count (Clock) (Area x Latency”) (Power x Latency) Type

FG [2] 0.023 37 0.75 0.013 23.23 x 10710 17.42 x 10722 Multi-Layer

TR gate [2] 0.090 122 1.0 0.090 73.86 x 10710 73.86 x 1022 Multi-Layer

1-bit comparator [2] 0.343 319 3.0 3.087 161.8 x 1010 4854 x 10722 Multi-Layer
Proposed FG 0.010 1 0.25 0.0006 1147 x 10719 2.867 x 1022 Coplanar
Proposed TR gate 0.073 64 15 0.164 27.56 x 10710 41.34 x 1072 Coplanar
Proposed 1-bit 0.237 165 3.0 2.133 5832 x 10710 174.96 x 10~22 Coplanar

On the other hand, considering the design of complex gates and circuits, determining
the best way to design the wires crossovers, in order to reduce the cost, is very important [6].
In the design of wires crossovers, the design of coplanar crossovers using non-adjacent
clock phases, in addition to being implemented and designed in a single layer, has a lower
implementation cost and is the best type, compared to other types of wires crossover
implementations. As a result, as compared in the table, all our designs are implemented on
a single layer and as a coplanar design. Additionally, the power delay product evaluation
criterion (PDP), based on [16], using the QCADesignerE software, is illustrated in Table 7.
A frequency of 1 THz was considered to calculate PDP. As can be seen in Table 7, the
powers of the proposed FG gate, TR gate, and 1-bit comparator circuit were 11.47 x 10710,
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2756 x 1071%, and 58.32 x 10~ !0 (W), respectively. The proposed FG gate, TR gate,
and 1-bit comparator showed improvements of 50.62%, 62.69%, and 63.95%, respectively,
in comparison to the power parameter compared to the design [2]. Additionally, the
PDP parameters for the proposed FG gate, TR gate, and 1-bit comparator circuit were
2.867 x 10722, 41.34 x 10722, and 174.96 x 10722 (Ws), respectively. As a result, in terms of
the PDP parameter, the proposed FG gate, TR gate, and 1-bit comparator circuit, compared
to [2], were superior at about 83.54%, 44.03%, and 63.95%, respectively.

4.4. Energy Dissipation Analysis for the Proposed QCA Layout Circuits

In the calculations, the same power dissipation is considered for all cells. So, in a clock
cycle, the average total power dissipation for the QCA circuits is estimated by considering
the total power dissipation of all NOT and MV gates [23].

In the method reported in [23], T = 2.0 K for different tunneling energies has been used
to estimate the power dissipation of QCA circuits. The results of the power dissipation mea-
surements are shown in Table 8. As can be seen, power dissipation provided for tunneling
energy (0.5, 1.0, and 1.5 Ek). Figure 16 also shows the power dissipation measurement of
the proposed circuits implemented with QCA using QCAPro [24], as well as the power loss
of the (A) Fayman gate, (B) TR gate, and (C) one-bit comparator circuit using QCAPro tool.

Table 8. Comparison for the proposed QCA reversible circuits by previous works.

Proposed Reversible Circuits Avg Leakage Energy (meV) Avg Switching Energy (meV) Avg Energy Diss (meV)
0.5 Ex 1Ek 1.5 Ex 0.5 Ex 1Ek 1.5 Ex 0.5 Ex 1Ek 1.5 Ex
FG 3.78 10.42 17.82 10.54 9.22 7.98 14.32 19.64 25.80
TR gate 21.42 63.10 110.65 89.03 76.12 64.38 110.45 139.22 175.03
1-bit comparator 53.82 162.65 287.96 267.05 230.20 195.15 320.87 392.85 483.11
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Figure 16. Thermal hotspots of the (a) FG gate, (b) TR gate, and (c) reversible 1-bit comparator at
0.5 Ek.

5. Conclusions

This paper describes the advanced and optimal design of the FG and TR gates using
QCA. Using these two optimal designs, we design a reversible and cost-effective 1-bit
quantum comparator. The proposed 1-bit reversible comparator implemented with QCA
was denser and had less cell consumption and latency than the previous works. Compar-
ison analysis for the proposed novel 1-bit reversible comparator with others showed a
cost-effective novel circuit, in terms of quantum cost and the main QCA parameters. The
reversible QCA comparator has a very low power dissipation than the compared sample.
The simulation results for the novel reversible comparator circuit implemented with QCA
were confirmed by the truth table, which validated the operational efficiency of the pro-
posed novel design. The comparator circuits in the performance of other computational
operations and their usage in the design of microcontrollers and CPUs are very important.
The novel circuit can be used to create more complex circuits, reduce quantum cost, reduce
circuit cost, and encourage optimization.
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