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Abstract—The essence of the technology business lies in
the improvements and advancements that are
continuously taking place in the industry. From vacuum
tubes, diodes and transistors to the concepts of nano level
designing have by and large created a revolution in the
history of mankind. The biggest milestone in this journey
has been the CMOS technology which has managed to
survive for decades and is still an ongoing research area.
However, advancing the technology includes many other
dimensions which need to be taken care of. As the
devices go on decreasing in size with the improving
technology the power dissipation in them becomes a
major issue. To counter this, a new logic called reversible
logic has come into the pool of research. Further a shift
from the transistor based paradigm is being explored to
go down to ultra-small structures. A major breakthrough
in this can be the Quantum Dot Cellular Automata (QCA)
Nanotechnology. In this paper we have given a review
about how the reversible logic and QCA nanotechnology
together result in ultra-low power designs. Further we
have optimized the design of Peres reversible gate using
the concepts of explicit interaction of cells in QCA and
verified the universal functionality using the optimized
designs.

Index Terms—QCA, Peres gate, universal gate, quantum
dots, reversible computing, nanotechnology, circuit
design, clocking.

|. INTRODUCTION

The success that has been achieved in miniaturization
of the electronic devices is the result of downscaling of
the basic MOSFET structure. The scaling includes the
size retrenching along with the decrease in supply and
threshold voltages. As the dimensions and parameters
decrease, the removal of the dissipated power becomes
more and more difficult. For this reason the power
dissipation in the sub-micron technology regime has been
an ever increasing concern for the researchers and
designers [1-6]. In order to counter this issue a number of
options are being suggested and explored. One of the
most appealing among them is the reversible logic. This
logic suggests a zero power dissipation in an ideal case.
According to Landauer [10] the power that is dissipated
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in the digital circuits is not because of the processing of
the bits that takes place within the device but due to the
erasing of the bits that occurs in order to obtain the
desired output. According to him erasing one bit of
information results in a loss of KTIn2 joules of energy
where K is the Boltzmann’s constant and T is the
temperature in Kelvin. Bennett [11] in 1973 showed that
if the computations are performed in a reversible manner
this KTIn2 joules of energy loss can be avoided. For this
to be achieved the circuits need to be designed using
reversible gates and elements.

Reversibility is a phenomena in which there occurs a
one to one mapping between the inputs and the outputs.
This means that the inputs can be retrieved anytime form
the output. Here each input corresponds to one particular
output. In other words we can say that two rules need to
be satisfied by a circuit or a gate to be called as reversible.
First is the one to one mapping between the inputs and
the outputs and the other is the equal number of inputs
and outputs. If reversibility for a circuit is satisfied the
power dissipation reduces to a great extent. The
reversible logic and reversible circuits find applications in
the field of quantum computing and low power design
circuits. The optimization parameters in the case of
reversible logic include the number of gates which
overall determines the quantum cost of the circuits, the
number of constant inputs that are used in realizing the
function, the number of garbage outputs which are the
unused outputs incorporated to satisfy the conditions of
reversibility and the cost of the circuit which is the
number of basic reversible elements used in the designing
of the particular circuit. A number of reversible gates
have been proposed in literature from time to time [12-
16], each having some functionalities and an
improvement in the various optimization parameters. The
realization of these reversible circuits has however been
the greatest challenge faced by the researchers. Various
reversible gates in literature are presented in table 1.

I1. QCA ARCHITECTURE

Ever since the scaling has taken the devices to nano
level, the limitations of CMOS technology have been felt
time and again. In the nano regime, the classical laws are
no longer appropriate and various quantum mechanical
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effects start dominating. To counter this issue a number
of alternatives to replace CMOS are widely being
researched. One of the most promising alternative that

has emerged in the design of architectures is using nano
sized structures like quantum dots [7-9].

Table 1. Various Reversible Logic Designs

SNo Proposed Gate Input Output OUTPUT
T Gates Size Vector Vector p Q R S
F
1 GZQH;’; 2%2 (4, B) 0(P,Q) A A®B - -
Double
2 Feynman | 3*3 | I(4,B,C) | O(P,Q,R) A A®B ADC -
Gate[13]

3 TOﬁ[Ol'A'l]Gate 33 | I1(4,B,C) | O(P,QR) A B AB®C -

4 g;ig[kllg] 3*3 | I(ABC) | O0(PQR A A'BOAC A'COHAB .

5 Gzteer[else] 3*3 | I(A,B,C) | O(P,Q,R) A A®B AB®C -

6 G;:§3] 3*3 | I1(4,B,C) | O(P,QR) A A®BOC ABOA'C -

7 | Reate 3671 | 3*3 | 14.B,C) | o, QR) | Ae®B A C'®AB -

8 Ne‘["égate a3 | ABO) | 4pop A AB®C ACOB -

9 T?ﬁ?“* 3*3 | I1(A,B,C) | O(P,QR) A AGB AB'®C -

10 HN[Glﬁate 4*4 | I(A,B,C,D) | O(P,Q.RS) | A B ASBBC (4© B)C®ABOD
11 GF;tNeEGE}] 4*4 | 1(4,B,C,D) | O(P,Q,R,S) A A®C B B®D

Multifunction
12 Egggs‘c'_;g'ti 4*4 | 1(4,B,C,D) | O(P,Q,R,S) A ABDA'C B® AC B®ACOHD
[32]
FAS . (B®COHD)A

13 Gates3) | ¥4 | I(AB.C.D) | O(P,QRS) | ABBOC | "o opp c BOCOD

14 BV['ZS‘“G 44 | I(A,B,C,D) | O(P,Q,R,S) A A®B c coD

15 TSG[37] | 4*4 | 1(a,B,c,D) | O(P,Q,R,S) A AC®B | (AC®B)®D | (A'C'®B)ODS(ABHC)
16 | PFAG[39]1 | 4*4 | 1(4,B,c,D) | O(P,Q,R,S) A A®B A®BOC (ADB)COABHD
7 | Gaeps | 44 | 14B.CD) | 0P.QRS) | 4 A®B A0BOC AGBOCOD

18 | MKG[34] | 4% | 1(4,B,c,D) | O(P,Q,RS) A C (A'D'®B®C | (A'D'OB)CHABDD)

QCA, developed by C.S. Lent in 1993, is a cellular

automata type architecture as suggested by Von Neumann.

The basic design cell in QCA consists of four nano sized
quantum dots or metal islands in which two electrons are
allowed to localize. The quantum dots/metal islands are
separated by tunnel junctions. This is shown in fig 1.

Potential well

Electron tunnel
junction

Fig.1. Basic QCA Cell

The basic principle of working is the quantum
mechanical tunneling and coulombic interactions. The
quantum mechanical tunneling is governed by the
Schrodinger’s equation which leads to the lowering and
raising of the barriers between the potential wells like the
quantum dots. The electrons which are present in the dots
can move from one dot to another only when the tunnel
junctions between the dots are open otherwise they are
trapped inside a particular quantum dot or the metal
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island whatever the case may be. Since the cell is a
square structure with four quantum dots and two
electrons, the coulombic repulsions between the electrons
allow for only two type of stable configurations which are
called as the two polarizations of the cell. They represent
the binary zero and binary one depending on the position
of the electrons in the dots. This is shown in the fig. 2.

Binary 0 Binary 1
® O o e
O @ ® O

Fig.2. Two possible alignments of electrons in a QCA cell

Digital circuits and architectures can be designed using
the basic building blocks in Quantum Dot Cellular
Automata (QCA). QCA follows the phenomenon of
processing in wire and memory in motion which means
that unlike the CMOS and other technologies
interconnections are not different from the general design.
The interconnections have been a major issue in nano
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ranges since the interconnections do not scale with the
scaling of other parameters. The basic building blocks in
QCA include the binary wire, the inverter and the
majority voter. In the case of the binary wire, shown in
fig. 3, the polarization of a cell has the effect on the
polarization of the adjacent cells. The cells take up the
polarization of the input cell in order to settle for the most
stable state. This state is then propagated from one cell to
another.

g O @O @O ®[C e[ e .

1 @ 0le Ole® O|l@ O Of !

mgm. oje Oj@ Oj/e@ C|® O | .
0 O @C @C @C eC @ °

Fig.3. Binary Wire

In the case of the inverter the corner cell is placed at
45" with respect to the adjacent cell. Due to this
configuration the corner cells takes up the opposite
polarization to achieve a stable state with minimum
coulombic repulsion. This is shown in fig. 4.

L=
o .

o o
N EEId BT our

Fig.4. Inverter

The majority voter is the most important building
block in QCA. It implements the equation AB + BC +
AC. As shown in the fig. 5 the central cell in the majority
voter is called as the device cell and it takes up the
polarization of majority of inputs, that is why the name.
This is because that state forms the ground state for the

device cell.
1]

L ]
o &
Dl.O.O‘.Olu
O @O @0 e

HE

Fig.5. Majority Voter

The individual cells in QCA can have the effect of
their polarization only up to a certain distance called as
the radius of effect. Beyond that distance the effect of the
polarization of the cell ceases to exist. For the proper
flow of information in QCA circuits, they are provided
with clock signals. The clock signals are responsible for
raising and lowering of barriers and therefore controlling
the polarization of the cells. The clock has four phases,
shown in fig. 6. During the switch phase the barriers are
lowered and the cells are allowed to take up a particular
polarization depending on the polarization of the adjacent
cells. This phase is followed by the hold phase in which
the barriers are held high and the cell now effects the
polarization of the adjacent cells and its own polarization
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remains unchanged. Release and relax phases are the next
to follow which again lower the barriers and bring the
cell back to the null polarization state. Four clocking
zones are provided to QCA for proper pipelining of the
information. The different clock zones in QCA are
represented by different colors e.g. clock zone 0 is
represented by green, clock zone 1 by magenta, clock
zone 2 by blue and clock zone 3 by white.

ps(ﬂ RELAX

Sy, .
o /,Ql s
ock zone 0 HOLD
- >
Clock zone 1 w
T »

Clock zone 2

Clock zone 3 _/_\
»
- G G

D! D!

A A

- ~
.
Tnput

Clock zone 0 Clock zone 1

Clockzone 2 Clock zone 3

Z!

Fig.6. Different Clock Phases and Zones in QCA

I11. PROPOSED PERES GATE DESIGN IN QCA

Designing new reversible gates and circuits has always
been a focus for researchers since the field of reversible
computing has made its way into the design of
architectures [17-23]. The design of these gates in QCA
has been a more recent trend in order to investigate QCA
as a breakthrough for the realization of such gates.
Conventional design approaches have been used as of
now for designing the reversible structures. However
some basic gates which have been proposed can be
explored and optimized by using new design approaches
other than the conventional majority voter designs. This
is what has been aimed in this paper.

Peres gate is a 3*3 reversible gate which has the
advantage of being used as a universal reversible gate. It
can thus be used to implement all the basic Boolean
functions. The gate has three inputs I(4, B, C) and three
outputs O(P,Q,R) . The outputs have been defined
asP = A;Q = A®B; R = AB®C. Fig. 7 shows the block
diagram and quantum representation of the Peres gate.

A | I P=A
B | Peres | Q-A@B
Gate
c — R=AB®C
A P=A

Q=A®B

R=AB®C

Fig.7. Peres Gate and its Quantum Implementation
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The reversibility of the Peres gate is verified using the
truth table as shown in table 2. A number of designs of
Peres gate in QCA have been implemented from time to
time [24, 25, and 27]. However the design parameters in
them are not very efficient such as the cell count, is very
large in these designs.

Table 2. Truth Table of Peres Gate

A B C P Q R
0 0 0 0 0 0
0 0 1 0 0 1
0 1 0 0 1 0
0 1 1 0 1 1
1 0 0 1 1 0
1 0 1 1 1 1
1 1 0 1 0 1
1 1 1 1 0 0

In our proposed design the explicit interaction of cells
approach is used to reduce the cell count in our designs
[26]. This approach of explicit interaction of cells
suggests the impact of the polarization of cells on each
other can actually make the array of cells to behave in a
particular manner. Fig. 8 shows the QCA implementation
of proposed reversible Peres gate along with the
simulation waveforms in QCA designer 2.0.3.
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Fig.8. QCA implementation and simulation results of Peres gate in QCA
Designer 2.0.3
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For clearly demarcating the output we have shown the
desired outputs in rectangular outline. The waveform in
the highlighted rectangles are in correct coordination with
the truth table of the Peres gate. This shows that our
design and simulations are correct and optimized QCA
design of reversible Peres can be achieved. This design of
Peres gate marks a change from the conventional
majority voter approach which involves the use of a
larger number of cells and hence less optimized circuits.

On comparison with other designs, given in table 3, we
can see that our designs are highly optimized in terms of
all the parameters i.e. cell count, cell area, total area,
latency and complexity. Besides no crossovers have been
used in order to avoid the unnecessary complexity of the
designs.

Table 3. Comparison of various Peres gates

Total | Latency
Circuit C%ilrllt Ci“ Azr)ea Area | (in clock |Complexity
all (um?) | cycles)
Per‘f; 4(]3“9 273 | 00884 | 0.3745 2 4 layer
Peres Gate 99 0.0320 0.0819 1 Single
[25] layer
PeresGate | g7 | o281 | 00583 | 1 Single
[27] layer
Proposed | 33 | 001060 | 0.03207 | 05 Single
Peres Gate layer

IV. UNIVERSALITY OF PERES GATE

A gate can be called as universal if it can implement all
the basic functions like the OR, NOR, AND, NAND, EX-
OR, EX-NOR, NOT. The universality of Peres gate has
been validated and all these functions have been realized
using the Peres gate by manipulating the constant and
other inputs. Besides it’s also seen that the number of
garbage outputs remains minimum in the designs. Table 4
shows the manipulation of the inputs to achieve the
desired functions at the output.

Table 4. Basic gate functions obtained using Peres gate

S. No. Circuit Peres Gate Function
1 NOT Gate Peres (A,1,1)
2 AND Gate Peres(A,B,0)
3 NAND Gate Peres(A,B,1)
4 OR Gate Peres(A’,B’,1)
5 NOR Gate Peres(A’,B’,0)
6 Ex-OR Gate Peres(A,1,C)
7 Ex-NOR Gate Peres(A,1,C%)

The QCA implementations of the various logic gates
designed with Peres Gate are discussed next.

A. NOT Gate

The NOT Gate is the most basic and important gate in
the digital circuits. It performs the inverting operation and
finds application in various digital circuits and electronic
functions. Here Peres gate is used to design an inverter
circuit. This is done as the first implementation to show
the universality of the Peres reversible gate. The NOT
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function is achieved from Peres gate by setting the inputs
B and C to a constant one. Exhaustive simulations and bi-
stable approximation engine set at a sample rate of
12,800 and radius of effect equal to 65nm has been used
in QCA Designer 2.0.3. To validate the results obtained
by simulating the designs, shown in Fig. 9, the desired
waveforms in the graph has been highlighted in red and
can be verified by the truth table of NOT gate.
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P
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Born o IR B000 1 09 90 5000 OO0 OO
Fig.9. NOT Gate and simulation waveform

B. AND Gate

The AND operation is used in digital circuits and
arithmetic whenever the product of two signals is needed
as the output. Using the Peres gate the AND function can
be realized by setting the third input C to a constant
polarization of -1.00 as shown in Fig. 10. Due to this
constant value the gate performs a logical AND on the
two input signals.

-1.00

o MW -
H || |
- ]

o
BN
B
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Fig.10. AND Gate and simulation waveform

C. NAND Gate

The NAND operation is achieved by setting the third
input to a constant polarization of 1.00 as shown in Fig.
11. Due to this polarization the explicit interaction of
cells causes the effect of cells on adjacent cells to realize
the logical NAND operation.
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Max: 9.566-001 1 1 [ —1

R
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& g ki Re,
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D. OR Gate

The OR operation is another basic function which
should be realized by a particular gate to call it a
universal gate. The OR operation is one of the most
important operation in the digital circuits and forms the
main operation in the multiplexing functions. Here the
Peres gate is used to implement the OR operation by
fixing the third input to a constant polarization of 1.00
and providing inverted signals at the first two inputs. The
circuit is simulated in QCA Designer 2.0.3 and the
waveforms achieved are shown in the Fig. 12. The delay
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that is obtained due to the clocking of the circuits is Vo Lonegin B

incorporated into the output, hence the correct output is s 1006400
shown by a rectangular box outline.
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R Fig.13. NOR Gate and simulation waveform

F. Ex-OR Gate

The exclusive OR function, also called as the
controlled not circuit has a wide applicability in the
digital circuits where controlled operations are required.
Here Peres gate is shown to successfully achieve the Ex-

Max: L00e+000 =
A
Min: 10000

: OR function by maintaining a constant polarization of
e 1.00 at the second input. Since the second input now is

one, the third output which is AB@C is changed to A®C
which is in fact the realization of an exclusive OR
operation. This is shown in the Fig. 14.
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Fig.12. OR Gate and simulation waveform

E. NOR Gate

An inverted OR function is called as a NOR function.
In the case of the Peres reversible gate, this is achieved
by providing inverted waveforms at the first two inputs
and a fixed polarization of 1.00 at the third input, as
shown in Flg 13. Max: 100e-000 |

A
-1.00 N
o

Min: -1.00e+00

0
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Fig.14. Ex-OR Gate and simulation waveform
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G. Ex-NOR Gate

An inverted ex-or performs a logical Ex-NOR
operation and is achieved in Peres gate by setting the
second input to a constant polarization of 1.00 and
supplying an inverted signal at the third input as shown in
Fig. 15.
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Fig.15. Ex-NOR Gate and simulation waveform

V. DISCUSSION

The proposed implementation of Peres gate using
explicit interaction of cells in QCA has been compared
with some of the recently reported implementations of
Peres and the comparison results are presented in figures
16-19. It is observed that the proposed Pere gate fulfills
its functionality while achieving much better results in
terms of cell count, latency, cell area and latency and is
hence an optimized design for further applications.
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Fig.16. Comparative figures of Cell Count of Peres

Latency (in clock cycles)

2
1 1
| I i
Peres [25] Peres [24] Peres [27] Proposed

Peres Gate

Fig.17. Comparative figures of Latency of Peres gate
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Fig.18. Comparative figures of Cell Area of Peres Gate
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Total Area (pm?)
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005 T =
Peres [25] Peres [24] Peres [27] Proposed
Peres Gate

Fig.19. Comparative figures of Total Area of Peres Gate

The percentage performance comparison of the
proposed optimized Peres gate design in QCA with other
proposed designs is also presented in table 5, where each
value depicts the percentage improvement of the
performance parameter of the proposed Peres gate design
with the already reported designs.

Table 5. Percentage Improvement of Proposed Peres Gate

Reference C(c:)ilrln Cell Area Total Latency
Paper (%) (%) Area (%) (%)
Per?; ﬁate 87.91 87.9 91.44 75
Per<[e;5(]3ate 66.67 66.59 60.84 50
Pe'?;;];ate 6207 | 6196 44.99 50

VI. CONCLUSION

In this paper reversible logic and Quantum Dot
Cellular Automata have been envisaged as the future of
the CMOS technology which is reaching the end of the
technology roadmap. The reversible logic suggests for a
zero power dissipation by doing computations in a
reversible manner and QCA is a new paradigm which
involves designing of architectures using nano sized
quantum wells. Here we have considered the design of
the 3*3 reversible gate called the Peres gate and have
optimized the design by using the explicit interaction of

cells rather than the conventional majority voter approach.

We have successfully achieved optimized results and our
designs are better than those available in open literature
in terms of cell count, cell area and the total area, latency
and complexity. Further the universal functionality of
Peres gate using the new proposed design has also been
verified in QCA Designer 2.0.3.
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