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Abstract: - Reversible logic has become one of the most promising research areas in the past few decades and
has found its applications in several technologies; such as low power CMQOS, nanotechnology and optical
computing. The main purposes of designing reversible logic are to decrease quantum cost, depth of the circuits
and the number of garbage outputs. The purpose of this paper is to give a frame of reference, understanding and
overview of reversible gates .In this paper various logic gates and its applicability on logic design have been
discussed. Also a brief framework of comparisons between various reversible circuits is presented on the basis
of various parameters.

Keywords: - Reversible logic, Reversible gate, Power dissipation, Garbage, Quantum cost, Reversible
Computing.

l. INTRODUCTION

Energy dissipation is one of the major issues in present day technology. Energy dissipation due to
information loss in high technology circuits and systems constructed using irreversible hardware was
demonstrated by R. Landauer in the year 1960. According to Landauer’s[1] principle, the loss of one bit of
information lost, will dissipate kT*In (2) joules of energy where, k is the Boltzmann’s constant, T is the absolute
temperature . In 1973, Bennett [2], showed that in order to avoid kTIn2 joules of energy dissipation in a circuit it
must be built from reversible circuits. According to Moore’s law the numbers of transistors will double every 18
months. Thus energy conservative devices are the need of the day. The amount of energy dissipated in a system
bears a direct relationship to the number of bits erased during computation. Reversible circuits are those circuits
that do not lose information. The current irreversible technologies will dissipate a lot of heat and can reduce the
life of the circuit. The reversible logic operations do not erase (lose) information and dissipate very less heat.
Synthesis of reversible logic circuit differs from the combinational one in many ways.
Firstly, in reversible circuit there should be no fan-out, that is, each output will be used only once.
Secondly for each input pattern there should be unique output pattern. Finally, the resulting circuit must be
acyclic. Any reversible circuit design includes only the gates that are the number of gates, quantum cost and the
number of garbage outputs.

1. OVERVIEW

Gordon. E. Moore [3] in 1965 predicted that the numbers of components on the chip will double every
18 months. Initially he predicted only for 10 years but due to growth in the integrated-circuit technology his
prediction is valid till today. His work is widely recognized as the Moore's law. The effect of Moore's law was
studied carefully and researchers have come to the conclusion that as the number of components in the chip
increases the power dissipation will also increase tremendously. It is also predicted that the amount of power
dissipated will be equal to the heat dissipated by the rocket nozzle. Hence power minimization has become an
important factor for today's VLSI engineers.
Landauer [1] stated that the amount of energy dissipated to erase each bit of information is at least kTIn2 (where
k is the Boltzmann constant and T is the room temperature) during any computation the intermediate bits used to
compute the final result are erased. This erasure of bits is one of the main reasons for the power dissipation.
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C. H. Bennett [2] in 1973 revealed that the power dissipation in any device can be made zero or negligible if the
computation is done using reversible model. He proved his theory with the help of the Turing machine which is
a symbolic model for computation introduced by Turing. Bennett also showed that the computations that are
performed on irreversible or classical machine can be performed with same efficiency on the reversible
machine. The research on the reversibility was started in 1980's based on the above concept.

In the year 1994 Shor [4] did a remarkable research work in creating an algorithm using reversibility
for factorizing large number with better efficiency when compared to the classical computing theory. After this
the work on reversible computing has been started by more people in different fields such as nanotechnology,
quantum computers and CMOS VLSI.

Edward Fredkin and Tommaso Toffoli [5, 6] introduced new reversible gates known as Fredkin and
Toffoli reversible gates based on the concept of reversibility . These gates have zero power dissipation and are
used as universal gates in the reversible circuits. These gates have three outputs and three inputs, hence they are
known as 3*3 reversible gates.

Peres [7] introduced a new gate known as Peres gate. Peres gate is also a 3*3 gate but it is not a
universal gate like the Fredkin and Toffoli gate. Even though this gate is not universal gate it is widely used in
much application because it has less quantum cost with respect to the universal gate. The quantum cost of the
Peres gate is 4.

H Thalpliyal and N Ranganathan [8] invented a reversible gate known as TR gate. The main purpose of
introducing this reversible TR gate was to decrease the garbage output in a reversible circuit.

H Thalpliyal and N Ranganathan [9] introduced the reversible logic to sequential circuits. Implementation of the
sequential circuit such as D-latch, T latch, JK latch and SR latch using Fredkin and Feynman gate has been
done. After this work more research has been done on sequential circuits using reversible gates.

Using the combination of Fredkin and Feynman gate a new gate known as Sayem gate was proposed by Sujata
S. Chiwande Prashanth R. Yelekar [10] sayem gate is a 4*4 reversible gate and is used in designing sequential
reversible circuits.

M.L. Chuang and C.Y. Wang [11] proposed that the numbers of gates, the number of garbage output were
reduced in implementing the Latches and when the results will be compared [9] with 25% improvement was
achieved.

Even though some significant works ([12], [13], [14]) have been already done in the field of reversible
sequential logic design, research on reversible counters has not been done.

V. Rajmohan and Dr. V. Ranganathan in [15] implemented counters using reversible logic. The synchronous
and asynchronous counter designs have the applications in building reversible ALU, reversible processor etc.
This work forms an important move in construction of large and complex reversible sequential circuits for
quantum computers .

. BASIC DEFINITIONS PERTAINING REVERSIBLE LOGIC
1. The Reversible Logic
The n-input and k-output Boolean function f(x;, X5, Xs... x,) (referred to as (n, k) function) is called reversible if:
1) The number of outputs is equal to the number of inputs
2) Each input pattern maps to unique output patterns
1.1Reversible Logic Gate
Reversible Gates are circuits in which number of outputs is equal to the number of inputs .And there is a one to
one mapping between the vector of inputs and outputs [13][16][17]. It helps to determine the outputs from the
inputs as well as helps to uniquely recover the inputs from the outputs.
1.2 Ancilla inputs/Constant inputs
This can be defined as the number of inputs that are to be maintain constant at either 0 or 1 in order to
synthesize the given logical function [18]. \
1.3 Garbage Outputs
Additional inputs or outputs can be added so as to make the number of inputs and outputs equal whenever
required. This also indicates the number of outputs which are not used in the synthesis of a given function. In
certain cases these become mandatory to attain reversibility. Therefore garbage is the number of outputs added
to make an n-input k-output function ((n; k) function) reversible.
Constant inputs are used to denote the present value inputs that are added to an (n; k) function to make it
reversible. The following simple formula shows the relation between the number of garbage outputs and
constant inputs.
Input + constant input = output + garbage. [19]
1.4 Quantum Cost
Quantum cost may be defined as the cost of the circuit in terms of the cost of a primitive gate. It is calculated by
the number of primitive reversible logic gates (1*1 or 2*2) required to realize the circuit. The quantum cost of a
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circuit is the minimum number of 2*2 unitary gates to represent the circuit keeping the output unchanged. The
quantum cost of a 1*1 gate is 0 and that of any 2*2 gate is the same, which is 1 [20].

2. Reversible Gates

Some of the important reversible logic gates are:

2.1 NOT Gate

The simplest Reversible gate is NOT gate and is a 1*1 gate [21]. The Reversible 1*1 gate is NOT Gate with
zero Quantum Cost is as shown in the Figure 1.

NOT
Gate

Fig 1: NOT Gate

:

2.2 CNOT Gate

CNOT gate is also known as controlled-not gate. It is a 2*2 reversible gate. The CNOT gate can be described as:
Iv= (A, B); Ov=(P=A, Q= A"B) Ivand Ov are input and output vectors respectively. Quantum cost of CNOT
gate is 1[22]. Figure 2 shows a 2*2 CNOT gate and its symbol.

CMNOT

ate
a Q=A== B

i

Fig 2: CNOT gate
2.3 Feynman Gate
The Feynman gate which is a 2*2 gate and is also called as Controlled NOT and it is widely used for fan-out
purposes. The inputs (A, B) and outputs P=A, Q= A XOR B. It has quantum cost one [23].

N Feyn P=uA
rmam
gate

B Qo=nA=B

Fig 3: Feynman gate
2.4 Toffoli Gate
Fig 4 shows a 3*3 Toffoli gate. The input vector is | (A, B, C) and the output vector is O(P,Q,R). The outputs
are Fig 4 shows a 3*3 Toffoli gate. The input vector is | (A, B, C) and the output vector is O(P,Q,R). The
outputs are defined by P=A, Q=B, R=AB ®C. Quantum cost of a Toffoli gate is 5[5].

TOFFOLI
Gate R ABEB C

Fig 4: Toffoli gate
2.5 Fredkin Gate
Fig 5 shows a 3*3 Fredkin gate. The input vector is | (A, B, C) and the output vector is O (P, Q, R). The output
is defined by P=A, Q=A'B®AC and R=A'C®AB. Quantum cost of a Fredkin gate is 5[6].

FREDKIN
Gate Q A'BEB AC
R=A'CeAB

Fig 5: Fredkin Gate
2.6 Peres Gate
Fig 6 shows a 3*3 Peres gate. The input vector is | (A, B, C) and the output vector is O (P, Q, R). The output is
defined by P = A, Q A®B and R=AB®C. Quantum cost of a Peres gate is 4[7].

PERES Q ASB
Gate R=—ABSC

Fig 6: Peres Gate
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V. COMPARATIVE STUDY
To Various reversible gates and different circuits associated with these gates are discussed here. And
also comparisons have been made among the existing circuit in terms of various parameters such as quantum
cost, garbage output, constant input, gate count and delay. Comparison between existing reversible gates is
shown in Table 1.
Table 1. Comparison Between Reversible Logic Gates

Reversible gates Quantum Types
cost

Feynman gate[23] 1 2*2
Toffoli gate[24] 5 3*3
Fredkin gate[6] 5 3*3
Peres gate[7] 4 3*3
TSG gate[25] 4 4*4
URG gate[26] unknown 3*3
System gate[27] unknown 4*4
TR gate[26] 6 3*3
NFT gate[26] 5 3*3
BJN gate[26] 5 3*3
MTSG gate[25] 6 4*4
BME gate[26] 5 4*4
Sayem gate[13] unknown 4*4
VB-1 gate[28] unknown 4*4
VB-2 gate[28] unknown 4*4
MKG gate[29] unknown 4*4

A comparison has been drawn among the existing reversible full adders shown in Table 2.In the study
of [29], a new reversible full adder circuit has been designed that requires only one reversible MKG gate and
produces two garbage outputs. In the paper [25], the proposed TSG gate has been used to work singly as a
reversible full adder unit producing two outputs. The design in [30] requires five reversible Fredkin gate and
produces five garbage outputs. In the paper [31], a reversible full adder circuit have been implemented by two
Toffoli and two Feynman gates with 2 garbage outputs. Again, in [32], a new reversible DKG gate has been
used to design a reversible full adder. The reversible full adder circuit in [33] requires three reversible gates (two
3*3 new gate and one 2*2 Feynman gate) and produces three garbage outputs. In [34], a single HNG gate has
been used to work as a reversible full adder circuit.

Table 2. Comparison between existing Full adders

Name of the circuits Quantum Cost | Garbage | Gate Count | Constant
Output Input
MKG gate based full adder[29] Not specified 2 1 1
TSG gate based full adder[25] Not specified 2 1 1
Fredkin gate based full adder[30] 20 3 4 2
Toffoli and Feynman gate based full adder[31] 10 2 4 1
DKG gate based full adder[32] 11 2 Not specified Not

specified

Toffoli, New and Feynman gate based full 11 3 3 1
adder[33]

HNG gate based full adder[34] Not specified 2 1 1

Comparison between existing reversible Full adder/subtractor is shown in Table3.In [32], a new
reversible logic gate DKG gate works singly as a reversible full adder circuit with two garbage outputs. In [35],
one of the implementations is designed with 3 Feynman gates, 2 Peres gates, 2 TR gates and one Fredkin gate
with 7 garbage outputs. Another design is by utilizing 3 TR gates and 6 Feynman gates producing 7 garbage
outputs. the third implementation is by using 2 Feynman, 1 Tr and 5 Fredkin gates with 5 garbage outputs. In
[37], three designs have been proposed. The first one is by using five Fredkin gate, two Feynman and a TR gate
and produces 5 garbage outputs. The second design is by utilizing two Feynman and two TR gates producing 3
garbage outputs. The third is by two FG, two PG gates and produces 3 garbage outputs.
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Table3. Comparison between existing Full adder/subtractor
Name of the circuits Quantum Garbage Gate Constant
Cost Output Count Input

DKG gate based full adder/subtractor[32] Not specified 2 1 1

Fredkin, Feynman, Peres and TR gate based Full 28 7 8 5
adder/subtractor[35]

Fredkin and TR gate based full adder/subtractor[35] 24 7 9 5

Feynman, Fredkin and TR gate based 21 5 8 3

full/subtractor[35]

Full adder/subtractor circuit 1[36] Not specified 3 2 2

Full adder/subtractor circuit 2[36] Not specified 2 1 1

Feynman, Fredkin and TR gate based full 21 5 8 3
adder/subtractor[37]

Feynman and TR gate based full adder/subtractor[37] 14 3 4 1

Feynman and Peres gate based full adder/subtractor[37] 11 3 4 1

Comparison between existing reversible BCD adders are made in Table 4.In[38], 8 TSG gates and 3 NG gates
are utilized for designing a BCD adder producing 22 garbage outputs. The reversible carry select BCD adder has
been designed using 12 TSG, 8 Feynman, 3 NG, 4 Fredkin gates. In the study of[43], a BCD adder has been
implemented using 5 HNG gates, 1 Feynman, 1 SCL, and 1 Peres gate.

Table 4. Comparison between existing BCD adders

Name of the circuit Quantum Garbage Gate Count Consta Delay
Cost Output nt
Input
TSG and NG gate based Not specified 22 11 11 10
BCD adder[38]
BCD adder[22] 70 5 Not specified 1 57
BCD adder[39] Not specified 22 14 17 13
BCD adder[40] Not specified 22 23 17 14
BCD adder[41] 55 11 10 7 10
Carry select BCD adder[42] | Not specified 39 27 27 Not specified
BCD adder[43] Not specified 10 8 6 Not specified
BCD adder[44] 169 8 Not specified 4 Not specified
BCD adder[45] Not specified 11 9 7 9

Comparison between existing reversible BCD to Excess-3 converters is shown in Table 5.BCD to
Excess-3 code converter has been implemented in two different methods in paper [46]. In one method, four
HNG gates are used that produces 6 garbage outputs, whereas in the second method, three HNG and one

Feynman gates producing 7 garbage outputs. In [47], BCD to Excess-3 code converter has been designed by

four TSG gates producing 9 garbage outputs.

Table 5. Comparison between existing BCD to Excess-3 converters

Name of the circuits Quantum | Garbage Gate Constant Delay
Cost Output Count Input
HNG gate based BCD to Excess-3 24 6 4 6 Not
code converter[46] specified
Feynman and HNG gate based 19 7 4 7 Not
BCD to Excess-3 code specified
converter[46]
TSG gate based BCD to Excess-3 52 9 4 9 4
code converter[47]

Comparison between existing reversible Binary to Gray code converters is shown in Table6.The paper [46]
depicts two methods for binary to gray code converter. The first design uses one Feynman and two double
Feynman gates producing 3 garbage outputs. The second design utilizes three Feynman gates without any

garbage outputs.
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Table6. Comparison between existing Binary to Gray code converters

Name of the circuits Quantum Garbage Gate | Constant
Cost Output Count Input
Feynman gate based binary to gray code converter[46] 3 0 3 0
Feynman and Double Feynman gate based gray code 5 3 3 2
converter[46]

Comparison between existing Comparators by reversible gates is shown in Table 7.

Table 7. Comparison between existing Comparators

Name of the circuits Quantum | Garbage Gate Count Constant
Cost Output Input
Feynman, Peres and HNG gate based 42 15 10 11
comparator[46]
Comparator[48] Not 23 25 17
specified
Comparator 8 bit[49] 124 36 29 23
Comparator 8 bit[50] 135 42 72 59
Comparator 8 bit[51] 321 64 40 27
Comparator 64 bit[49] 1014 316 253 191
Comparator 64 bit[50] 1143 378 576 Not specified
Comparator 64 bit[51] 2505 512 320 Not specified

Comparison between existing Carry skip adders by reversible gates is shown in Table 8.The Four bit
carry skip adder has been implemented using four TSG and four fredkin gates with 12 garbage outputs in the
paper [25]. In the study of [52], it is seen that the carry skip adder is designed using two Double Feynman gate,
four NFT gate, eight MIG gates producing 19 garbage outputs. In [30], Fredkin gates have been used to produce
a carry skip adder with 3 garbage outputs.

Table 8. Comparison between existing Carry skip adders

Name of the circuit Quantum Garbage Gate Count | Constant Input
Cost Output
Carry skip adder[52] Not specified 19 14 15
Carry skip adder[53] Not specified 22 24 21
Carry skip adder[54] Not specified 27 22 22
TSG and Fredkin Gate based Not specified 12 8 7
Carry Skip Adder[25]
Fredkin, Peres and MTSG gate Not specified 12 8 7
based Carry skip adder[55]
Fredkin gate based carry skip 20 3 4 2
adder[30]

Comparison between existing reversible SR Latches is made in Table 9. In the study of [9], it is seen that the SR
latch has been designed by two Peres gates producing two garbage outputs. In the paper [56], SR latch have
been designed by using two Fredkin gates producing 2 garbage outputs and also by using two Toffoli gates
producing 2 garbage outputs.

Table 9. Comparison between existing SR Latches

Name of the circuits Quantum Garbage Gate Constant Delay
Cost Output Count Input
Fredkin Gate based SR 10 2 2 Not specified 10
Latch[56]
Toffoli Gate based SR 10 2 2 Not specified 10
Latch[56]
Peres Gate based SR Latch[9] 8 2 2 2 8

Comparison between existing reversible D Latches is shown in Table 10. In the paper [9], the D latch is
designed by one Feynman and one Fredkin gate with two garbage outputs. In the paper[28], VB-1 gate works
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singly as a D latch. Also, using one VB-1 gate and a Feynman gate, a T Latch have been designed in this paper.
In the same paper, JK Latch has been proposed by one VB-1 gate and VB-2 gate producing two garbage
outputs. In [57], two Fredkin gates are used to design D Latch.

2014

Table 10: Comparison between existing D Latches

Name of the circuit Quantum Garbage Gate Count | Constan Delay
Cost Output t Input
Feynman and Fredkin gate 7 2 2 1 7
based D latch[9]
Fredkin gate based D 47 6 2 2 25
latch[57]
D latch[58] 10 2 Not 10
specified
D latch using VB-1 gate[28] | Not specified 1 1 1 Not specified
T Latch[58] Not specified 2 2 Not Not specified
specified
T Latch using VB-1and Not specified 1 2 1 Not specified
Feynman gate[28]
JK Latch[58] Not specified 3 3 Not Not specified
specified
JK Latch using VB-1 and Not specified 2 2 2 Not specified
VB-2 gate[28]

Comparison between existing reversible Flip Flops is drawn in Table 11.In the paper [28], two VB-1 gates, and
a Feynman gate have been used to propose a master slave D Flip-flop. Here, two VB-1 gates and two Feynman
gates are utilized to design a master slave T flip-flop, and two VB-1 gates and one VB-2 gate have been used to
make a master slave JK flip-flop.

Table 11: Comparison between existing Flip Flops

Name of the circuit Quantum | Garbage Gate Count Constant Delay
Cost Output Input
Master Slave D FF[59] 47 12 Not specified Not specified 35
Master Slave D FF[60] 13 3 5 2 13
Master Slave D FF[58] 13 4 Not specified Not specified 13
Master Slave D FF using 12 3 4 2 12
Fredkin and Feynman
gates[18]
Master Slave D FF using VB- Not 2 3 3 Not
1 and Feynman gate[28] specified specified
Master Slave T FF[60] 83 3 13
Master Slave T FF[58] 17 4 17
Master Slave T FF using 11 3 4 2 11
Fredkin, Feynman and Peres
gate[18]
Master Slave T FF using VB- Not 2 4 3 Not
1 and Feynman gate[28] specified specified
Master Slave JK FF[60] 39 4 39
Master Slave JK FF[59] 23 5 22
Master Slave JK FF using 18 4 5 2 18
Fredkin and Feynman
gate[18]
Master Slave JK FF[28] Not 3 3 2 Not
specified specified

Comparison between existing reversible Counters is shown in Table 12. In the study of [61], it is seen that the
asynchronous counter had been proposed by using 4 Peres gates and 11 Feynman gates producing 3 garbage
outputs. Also, four Peres, six Feynman and two TG have been used to design a synchronous counter have been
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Table 12: Comparison between existing Counters
Name of the circuit Quantum Garbage Gate Count Constant
Cost Output Input
Peres and Feynman gate based asynchronous 23 4 11 7
counter[61]
Peres, Feynman and Toffoli gate based 32 4 12 7
synchronous counter[61]
Asynchronous counter[62] 55 12 8 Not specified
Synchronous counter[63] 35 4 Not specified | Not specified
V. APPLICATIONS OF REVERSIBLE GATES

Reversible computing may have applications in computer security and transaction processing, but the main
long-term benefit will be felt very well in those areas which require high energy efficiency, speed and
performance .it include the area like

Low power CMOS.

Quantum computer.

Nanotechnology.

Optical computing.

DNA computing.

Computer graphics.

Communication.

Design of low power arithmetic and data path for digital signal processing (DSP).

Field Programmable Gate Arrays (FPGASs) in CMOS technology.

The potential application areas of reversible computing include the following

Nano computing

Bio Molecular Computations

Laptop/Handheld/Wearable Computers

Spacecraft

Implanted Medical Devices

Wallet “smart cards”

“ Smart tags” on inventory

Prominent application of reversible logic lies in quantum computers.

Quantum gates perform an elementary unitary operation on one, two or more two-state quantum systems

called qubits.

Any unitary operation is reversible and hence quantum networks also.

e Quantum networks effecting elementary arithmetic operations cannot be directly deduced from their
classical Boolean counterparts (classical logic gates such as AND or OR are clearly irreversible).

e  Thus, Quantum computers must be built from reversible logical components.

VI. CONCLUSION
The reversible circuits form the basic building block of quantum computers. This paper presents the
primitive reversible gates which are gathered from literature and this paper helps researchers/designers in
designing higher complex computing circuits using reversible gates. The paper can further be extended towards
the digital design development using reversible logic circuits which are helpful in quantum computing, low
power CMOS, nanotechnology, cryptography, optical computing, DNA computing, digital signal processing
(DSP), quantum dot cellular automata, communication, computer graphics.
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