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ABSTRACT The reversible gate has been one of the emerging research areas that ensure a continual
process of innovation trends that explore and utilizes the resources. This review paper provides a com-
prehensive overview of reversible gates, including their fundamental principles, design methodologies,
and various applications. It also analyzes the reversible gates, comparing them based on metrics such as
Quantum Cost, Complexity, and other performance evaluation measures. The analysis of several reversible
gates is presented in this paper and provides a comprehensive overview of reversible gates, encompassing
their fundamental principles, design methodologies, and diverse applications. Reversible logic circuits
allow for the production of both unique outputs and distinct input combinations. The majority of the
findings about the reversible gates from previous research papers are discussed and contrasted. All the
reversible gates that have been proposed till now are presented in tabular form and the parameters are
discussed to help the researchers to find every detail related to the reversible gates. To highlight our
understanding, we have ended most of the sections with questions. The inclusion of questions is likely
intended to stimulate further discussion and promote a deeper understanding of the material presented
in this paper. These questions can serve as prompts for readers to reflect on the content and potentially
explore related research directions or areas of improvement.

INDEX TERMS Reversible logic, quantum computing, mapping, energy loss, fault-tolerant gates, parity

preserving gates.

I. INTRODUCTION

UANTUM computation is a rapidly growing field of

study that explores the use of quantum mechanical
phenomena, such as superposition and entanglement, to per-
form computations that would be difficult or impossible with
classical computers. One important aspect of quantum com-
putation is the use of quantum logic gates, which are the
building blocks of quantum circuits. Quantum logic gates
operate on qubits, which are quantum bits that can exist
in a superposition of states, unlike classical bits which are
either 0 or 1. Quantum logic gates can perform operations
on these superposed qubits, allowing for the simultane-
ous computation of multiple possibilities. For example, the
Hadamard gate can create a superposition of two possible
states, while the CNOT gate can entangle two qubits, creating
complex quantum states. There are several types of quan-
tum logic gates, including single-qubit gates and multi-qubit
gates, which are used to create more complex quantum

circuits. These gates are designed to manipulate the states
of the qubits, performing operations that are reversible and
unitary [1].

In terms of logic, quantum computation uses a different
approach than classical computing. In classical comput-
ing, Boolean logic is used to represent logical states as
either 0 or 1, while in quantum computing, qubits can
exist in a superposition of states. In quantum computers, the
information is switched with the help of change in quan-
tum states. These states are defined via linear combinations,
called as superposition for a single qubit system as described
in Eq. (1).

V) = a|0) + BI1) ey

where o and B are the two complex numbers and |0), |1)
indicates the Dirac notations of the two states. There are
only two quantum states |0) and —|1) that can be readily
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FIGURE 1. Qubit representation as two electronic levels [2].

distinguished for carrying out any operation out of the lim-
itless quantum information space (Hilbert Space) in the
superposition. As seen in Fig. 1, these states refer to the
ground state and excited state of electrons in an atom, respec-
tively. The qubit once propagated from the input will not be
taken back and cannot be taken as inputs to numerous stages
in a quantum system. This means that quantum computing
is capable of performing computations on multiple possi-
bilities simultaneously, leading to an exponential speedup
in certain types of problems. In conclusion, quantum com-
putation and logic are exciting and rapidly growing fields
of study with a wide range of potential applications, from
cryptography and optimization to simulation and drug dis-
covery. While the principles of quantum mechanics bring
unique challenges to quantum computing, the potential for
exponential speedup in certain types of problems makes
it an area of active research and development. According
to Landauer [3], for irreversible logic computations, every
bit of information lost results in the production of KTIn2
Joules of heat energy, where k is the Boltzmann constant
and T is the absolute temperature at which the compu-
tation is performed. As a result, the number of bits lost
during processing directly correlates with the quantity of
energy lost in a system. Bennett [4] further demonstrated
that reversible computation prevents the kTIn2 energy dis-
sipation from happening. Circuits that are reversible and
don’t lose information can be used to perform reversible
computations. Logic gates which are reversible that gen-
erate distinct output vectors from each input vector and
vice versa, are used to design reversible circuits. In other
words, there is a one-to-one mapping between the input and
the output vectors. As there is no information loss in the
reversible logic gates, they are used for low-power VLSI cir-
cuits working even beyond the thermodynamic limitations of
computing [5]. Reversible logic has also shown promise in
quantum computing [6], [7], [8].

Reversible computing is a computing paradigm that aims
to minimize energy consumption by ensuring that all oper-
ations performed by a computer can be undone without
any loss of information. In conventional computing, many
operations are inherently irreversible, such as erasing a bit
or dissipating heat as a result of a computation. These
irreversibilities lead to energy losses and ultimately limit
the energy efficiency of computing systems. In reversible
computing, computations are performed using reversible
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logic gates, which can be implemented using various phys-
ical systems such as quantum systems, classical digital
circuits, or analog electronic circuits. These reversible gates
are designed to ensure that the inputs of the gate can
be uniquely determined from its outputs, and vice versa,
which enables all computations to be fully reversible [7], [9].
One of the key advantages of reversible computing is its
potential to reduce energy consumption. By avoiding the
dissipation of energy during computation, reversible com-
puting systems can in theory achieve near-zero energy
consumption. This makes reversible computing an attrac-
tive option for energy-constrained systems, such as mobile
devices and sensor networks, as well as for large-scale
computing systems where energy consumption is a signif-
icant concern. Researchers are currently investigating the
potential applications of certain dominant technologies in
physical foregrounds. These applications include supercon-
ductors, nuclear magnetic resonance, photonics, quantum
dots, trapped Ions, DNA computation, etc. [2].

However, reversible computing also has some limitations.
One major challenge is the design and implementation of
reversible logic gates, which can be more complex and
require additional resources compared to their irreversible
counterparts [10]. In addition, reversible computing is still
an emerging field, and there are many practical challenges
that need to be addressed before reversible computing can
become a mainstream technology. Despite these challenges,
reversible computing is an important area of research with
the potential to revolutionize the field of computing. As we
continue to explore and develop new reversible computing
technologies, we may be able to create more energy-efficient
computing systems that have a smaller environmental impact
and can be used in a wide range of applications.

In reversible computing, the aim is to minimize the quan-
tum cost, delay, and quantity of garbage outputs (GO), as
these factors have a direct impact on the overall performance
of the reversible logic circuit. The quantum cost metric rep-
resents the number of quantum gates required to implement
a reversible circuit, while the delay metric represents the
time it takes for the circuit to produce an output. The GO,
as mentioned above, are unutilized outputs that do not carry
out any meaningful operations, but are necessary to preserve
the reversibility of the circuit [11]. Additionally, the restric-
tion on feedback in reversible computing limits the design
of reversible logic circuits to combinational circuits. This
means that sequential circuits and feedback loops, which
are commonly used in classical computing, are not permit-
ted in reversible computing. However, this restriction has
motivated researchers to explore new techniques for design-
ing reversible logic circuits that are efficient and have low
quantum costs, delays, and GO. The restriction on feedback
in [12] was first proposed by Edward Fredkin, who argued
that it was necessary to preserve reversibility in computing.
However, Toffoli’s work showed that feedback can be per-
mitted in reversible computing, as long as the combinational
part of the circuit is reversible [12].
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Toffoli’s work challenged the notion that feedback is
not permitted in reversible computing and opened up new
avenues for research in the design of reversible logic cir-
cuits [12]. His results showed that by carefully designing
the combinational part of a circuit, it is possible to intro-
duce feedback and still maintain reversibility. This has led
to the development of more advanced reversible logic cir-
cuits that are capable of implementing complex operations
while still maintaining low quantum costs, delays, and GO.
Overall, Toffoli’s work has had a significant impact on the
field of reversible computing and has helped to push the
boundaries of what is possible in this area.

Due to the requirement that quantum evolution be
reversible, reversible circuits can be thought of as a spe-
cific example of quantum circuits [6]. The “circuit rules”
for classical (non-quantum) reversible gates are the same
whether they operate on classical bits or quantum states.
Universal gate libraries for classical reversible computation
are frequently subsets of prominent universal gate libraries
for quantum computation. Although pure quantum gates are
necessary for the speedups that make quantum computing
appealing, logic synthesis for classical reversible circuits is
the first step toward the synthesis of quantum circuits. To
highlight our understanding or misunderstanding we have
ended most sections with questions.

The organization of this paper is as follows: Section II
discusses the motivation regarding the reversible gates,
Section III discusses the parameters and features of
Reversible Gates including logical primitives, delay calcu-
lation, reversibility and invertibility, universality followed
by maximum reversibility depth and implementation of
13 Standard Boolean Functions using reversible gates.
Section IV discusses the implementation methodology of
reversible gates. Section V discusses the reversible gates and
their classifications including Quantum Cost and Complexity
of Reversible Gates and Parity Preserving Reversible Gates.
Section VI discusses the future scope of the reversible gates
and Section VII concludes the paper.

Il. MOTIVATION

A quantum network or family of quantum networks made
up of quantum logic gates will be considered as the quantum
computer. Each gate will perform an elementary unitary oper-
ation on one, two, or more qubits, that are two-state quantum
systems. Each qubit, which corresponds to the traditional bit
values 0 and 1, represents a basic unit of information. Since
all unitary operations are reversible, quantum networks must
be constructed using reversible logic elements [7]. The abil-
ity to execute processing at the atomic level using quantum
computers, which is seen to be one of the most promis-
ing computing paradigms, makes it possible to push above
the semiconductor industry’s current boundaries. Potentially
intractable non-deterministic polynomial time problems that
cannot be solved by conventional computers may be solved
using quantum computer methods. This could imply that
once quantum computers are used in crucial disciplines like
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biotechnology, nanomedicine, secure computing, etc., hith-
erto unsolvable problems could be resolved. As a result,
the viability of reversible logic circuits may have a crucial
impact on the development of quantum computing.

The von Neumann-Landauer (VNL) principle, named after
its discoverers, states that when a calculation is carried out
irreversibly, 1 bit’s worth of lost logical information always
results in at least KTIn2 of physical energy dissipation [13].
Bennett demonstrated that KTIn2 energy dissipation would
not happen if a calculation is done in a reversible method [4]
from a thermodynamic perspective to escape this restriction.
Therefore, even if reliability difficulties could be disregarded,
a firm lower limit on Egis = KTIn2 (~ 18meV) dissipation
(in a room-temperature environment) is required for con-
ventional (irreversible) logic. If the logic is also physically
reversible in its physical implementation, reversible logic can
be advantageous in the construction of non-dissipative cir-
cuits. Since CMOS is not physically reversible, it cannot be
regarded as a platform for practical application. Voltage-
coded logic signals in contemporary CMOS technology
contain an energy of E = %CVZ, where C is the capaci-
tance and V is the node voltage, which dissipates whenever
the node voltage changes and is orders of magnitude larger
than the KTIn2 factor.

Reversible logic can significantly reduce energy dissi-
pation in new nanotechnologies such as Quantum Dot
Cellular Automata (QCA) computing, Optical Computing,
and Superconductor Flux Logic (SFL) family, among oth-
ers [14], [15], [16], [17], [18] by ensuring that no information
is lost during computation, thereby avoiding the waste of
energy that would otherwise contribute to heat dissipation. In
conventional logically irreversible designs, the energy dissi-
pation per logic operation is close to a few KTIn2. However,
by using reversible logic techniques, the energy dissipation
can be reduced significantly below this limit. This will not
only make these nanotechnologies more efficient but also
more environmentally friendly.

Furthermore, reversible logic can provide a solution for
building ultra-low power circuits, which is a critical require-
ment for the development of wearable and portable devices.
These devices typically have limited battery life and are
required to operate for extended periods without charging.
Reversible logic can enable the design of circuits that con-
sume less power, thereby increasing the battery life of these
devices. Thus, reversible logic is an important technique that
can significantly reduce energy dissipation and enable the
development of more efficient and environmentally friendly
nanotechnologies. The key difference between classical logic
gates and reversible logic gates is that classical logic gates
are irreversible, while reversible logic gates are bijective.
This means that, in classical logic gates, the input vec-
tor states cannot be uniquely reconstructed from the output
vector states [7].

This property of bijectivity is crucial for reversible
computing because it allows for the preservation of
information during computation, which is essential for

243



NAZ and SHAH: REVERSIBLE GATES: A PARADIGM SHIFT IN COMPUTING

quantum computing and other areas of computing where
the conservation of information is critical. In addition, by
preserving information, reversible computing can minimize
the quantum cost, delay, and GO, making it an attrac-
tive approach for the design of efficient and low-power
computing systems.

Question: What are some of the main challenges associ-
ated with designing and implementing reversible gates, and
how can they be addressed?

A. RELATIONSHIP BETWEEN QUANTUM COMPUTING
AND REVERSIBLE COMPUTING

Quantum computing and reversible computing are closely
related concepts, as reversible computing forms the foun-
dation for quantum computing. There are key connections
between the two. Both quantum computing and reversible
computing rely on reversible logic gates. Reversible gates
are fundamental building blocks in reversible circuits, where
each gate operation is invertible, allowing for information
to be recovered and computation to be undone [7]. In
quantum computing, reversible gates play a crucial role in
implementing quantum operations on qubits.

Quantum computing takes advantage of a fundamen-
tal property of quantum mechanics called superposition.
Superposition allows qubits in a quantum computer to be
in a state of both 0 and 1 simultaneously, enabling paral-
lel computations. Reversible computing also makes use of
superposition, although on a more limited scale compared
to quantum computing. Quantum computing introduces spe-
cific gates called quantum gates that operate on qubits and
enable the manipulation of quantum information. Quantum
gates, similar to reversible gates, are required to be reversible
and unitary to preserve the reversible nature of quantum
computation [19]. Both reversible computing and quan-
tum computing emphasize the conservation of information
during computation. Reversible computing strives to mini-
mize information loss, allowing computations to be undone
and preserving the bijectivity property. Quantum computing
takes this concept further, where information is conserved
and entanglement between qubits allows for the reversible
transformation of quantum states.

Reversible computing and quantum computing share a
common interest in energy efficiency. Reversible computing
aims to minimize energy consumption by ensuring that all
operations can be reversed, thereby reducing energy dissipa-
tion due to information loss [20]. Quantum computing also
seeks energy efficiency by taking advantage of reversible
gates and the inherent conservation of information in quan-
tum operations. While quantum computing extends the
principles of reversible computing into the realm of quan-
tum mechanics, it also introduces additional concepts such
as superposition, entanglement, and quantum algorithms.
Nonetheless, reversible computing provides the foundational
framework for designing and understanding the reversible
and information-conserving aspects of quantum computing.
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Question: What is the impact of reversible computing prin-
ciples on the development and implementation of quantum
computing systems?

lll. PARAMETERS AND FEATURES OF REVERSIBLE
GATES

Reversible gates are a type of logic gate in which every
input combination produces a unique output combination,
and every output combination corresponds to a unique input
combination. This property makes reversible gates important
in quantum computing, where the reversible nature of the
gates is necessary to prevent the loss of quantum information.
Other parameters of the reversible gates are discussed in the
following subsections.

A. LOGICAL PRIMITIVES

A logic element is a building block used to create the logic
circuits that power computing systems. There are two differ-
ent kinds of logic components: one without memory, known
as a logic gate, and one with memory. Reversible logic ele-
ments with memory (RLEMs) play a critical role in the
design of reversible computing systems. Unlike traditional
logic gates, RLEMs combine both memory and computa-
tional capabilities, making them a versatile building block
for a wide range of reversible computing systems [19]. These
include reversible Turing machines, reversible sequential
machines, and other types of reversible computing systems.
The study of RLEMs has shown that even the most basic
RLEMs have universality, meaning that they can perform any
computational task that can be performed by a traditional
computer. This makes RLEMs an important component in the
development of new and efficient computing systems. The
construction of reversible computing systems using RLEMs
is also different from traditional logic circuit construction. In
traditional circuit design, logic gates like AND, OR, NOT,
NAND, etc. are treated as separate components from memory
components like flip-flops. However, in the construction of
reversible computing systems, RLEMs serve as the primary
building blocks, combining both computational and memory
capabilities into a single component.

In conclusion, RLEMs play a crucial role in the design of
reversible computing systems and have shown to be ver-
satile and efficient building blocks for a wide range of
reversible computing systems. The study of RLEMs and their
use in the construction of reversible computing systems is
an ongoing and exciting area of research [19]. Reversible
computing is a field of study that aims to find effective
techniques for building reversible machines using reversible
logic elements and to realize reversible logic elements using
physically reversible phenomena. Reversible logic is defined
as an aspect of logic that operates according to an injec-
tion, meaning that the mapping between inputs and outputs
is one-to-one. Reversible logic components, like NOT gates,
are considered to be reversible because they realize injec-
tive logical functions. On the other hand, irreversible logic
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components, like NAND gates and flip-flops, realize non-
injective logical functions and cannot be used to build
reversible computers directly [7].

However, reversible Turing machines and other reversible
computer models can be built from irreversible logic compo-
nents, but this is considered essentially pointless as reversible
computing aims to identify a critical component between the
abstract level of machines and the physical level of systems.
Thus, reversible computing aims to find a critical compo-
nent between abstract machines and physical systems and to
develop techniques for building reversible machines using
reversible logic elements. The study of RLEMs is an impor-
tant part of this field of research and has the potential to lead
to the development of more efficient and versatile computing
systems.

Question: What are some of the main challenges associ-
ated with implementing logical primitives, such as arithmetic
and comparison operations, in reversible gates, and what
approaches are used to address these challenges?

B. ANCILLA INPUT

An ancilla input (AI) refers to an additional constant input that
is introduced into a circuit to convert an irreversible circuit
into a reversible one. To convert an irreversible circuit into
a reversible one, ancilla inputs are used. The ancilla inputs
typically provide additional control signals or carry extra
information about the state of the circuit. It’s important to
note that the introduction of ancilla inputs typically increases
the gate count and can impact the overall complexity and cost
of the circuit [4]. Reversible circuit design involves finding
a balance between achieving reversibility and managing the
associated overhead introduced by ancilla inputs.

C. INPUT

The number of inputs, including ancilla inputs, in a reversible
circuit directly impacts the number of qubits required to
implement that circuit. Each input wire corresponds to a
qubit in a quantum computing context. In reversible com-
puting, a common metric used to evaluate the performance of
a design methodology is the number of wires or inputs (n) in
the circuit. This metric provides an indication of the circuit’s
complexity and resource requirements. A higher number of
inputs generally implies a larger circuit with more qubits
needed to represent and manipulate the input data.

The size of the circuit, in terms of the number of qubits,
is an important consideration in quantum computing due to
the challenges associated with scaling up quantum systems.
The number of qubits affects factors such as computational
power, circuit depth, gate count, and the potential for errors
and noise.

D. GARBAGE OUTPUT

In the context of reversible computing, the bijectivity prop-
erty ensures that each unique input to a circuit corresponds
to a unique output, and vice versa. However, in practice,
achieving perfect bijectivity in reversible circuits can be
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challenging due to physical constraints and the nature of
reversible logic operations [20]. To maintain the bijectivity
property in reversible circuits, it is often necessary to intro-
duce additional output bits that are left unused or discarded
after the computation. These unused outputs are referred
to as GO. The purpose of GO is to ensure that the map-
ping between inputs and outputs remains one-to-one, even if
the circuit contains irreversible or non-invertible operations.
By introducing these unused outputs, the circuit is extended
to create a reversible mapping, preserving the bijectivity
property.

Garbage outputs carry information that is irrelevant to the
desired computation and can be safely ignored or discarded.
They can be considered as temporary storage for intermediate
results or as placeholders to maintain the consistency of the
circuit. After the computation, these GO can be disregarded,
as they do not contribute to the desired output of the circuit.
The presence of GO may increase the overall circuit size,
gate count, and complexity. However, they are a necessary
trade-off to ensure reversibility and maintain the bijectivity
property in the face of irreversible operations.

Efficient reversible circuit design methodologies often
aim to minimize the number of GO while achieving the
desired functionality. Minimizing the number of GO helps to
reduce resource utilization, gate count, and potential circuit
overhead.

E. GATE COST (GC)

The gate count or gate cost of a circuit refers to the num-
ber of logic gates required to construct that circuit. It is a
measure of the complexity and resource utilization of the
circuit design [21]. The gate count is often used as an indi-
rect measure of the cost of a circuit, as it correlates with
factors such as manufacturing costs, power consumption, and
performance.

The gate count depends on the complexity of the logic
operations performed by the circuit. Different types of
logic gates, such as AND gates, OR gates, NAND gates,
NOR gates, XOR gates, etc., have varying gate counts. A
higher gate count generally implies more complex circuitry,
which can result in increased manufacturing costs, higher
power consumption, and longer propagation delays.

F. DELAY CALCULATION

The delay of a reversible gate refers to the time it takes for
the gate to produce its output, given its input. The delay
of a reversible gate is typically measured in terms of the
number of gate delays, which refers to the time it takes for
a signal to propagate through a gate. In general, the delay of
a reversible gate is dependent on several factors, including
the gate’s physical implementation, its size and complexity,
and the technology used to implement the gate:

Total Delay = f(N) 2)
where N is the number of individual gate delays.
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FIGURE 2. Irreversible computation (a) 2-input AND gate (b) 2x2 module (c) 2x2
AND gate [2].

TABLE 1. Truth table for I/O of AND gate and 2x2 AND gate.

Input Output of AND Output of 2x2 AND
A | B | Permutation | Y | Permutation | X | Y | Permutation
0 0 0 0 0 0 0 0
0 1 1 0 0 0 0 0
1 0 2 0 0 1 0 2
1 1 3 1 1 1 1 3

The delay of 2x2, 3x3, and 4 x4 reversible gates are often
believed to be of unit delay in prior publications [22], [23],
regardless of their computing complexity. The logical depth
is the unit of measurement for the delay in computations [1].
Each 1x1 and 2x2 reversible gate is considered to have a
delay of one unit. Any reversible gate, such as the CNOT
gate, Controlled-V, and Controlled-V+ gates, can be created
from 1x1 reversible gates and 2x2 reversible gates.

Question: How do the various factors that influence the
delay of a reversible gate or circuit interact with each other,
and how can designers balance these factors to optimize
the performance of their circuits? Furthermore, what are
some of the most effective techniques for reducing delay
in reversible gates, such as gate-level optimization, circuit-
level optimization, and architectural optimization, and how
can these techniques be applied in practice to achieve the
best possible performance? Finally, what are some of the
key trade-offs that designers must consider when optimizing
for delay, such as power consumption, gate count, and error
rate, and how can these trade-offs be managed to ensure that
the overall performance of the circuit is maximized?

G. REVERSIBILITY AND INVERTIBILITY

Reversibility refers to the ability of a process or a system
to be reversed or undone, resulting in the original state
being restored [19]. In other words, if a process or system
is reversible, it can be undone and returned to its origi-
nal state without any net loss or gain of energy, matter, or
information. Reversibility is an important concept in many
fields, including physics, chemistry, and thermodynamics. In
thermodynamics, a reversible process is one that occurs so
slowly and smoothly that it can be reversed at any point,
with no change in the system or its surroundings. This is in
contrast to an irreversible process, which cannot be reversed
without some loss or degradation of energy.

Since digital logic circuits are made of irreversible gates,
they are physically irreversible. The source’s energy is even-
tually turned into heat with every bit lost. For instance, a
two-input AND gate, as shown in Fig. 2 (a) suffers a bit
of loss every clock. Additionally, after all logical operations
are finished, irreversible logic does not oppositely traverse
the state sequences to return to the initial state. The output
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FIGURE 4. 2x2 XOR gate (a) Logic circuit (b) Mathematical representation
(c) Reversible/quantum representation [2].

TABLE 2. Truth table for I/O of conventional and reversible XOR gates.

Input Conventional XOR Reversible XOR
A | B | Permutation | Q Permutation P | Q | Permutation
0O 0 0 0 0] o0 0
0 1 1 1 1 0] 1 1
1|0 2 1 1 1 1 3
1 1 3 0 0 1|0 2

permutation for the three input permutations, 0, 1, and 2,
is 0 in the I/O of the AND gate illustrated in Table 1. The
output cannot be unique because there are only two logic
states (0 and 1) where at least two outputs will be identical.
This is because the reverse calculation is not possible. The
statement is false since there are more inputs than possible
permutations. Therefore, the number of inputs and outputs
should be equal. As seen in Fig. 2 (b), there will be two out-
puts for two inputs. However, expecting two outputs won’t
lead to a solution. Think about the 2 x 2 AND gate example
circuit in Fig. 2 (c), whose I/O is listed in Table 1. For two
input permutations of 0 and 1, the output permutation is 0,
more than once. Logic needs to be developed to resolve this
scenario and preserve output bits. Thus, such cases are the
challenges to the design of reversible gates from irreversible
gates.

To further understand the reversibility operation, let us
consider two XOR gates, conventional and reversible XOR
gates as shown in Fig. 3. The 2 x 2 XOR gate mathematical
equivalent circuit is seen in Fig. 4 (a)-(b). Fig. 4 (c) depicts
its related reversible/quantum representation, the reversible
Controlled NOT (CNOT) gate. It has a target output T and
a control input, k. The input k controls the output function f
(k, T). As depicted in Table 2, output O is produced by two
input vectors, AB = (00, 11), in the case of the conventional
irreversible XOR gate. On the other hand, reversible logic
gates have the property that a unique input vector can be
produced for each output vector, as demonstrated by the
truth table in Table 2. This truth table depicts the difference
between the reversible and non-reversible gates wherein an
extra output (also called GO) is added to the non-reversible
gate to make it reversible.
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FIGURE 5. Forward and Backward Determinism.
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It is common to present reversibility in computer processes
as an operational characteristic based on forward and back-
ward determinism. Fig. 5 is used to demonstrate these ideas.
Every computation state in a program has a distinct next
computation state if it is locally forward deterministic (or
simply deterministic). The idea of local backward determin-
ism, which mandates that each computing state has a distinct
preceding state, is more esoteric.

In an imperative language, for instance, a program that
executes a destructive assignment like X := 5 is not back-
ward deterministic because, in most cases, there is no way to
restore the state of x before it was given the value 5. Similar
to how conditionals and case expressions are prominent
causes of forward nondeterminism in functional program-
ming languages, two or more branches may result in identical
outputs for different inputs [19]. A key component of what is
often amusingly referred to as the Copenhagen interpretation
of reversibility is the locality of forward and backward
determinism, which is sometimes emphasized by the phrase
“reversibility is a local phenomenon”. It specifically demands
that every computing step along the route (regardless of
whether it is a simple instruction or a complex loop structure)
operate in a fashion that is forward and backward-predictable
(i.e., inputs uniquely determine outputs and vice-versa).
Reversibility is a characteristic of the program rather than
the function it computes, to put it another way (i.e., it is an
intentional property).

Reversible logic gates are an important aspect of reversible
computing, where the goal is to find efficient techniques for
building reversible machines using reversible logic elements
and to realize reversible logic elements using physically
reversible phenomena. The study of reversible logic gates
and the development of techniques for building reversible
machines from these components is an ongoing area of
research with the potential to lead to the development of
more efficient and versatile computing systems. Some brief
definitions of the reversible gates are discussed below.

Definition 1: In the context of Boolean logic, a function
f : B™ — B" is known as a logical function or a Boolean
function, where B = 0, 1 represents the truth values “false”
and “true,” respectively, and m, n are positive integers. A
logic gate with m inputs and n outputs is referred to as
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FIGURE 6. A combinatorial circuit ¢ having function f: (x, ..
embedded in it having constant inputs ¢y, ..., ¢k, and GO gy, ..
inputs x4, ..., Xn, and actual outputs y;, ..., ¥,.

<3 Xm) => (V15 --+5 ¥n)
., g, besides actual

an m-input, n-output logic gate. If a logic gate realizes the
function f, it is considered to be a reversible logic gate if
the function is injective, meaning that the mapping between
inputs and outputs is one-to-one. In this case, it is also
necessary that m < n must hold.

Definition 2: Assume S is a small collection of reversible
logic gates. A system made up of a limited number of copies
of reversible logic gates drawn from S and connected to one
another with the following restriction is known as a reversible
combinatorial logic circuit over S [19].

1) Fan-out of output is restricted because each output of

a gate can only be connected to one input of another
gate.

2) Merging of outputs is prohibited when two or more
outputs are coupled to the same input port of another
gate.

3) A closed path, or feedback loop, is not permitted in
the circuit.

It should be noted that in the definition above, fan-out
(copying) of output is prohibited in 1. There are many justi-
fications for placing this restriction. The initial explanation is
as follows. Fan-out is used in the conventional method (irre-
versible) for logic circuits at the expense of supplying some
energy. The energy consumption issue and the no-cloning
theorem in quantum physics both play a role in the inhibi-
tion of fan-out. Additionally, the ability to use the inverse
circuit of a certain reversible circuit adds another reason to
avoid fan-out [24], [25]. Overall, reversible computing and
quantum computing rely on preserving the state of signals,
making fan-out a challenge in these circuit models. The
inverse circuit will have a merging of two or more outputs
if the original circuit had fan-out, which makes it difficult
to characterize its behavior. Let the circuit of combinatorial
logic be reversible. The input ports for the complete circuit
are the input ports of gates that are not connected to any
other gates. It goes without saying that if we send truth val-
ues to the output ports, it will produce values at those output
ports. Thus, some injective logical function is implemented
over the entire circuit. Here, however, we “embed” a non-
injective logical function in using the following method. A
set X = xq, ..., x, of actual inputs and a set C =cy, ..., ck
of constant inputs make up the set of input ports. A set
Y =y1,...,y, of actual outputs and a set G = g1, ..., g of
GO make up the set of output ports of Fig. 6. To indicate
the truth value at the appropriate ports, we also employ the

symbols X1, ..., Xm, Cly-ves Cky Y1y --->Yn, and gi,..., gl
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Additionally, the same symbol is used to represent the logi-
cal function that the entire circuit performs. In light of this,
(Clyeves Chks X1y ovvsXm) = (815 -5 81, Y15 ---5Yn) [26].
Definition 3: Let s : {0—1}? — {0—1}9 be a logical func-
tion and let ¢ be an injective logical function with the sets

of real inputs X = {0 — 1}”, constant inputs C = cy, ..., ¢k,
real outputs ¥ = y1,...,y4, and GO G = g1, ..., g1 If the
following is true, we can state that s is embedded in ¢.
1 3 (..., ) e {0, 1)K
2) ¥V (x1,...,xp) € {0, 1),V (1, ...,y € {0, 1}9,
3) 3 (g1,---,80) & {0, 1)
Fxt, ..., xp) = 01y -0 Yg) =
Gl ey Cly X1y e Xp) = (€10 o 8LV - -5 Vg))

This condition states that the circuit computes the logical
function f by allowing the provision of appropriate constant
values to ¢y, . . ., ¢k and the generation of GO from g1, ..., g
(even if it is non-injective) [19].

Definition 4: Assume that f consists of a few reversible
logic gates. Any logical function p that is present in a
reversible combinatorial logic circuit over the set f is referred
to as being logically universal or functionally complete.
Since f = p for some reversible logic gate p, the logic
gate s is often referred to as being logically universal if the
set f is logically universal and f is a singleton.

Question: What is the relationship between reversibility
and invertibility in reversible gates, and how does this rela-
tionship impact the design and implementation of reversible
circuits?

H. UNIVERSALITY

To prove the universality of reversible gates, we need to
show that they can be used to implement any Boolean func-
tion [20]. In other words, we need to demonstrate that any
Boolean function can be expressed using a combination of
reversible gates. It has been shown that a set of reversible
gates is universal if and only if it includes a set of gates that
can generate all possible Boolean functions on n bits. The
standard set of reversible gates that are used to demonstrate
universality includes the Toffoli gate and Hadamard gate, as
well as some other gates that can be constructed from them.

The universality of reversible gates refers to the ability
of a particular set of reversible logic gates to be used to
implement any arbitrary reversible Boolean function. The
universality of reversible gates is important because it means
that any reversible function can be implemented using a
fixed set of gates, which can simplify the design and anal-
ysis of reversible circuits. Additionally, having a universal
set of reversible gates allows for the efficient implementa-
tion of many different reversible functions using the same
hardware, which can reduce the overall complexity and cost
of a system.

For understanding, we are considering Fredkin gate [27]
to understand the universality of the reversible gates. Fredkin
gate is a 3x3 reversible gate with outputs as P =A,
Q = AB + AC and R = AB + AC. This section provides a
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TABLE 3. Setting different logics to the inputs of Fredkin gate to implement seven
Boolean functions.

S. No. Logic gate  Fredkin Functions Output

1 NOT Fredkin (A, B, C) P=A

2 AND Fredkin (A, B, 0) R=AB

3 OR Fredkin (A, B, 1) Q=A+B
4 NAND Fredkin (A, B, 1) Q=AB

5 NOR Fredkin (A, B,0) R=A+B
6 XOR Fredkin (A, B,B) Q=A®B
7 XNOR Fredkin (A, B, B) R =AGB

detailed explanation of how the Fredkin gate can be used
to implement seven core Boolean functions, including NOT,
AND, OR, NAND, NOR, XOR, and XNOR. The Fredkin
gate is shown to be a universal reversible gate and its versatil-
ity is demonstrated through the various input manipulations
needed to implement the different Boolean functions. By
applying different inputs to the Fredkin gate, it can be used
to perform NOT, AND, OR, NAND, NOR, XOR, and XNOR
operations. The output of the Fredkin gate, as well as the
input manipulations needed to perform each operation, is
clearly outlined in Table 3. For understanding, let’s take the
example of the XOR operation. When a complemented value
of A (i.e., A) is applied at input A; the complemented value
of B (i.e., B) is applied at input B and ‘B’ is applied at
input C, XOR output can be ensured at output Q. Similarly,
other functionalities can be obtained. Overall, this section
highlights the versatility and effectiveness of the Fredkin
gate in reversible computing.

Question: What is the concept of universality in reversible
gates, and how does it relate to the ability to implement arbi-
trary quantum circuits? Moreover, what are the fundamental
requirements that must be met in order for a set of reversible
gates to be considered universal, and how do these require-
ments impact the design and implementation of reversible
circuits?

I. MAXIMUM REVERSIBILITY DEPTH (MRD)
Logical reversibility refers to the ability to determine
the input operator from the gate’s output, while physical
reversibility refers to the ability to do the reverse computa-
tion. It is noted that not all cognitively reversible systems
are physically reversible and vice-versa and that a gate may
be logically irreversible but not physically reversible if there
is no regeneration of the original input permutations when
the corresponding output is applied to the input [4]. The
importance of preserving information in reversible comput-
ing is emphasized through the concept of logical and physical
reversibility, which helps to reduce energy consumption and
prevent information loss [28]. When a gate is capable of
doing the reverse computation, that is, when the primary
input is acquired when the matching output is applied to the
gate’s input as depicted in Fig. 7 (a), where RG is a reversible
gate and is described by the term “Physical Reversibility”.
The gate may be conceptually irreversible but not phys-
ically reversible if there is no regeneration of the principal
input permutations when the appropriate output is applied to
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FIGURE 7. Reversible Gate (a) Concept of Physical Reversibility, (b) lllustration of
Reversibility Depth.

the input. However, in [29], authors found that the permu-
tations may be produced by employing multiple stages of
the same gate. The example is shown in Fig. 7 (b), which
compares the primary input and final output after employ-
ing various stages of RG. This phenomenon is known as the
Maximum Reversibility Depth (MRD) [30].

To put it another way, it is the number of gates that
are used to apply the principal input permutations to the
matching output. It is also possible to say that an increase
in MRD results in a rise in the number of gate stages required
to provide main input data, which raises GC.

Question: What is the concept of maximum reversibil-
ity depth in reversible gates, and how does it affect the
design and implementation of large-scale reversible circuits?
Furthermore, how do the fundamental principles of quantum
mechanics, such as unitary evolution and the no-cloning the-
orem, impose constraints on the maximum reversibility depth
of a reversible gate or circuit, and what techniques are used
to overcome these constraints?

IV. IMPLEMENTATION METHODOLOGY OF REVERSIBLE
GATES

The reversible gates are designed such that each input com-
bination maps to a unique output combination, ensuring
reversibility. These implementations are relatively simple
and straightforward, making them suitable for small-scale
reversible circuits. Quantum circuit implementations utilize
quantum gates to realize reversible operations. Quantum
gates, such as the Controlled-NOT (CNOT) gate and Toffoli
gate, inherently possess reversibility. These gates can be
combined and controlled to construct larger reversible cir-
cuits. Quantum circuit implementations are particularly
relevant in the context of quantum computing, where quan-
tum gates are the building blocks for quantum algorithms.
Another approach includes the reversible logic synthesis
implementation which is a systematic approach to design
reversible circuits. It involves the transformation of irre-
versible Boolean functions or logic circuits into their
reversible equivalents. Various algorithms and techniques
are employed in reversible logic synthesis, such as using
additional ancillary bits, exploiting symmetry properties, and
applying gate-level optimizations. Reversible logic synthesis
aims to minimize the number of gates, quantum cost, or
other metrics while ensuring reversibility.

These basic implementation methods can be combined and
adapted to suit specific design requirements. Furthermore,
there are advanced techniques and specialized reversible
gate libraries available for more complex reversible circuit
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designs [19]. The choice of implementation method depends
on factors such as the size and complexity of the circuit,
available resources, and the target application or computing
paradigm.

A. DEMONSTRATION OF 13 STANDARD BOOLEAN
FUNCTIONS USING FREDKIN GATE
To demonstrate the universality of the reversible gates, we
need to show that any Boolean function can be expressed as
a combination of Toffoli gates, Hadamard gates, and other
gates that can be constructed from them. This can be done
using Boolean algebra, which involves manipulating Boolean
expressions to obtain the desired result. The reason we need
13 Boolean expressions to prove the universality of reversible
gates is that these expressions are used to represent all pos-
sible Boolean functions on three bits, which is the minimum
number of bits required to demonstrate universality [20]. By
showing that we can express any Boolean function on three
bits using a combination of Toffoli gates, Hadamard gates,
and other gates, we can demonstrate that this set of gates is
universal. The 13 Boolean expressions are given below:

1A

2) AB

3) AB + BC 4+ CA

4) ABC+ABC

5) ABC + A BC + ABC + AB C

6) ABC + AB C

7) ABC

8) AB + BC

9) AB + A BC

10) ABC + ABC

11) AB + BC +

12) AB + BC

13) AB+ AB

To fulfill the condition of the multi-operation nature of any
reversible gate, it must satisfy the thirteen standard Boolean
expressions and to demonstrate that, we have taken Fredkin
gate to demonstrate the implementation of those equations.
We have designed the block diagrams for all 13 equations
for the Fredkin gate. The same procedure can be followed
for other reversible gates to obtain these 13 Boolean equa-
tions. The block schematics for implementing each of the
13 functions utilizing a Fredkin gate are shown in Fig. 8
to Fig. 12. The figures demonstrate how the 13 equations
need to prove the reversibility of the Fredkin gate and are
derived by giving different inputs to the gate. For instance, in
order to derive the first equation F=A, we give the Fredkin
inputs (A, B, 0), meaning that the first input is given as
“A”, the second input is fixed at “B” and the third input is
given as “0”. As a result, we got A at output P, while the
other two outputs are GO. This method is used to assign
the different inputs to the gates and thus obtain 13 different
Boolean equations. The same procedure can be followed
by other reversible gates to prove their reversibility and
universality.

ABC
B

&
ABC
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A [A] A &1 A G1 B G1
B Fre¢1jkin &1 B F"91dki" G2 B Fre:lkin G2 ¢ Fre?kin G2
c G2 0 —[as8] B A —{aB+Bc|
(@) (b) (© (d)
FIGURE 8. Implementation of expressions that use only one Fredkin gate (a) A, (b) AB, (c) AB + A B and (d) AB + BC.
B Gl A G3 A G1 G3
c Fre:ikin G2 Fre;ikin | Ga B Fre;ikin G2 |c Fregkin G4
é @ o— ABC+ABT| O A8
(@) (b)
A G1 G3
c Fre1dkin —A+CJ B—| Fregkin | Ga
1 G2 0—
©
FIGURE 9. Implementation of expressions that use two Fredkin gates (a) ABC + A B C, (b) ABC, and (c) AB + BC.
A G1
B Fre?kin G2 B— —G7
0 AB Fre:kin | _Gs
A G3 Y
B Fregkin G4 ¢ Fregkin —— G6
, A |, Réc
(a)
i 61 A G3 A Gt B G5
B Fre1dkin G2 B Fre(zikin G4 5| | o B Frec1:|kin G2 Fregkin &6
0 AB c AB Fredkin | s 0 A8 | —{aBcrasi]
| 65 A—] G3 G7
c Fregkin — G_G_ B Frecztlkin G4 c Fregkin G8
ABC - .
0 o A8 |, ABC
(b) (©)

FIGURE 10. Implementation of expressions that use four Fredkin gates (a) AB + A BC, (b) AB + BC + AB C, and (c) ABC + AB C.

TABLE 4. 2x2 reversible gates with A, B as inputs and P, Q as outputs.

Gate P Q
Feynman/CNOT [31] A A®B
Swap [32] B A

V. ANALYSIS OF VARIOUS REVERSIBLE GATES

There are a number of reversible logic gates that exist
in present literature as given in [100], [103], [104],
[36], [105]. In this study, we attempt to present all the
reversible gates that are not covered by previous review
papers which may be helpful to researchers. We have
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categorized all the reversible gates present so far on the
basis of the number of input-output vectors. So, depending
on that, the reversible gates are divided into four categories.
2x2, 3%x3, 4x4 and 5x5 reversible gates as depicted in
Tables 4, 5, 6 and 7 respectively.

A. QUANTUM COST OF REVERSIBLE GATES

The quantum cost of a reversible gate is a measure of the
resources required to implement the gate in a quantum cir-
cuit. It is defined as the number of elementary quantum gates
(i.e., single-qubit gates and CNOT gates) needed to imple-
ment the reversible gate. The quantum cost of a reversible
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FIGURE 11. Implementation of expressions that use five Fredkin gates (a) ABC + ABC + A B C, (b) AB + BC + CA.
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FIGURE 12. Implementation of expression, ABC + A BC + ABC + AB C that use
eight Fredkin gates.

gate can depend on the particular set of elementary gates
that are used to implement it. For example, some sets of ele-
mentary gates may be more efficient for certain gates than
others [38].

The quantum cost can also depend on the size of the gate.
Generally, the quantum cost of a gate increases as the number
of qubits it acts on increases. This is because more resources
are required to implement a gate that acts on multiple qubits
than a gate that acts on only one or two qubits. There is
no single formula or algorithm for calculating the quantum
cost of a reversible gate, but it can be estimated through
analysis of the gate’s structure. The actual implementation
of a reversible gate in a particular quantum architecture may
also affect the quantum cost, as different architectures have
different capabilities and limitations. The Quantum cost of
some of the reversible gates is tabulated in Table 8.

Question: What are the potential applications and impli-
cations of minimizing quantum cost in various fields, such
as quantum cryptography, quantum error correction, and
quantum algorithms?

B. COMPLEXITY OF SOME REVERSIBLE GATES

The total number of reversible gates that are needed to obtain
the 13 standard Boolean equations determines its complex-
ity [20]. The lesser the number of gates used less is the
complexity. The complexity of some of the reversible gates
is given in Table 9. For instance, the sum of gates used in the
case of Fredkin gate is 42 by adding the total number of gates
that are used to implement all 13 Boolean equations. The
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same procedure can be followed by other reversible gates to
calculate the total number of gates used to implement the
13 Boolean expressions as given in Table 9.

Question: How the complexity is related to the output
function of reversible gates?

C. QUANTUM LOGIC DIAGRAMS OF SOME REVERSIBLE
GATES

Quantum diagrams, also known as quantum circuits, are a
visual representation of the operations performed in quantum
computation. These circuits are made up of gates, which are
the basic building blocks of quantum algorithms. In a quan-
tum circuit diagram, the qubits are represented as horizontal
lines, and the gates are represented as boxes that act on one
or more qubits. The input state of the qubits is represented
on the left-hand side, and the output state is represented on
the right-hand side. Quantum circuits are diagrams that rep-
resent quantum operations as boxes with inputs and outputs.
Reversible gates can be represented as quantum circuits that
have the property that they can be run backward to recover
the input state.

Some common reversible gates that are used in quantum
circuits include the NOT gate, the Controlled-NOT (CNOT)
gate, the Toffoli gate, and the Fredkin gate. Quantum equiva-
lent realization of some of the common reversible gates [106]
is shown in Fig. 13 where A, B, C, and D (P, Q, R, and S) are
inputs (outputs) for every gate.

The NOT gate is a single-qubit gate that flips the state
of a qubit and is represented in a quantum circuit diagram
as a box with a single input and output line. The CNOT
gate is a two-qubit gate that flips the second qubit if the
first qubit is in the state |1). It is represented in a quantum
circuit diagram as a box with two input lines (the first qubit
is the control qubit and the second qubit is the target qubit)
and two output lines.

The Toffoli gate is a three-qubit gate that flips the third
qubit if the first two qubits are in the state |1). It is repre-
sented in a quantum circuit diagram as a box with three input
lines (the first two qubits are the control qubits and the third
qubit is the target qubit) and three output lines. The Fredkin
gate is a three-qubit gate that swaps the second and third
qubits if the first qubit is in the state |1). It is represented
in a quantum circuit diagram as a box with three input lines
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TABLE 5. 3x3 reversible gates with A, B, and C as inputs and P, Q, and R as outputs.

Gate P Q R
Fredkin [27] A AB+AC AB+AC
SFV [20] AGB B&C AB+BC+AC
TS-3 [33] A B A®B@C
RM [34] A®BC AB+AC AC+AB
RG [35] A®B AB+BC+AC BC+AB @ C)
RGI1 [21] B AB+BC A@C

G1 [36] B A B+AB A BC+AC+BC
RG2 [21] A B acC AeB A
URLG [37] AB+BC+AC AB+BC+A C AB+B C+A C
MPG [38] A AGB AB&C
SAM [38] A AB®AC AC®AB

R [34] AGB A C ©(AB)
QCALI [39] AB+BC+AC AB+BC+AC AB+BC+AC
QCA2 [39] AB+BC+AC AB+BC+AC AB+BC+A C
RQG [40] AB+BC+AC AB+BC+AC A&C
Peres [41] A A®B AB®C
URG [42] (A+B)@C B AB®C
SSG [43] BoC A®B AB+BC+AC
MNFT [44] (A®B)CHA A®B (A®B)COADC
SRK [45] A AGBaC ACHAB
SSG-1 [46] A®B BaC AB+BC+AC
NNG [47] C AB+BC+A B C AB+AC+A BC
IMG [48] B AC+A(BC+BC) A

TR [49] A A®B AB @C
RUG [50] AB+BC+AC AB+A C BaC

NG [51] A AB®C ACoB
DG [51] A A¢B ABoC
RMG [30] A@BC AB+AC AC+AB
Toffoli [12] A B AB®C
MCL [52] BC AB A

GI [36] B A B+AB A BC+AC+BC
BIN [53] A B (A+B)®C
HAS [54] A A®B@C AB+AC
New Gate [55] A AB®C A CeB
ORG-I [56] AB+(A®B)C A®B AB+A®B)
ORG-II [56] AB+BC AB+BC AB+BC
MF [57] A AB+AC AB+AC
BG-1 [58] A®B BoC C

GB-1 [58] A®B®C BaC C
NG-R2 [59] A A®B (A+B)®C
DG [60] A AoB AB @C
RSG [61] A®B AB&C AB&C
TKS [62] AC+BC AGBaC AC+BC
NCT [63] A B ABa&C
NRLG [64] A AGB AB@&C
S1G [65] AB@C AGB ABGC
So>G [65] AB®C A®B AB®C
FRSG-1[66] A AGB AB®C
JTF1[66] A A®B A®B@C
MG[67] A AGBaC AC®AB
PRG[68] A®B@C AC+B C AC+BC
NFT[69] A BC®AC BCOAC

(the first qubit is the control qubit and the second and third

qubits are the target qubits) and three output lines.

In quantum circuit diagrams, the order in which the gates
are applied is important, as quantum gates do not necessarily
commute with each other. This means that the output of one
gate depends on the input to the next gate, and the order in
which the gates are applied can affect the final output state.

D. PARITY PRESERVING REVERSIBLE GATES
Parity-preserving reversible gates are important in quantum
computing because they preserve the parity of the qubits in
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the quantum state being operated on. The parity of a qubit
state is the number of qubits in the state that are in the state
[1), modulo 2. For example, the parity of the state |001)
is 1, the parity of the state |011) is O, and the parity of the
state [101) is 1.

Parity-preserving reversible gates are important in quan-
tum error correction, where the ability to detect and correct
errors in a quantum state is crucial. Quantum error correc-
tion schemes typically rely on the parity of the qubits in
the state to detect errors, and so any operation that changes
the parity of the qubits can introduce errors that may not be
detectable. Parity-preserving reversible gates are also impor-
tant in quantum algorithms that rely on maintaining the parity
of the qubits in the state being operated on.

In addition, parity-preserving reversible gates have some
theoretical advantages, such as being able to implement arbi-
trary unitary operations on a set of qubits with a smaller
number of gates that would be required without parity
preservation. Overall, parity-preserving reversible gates are
an important tool in quantum computing, with applica-
tions in error correction, quantum algorithms, and circuit
optimization.

Parity-preserving reversible gates belong to a type of
reversible logic gates with the extra characteristic that their
input and output parity are identical. If the Exclusive-OR
operation of the inputs and the outputs are the same, the
parity of the input and the output will be preserved in a
reversible logic gate. This is verified by using the Feynman
gate as depicted in Table 10.

An NxN reversible gate will be parity-preserving if the

inputs I, I, ..., Iy and outputs of the gate O1, O3, ..., Oy
satisfy the following condition:
L&h,. . .8Ily=0®O0,,...6 &0 3)

Different parity-preserving reversible gates that are present
in the literature so far are tabulated in Table 11.

Question: What are the fundamental principles and math-
ematical underpinnings behind designing parity-preserving
reversible gates, and how can such gates be efficiently
implemented in hardware to minimize gate count and compu-
tational complexity while maintaining a high degree of gate
fidelity and error-correction capability?

VI. FUTURE SCOPE

Researchers can explore innovative circuit architectures and
logic gate configurations that offer improved performance,
reduced quantum cost, lower complexity, and other desirable
characteristics. The review paper has discussed performance
evaluation measures for reversible gates. Future work can
delve deeper into optimization techniques for reversible
logic circuits, aiming to minimize quantum cost, gate
count, or circuit delay. Researchers can explore algorithms,
heuristics, or machine-learning approaches to optimize gate-
level or circuit-level designs. They can investigate physical
implementations of reversible gates using emerging tech-
nologies such as quantum computing, adiabatic circuits, or
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TABLE 6. 4x4 reversible gates having A, B, C, and D as inputs and P, Q, R, and S as outputs.

Gate P Q R s

DFSCL [70] A AGB AGC AB+O)@D

BME [71] A ABG®C AD@C ABHCPHD
Pareek [72] A ABHAD ABHADGHC B®D

SCL [73] A B [¢ AB+CO)@D
PPHCG [74] BGCEHD AGBRC AGBGD AGCED

TSG [62] A A CgB (A C ©B)@D (A C ©B)DE(AB @ D)
PFAG [75] A AGB ADBBC (AGB)COABGD
HNG [76] A B AGBHC (A@B)CHABEHD
PAOG [77] A A®B AB®D (A®B)®D)BABDHCO)
MRG [77] A A®B (ADB)DC (ABOD)B(ADB)DHC)
SMS [78] ABCHD D@GBC [¢ D@GB®CHBC

RI [79] ABC B@CHAB®BC ADBGBC DGHCHABGHBC
OTG [80] A AGB AGBPD (A@B)DGABGO)
MCT [63] A B [¢ ABC@D

DKG [81] B AC+AD (A@B)(CPHD)HCD BOCOHD

SG [82] A ABGAC ABHACHD ABDACHD
MRLG [83] A ABGAC BOAC BOACEHD

RAM [84] A ADB ADBSBC ADBECED
HNFG (85] A AGC B BOD

FAS [54] A®BOC (BOCEHD)AB(CPHD)B c BOCHD

BVF [86] A A®B C CceD

MKG [87] A (e (AD @ B)@C (A D @ BICOHMABGD)
DPG [86] A ADB AGB®D (AGBDGABGC
Sayem [88] A ABDAC ABDACEHD ABGACEHD

RR [89] A ADB ABGC AB@®D

RDFF [90] A ACHAB ACHABGD AC® AB
MTSG [69] A ADB ADBSBC (AGB)COABGD
MHNG [91] A D ADBBC (AGB)COABGD
R2D (76] A ADB AB@D AB

RSJ [92] A D ABHC ABGD

SVS [93] A BC @ ABOABC BC ¢ ABGABC @D ACHAB
Inventive 0 [93] [¢ AGBBC (A@B)C+AB)®D (A®B)C+AB)® D
BE [59] AGB@®D BOD (A+B)®D D

BG-2 [59] A A®B BHC CceD

RMF [59] A A®B ADBHC ABGD

GB-2 [59] A ADB A®BOC AQBHCOD

NS [94] A BHCHD [(A®B)@®DIC+B(AGD) (A B D +ABD)+

(ABC+A BO)+(ACD+ACD)

TABLE 7. 5x5 reversible gates having A, B, C, D, and E as inputs and P, Q, R, S, and T as outputs.

Gate P Q S

FTRG [95] AGBGHC BC+(B+C)(ADD) AB+AD BC+B+C)ABB) A E+A(DGE®B)

LCG [96] A ADB AGBHC D@ (AGB)CHAB BOEGDG(AGB)CHAB
NG-R1 [59] A B ) ABGD ACOE

PPPG [97] A ACaB (A C @B)@D (A C @B)DBABGHC) BE(A+D)+AD(CHE)+BD(A+E)
BVPPG [98] A B AB@HC D ADG®E

BBCDC [99] A BD E@B(CDGE) BEGCB®D) BE®B CD E®DBGC)

MPS [100] AB+ABC+BC(AG®D) A(C+B)+C(ABD+ABD) AC(B+BE)+AC D+AC(B+D) BC(A @ D)+B(A@D)}+ABC

HASFT [101] A D@BAGO) B®C (DGB)(A @ C) BODOE

FASFT [101] A B AGBHC AB®C)®BCOHD A(B @ C)®BCOE
ZPLG [96] AG®B AGB®D AGBHCOAD (A@D)BEHC)BBCHD (A@D)BHC)HBCCHDDE
0D [54] B+CHDDA B c D (A®D)(B+C)DBEBAD
NG-PP [102] A B AGBHCHD AGBHCOE

HG-PP [102] AQCOHE BOC DGE

nanoscale/molecular electronics. Realizing reversible gates
in hardware and analyzing their performance in practical
scenarios would be valuable. Researchers can investigate
the development of domain-specific reversible gates opti-
mized for applications in areas such as cryptography,
quantum computing, low-power design, or bioinformatics.
The future of reversible gates looks promising, especially
in the context of emerging technologies such as quantum
computing and low-power computing. Reversible gates have
the potential to reduce energy dissipation and power con-
sumption, which is particularly important in mobile and
IoT devices. As reversible gates can also preserve input
and output information, they can help to reduce errors
and improve the reliability of electronic systems. In sum-
mary, reversible gates have a promising future in both
classical and quantum computing, and their continued devel-
opment and optimization will likely have a significant
impact on the next generation of electronic devices and

systems.

In the realm of quantum computing, reversible gates are
essential for the implementation of quantum algorithms,
where information is encoded in quantum states that must be
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TABLE 8. Quantum cost of reversible gates.

S. No Quantum Reversible Gates
Cost

1 1 Feynman

2 2 Double-Feynman, TS-3, HNFG, BVF

3 3 MCF

4 4 Peres, HG-PP, Fredkin, TR, TSG

5 5 BME, MNFT, SAM, SRK, SAM, NFT, BIN, BME
HAS, RMF, Toffoli, NG-PP, NCT, R, MCT

6 6 HNG, MTSG, RR, PPHCG, RCQCA, URG

7 7 1G, MIG, PAREEK

8 8 FAS. PFAG

9 9 OTG

10 10 OD, RSG, BVPPG, HASFT, FASFT

11 11 New Gate

12 15 MKG

13 19 PPRG

14 20 RMG, RUG

15 41 CQCA

16 42 MX-QCA

carefully preserved throughout the computation. Reversible
gates also offer the possibility of building large-scale quan-
tum systems with lower error rates, making them more
feasible for practical applications.

Some of the major

following:

open problems

include the

« Given a reversible function, the problem of syn-
thesizing a reversible circuit that implements the
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FIGURE 13. Quantum Equivalent Realization of some of the reversible gates where A, B, C, and D (P, Q, R, and S) are inputs (outputs) for every gate. (a) Feynman Gate
(b) Controlled-V (c) Controlled-V+ (d) Double-Feynman Gate (e) TR Gate (f) Peres Gate (g) Tofolli Gate (h) BJN Gate (i) Fredkin Gate (j) MRG Gate (k) HNG Gate.

TABLE 9. Complexity of reversible gates.

Boolean Equations CQCA Toffoli Fredkin RG-QCA RUG SFV-QCA SSG-QCA -QCA Peres QCALl RM RC-QCA PRG
A 1 1 1 1 1 1 2 2 1 1 1 1 1
AB 1 1 1 1 1 1 1 1 1 1 1 1 1
ABC 2 2 2 2 3 2 1 1 2 2 2 2 2
AB+BC 2 2 2 2 3 2 1 1 2 2 2 2 2
AB+BC 3 3 1 3 3 3 1 1 3 3 1 1 1
AB+A B 4 2 2 1 2 1 2 8 1 2 2 2 2
AB+A B C 5 5 5 5 3 4 3 4 3 3 2 3 2
ABC+AB C 6 5 4 5 3 2 2 2 3 3 3 2 2
AB+BC+AC 1 5 5 1 1 1 5 6 4 1 5 3 2
ABC+A B C 3 3 3 2 2 2 2 2 3 2 2 3 3
AB+BC+A B C 6 5 6 5 4 4 2 2 1 4 2 3 2
ABC+ABC+A B C 6 6 6 5 3 5 4 2 4 3 3 3 3
ABC+A BC+ABC+AB C 3 2 3 1 2 2 4 6 3 2 2 2 1
Total 43 42 42 34 31 30 30 38 32 29 28 28 24
TABLE 10. Parity preserving nature of Feynman gate. . . . .
« Reversible computation is energy-efficient, and the
A B P e AOB PoQ development of reversible circuits is a promising
P ! ' approach to reducing energy consumption in computing
Y . 9 systems. However, the optimization of energy consump-
XOR (A,B)=0 __ XOR (P, Q) =0 tion in reversible circuits is an open problem that
requires the development of new design methods and
algorithms.
function with the minimum number of gates is

an open problem. Currently, the best-known algo-
rithms for reversible circuit synthesis rely on heuristic
approaches and do not guarantee optimal solutions in all
cases.

o Quantum circuits can be constructed using reversible
gates, and the problem of synthesizing optimal quantum
circuits is also an open problem. Specifically, given a
quantum circuit that implements a unitary operation,
the problem is to find the shortest quantum circuit that
implements the same operation using a given set of
reversible gates.

o The automation of reversible logic design is another
open problem. Specifically, the challenge is to develop
automated methods for designing efficient and scalable
reversible circuits that can handle large and complex
reversible functions.
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VIl. CONCLUSION

The broad knowledge about reversible gates and their uses
that we researched in this paper is compiled from several
academic works and research publications. Future design-
ers will be assisted by this survey in creating complicated
computer systems with reversible gates. Low-power digital
circuit design has taken into account reversible gates. There
are numerous uses for reversible gates in cutting-edge tech-
nologies, including nanotechnology, quantum computing,
optical computing, spacecraft, smart tags on inventory, low-
power CMOS, biomolecular computation, communication,
and FPGAs. Several important questions are still unanswered
which we are confident will be answered in the coming years.
These questions can serve as prompts for readers to reflect
on the content and potentially explore related research direc-
tions or areas of improvement. Hence, the researchers can
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TABLE 11. Parity preserving reversible gates having A, B, C, D, and E as inputs and P, Q, R, S, and T as outputs.

Gate P Q R S T
MX [29] AB AB@®BC B+C

CQCA [107] A AB+BC+AC AB+BC+AC

NFT [108] AGB BC @AC BC+AC

PPRG [109] ADB AC+B C AC+B C

DFG [110] A ADB AQC

Fredkin [27] A AB+AC AC+AB

MCF [27] A AB+AC AB+AC

KMD Gatel [111] A AC ®AB AB ®AC

KMD Gate2 [111] A A B ®AB A C @¢AB -

RQCA-PP [112] A AGBDC AB+AC (A B+AO)®D

RCQCA [113] AB+BD B (AB+BD)HC A®D

CRG [35] ADB AB+BC+AC BC+AB @ C) AGD

MIG [114] ADB ABHC AB@D

KMD Gate 3 [111] AGD BOCEHD ACHAB ACHABED

IG [115] A ADB ABGHC BD@B(AGD) -

KMD Gate 4 [111] A ABHAC ADBGC ABHO)GBCHD BOEGDBHAGBICHAB
F2PG [44] AC+BC AGB ADBGC (AQB)C @ (AB@D) ABGE

explore innovative circuit architectures and logic gate config-
urations that offer improved performance, reduced quantum

cost, lower complexity, and other desirable characteristics.
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