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Abstract: Reversible logic gates have emerged as a pivotal area of research in the field of digital circuit design, offering the 
promise of ultra-low power consumption. This survey paper comprehensively explores the foundations and practical applications 
of reversible logic gates. Beginning with an introduction to the fundamental principles of reversibility, it delves into the design of 
reversible gates, covering CNOT, Feynman, Toffoli, Peres, Fredkin gates, and beyond. The paper offers a systematic review of 
state-of-the-art research in the field, discussing various optimization techniques and quantum-inspired reversible circuits. It also 
investigates real-world applications, ranging from low-power VLSI design to quantum computing. By summarizing the key 
findings, challenges, and potential future directions in reversible logic gate design, this survey paper provides a valuable resource 
for researchers, engineers, and enthusiasts seeking a comprehensive understanding of this transformative technology.  
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I. INTRODUCTION 

Reversible logic gates are fundamental elements in the domains of energy-efficient computing and quantum computing. They serve 
distinct yet interconnected roles in each field. In a time marked by growing concerns about energy usage and environmental 
consequences, reversible logic gates present an attractive solution for diminishing power consumption in electronic devices. Unlike 
traditional logic gates, which dissipate energy as heat due to information loss, reversible gates ensure that no data is lost during 
computation. This unique property allows these gates to operate with minimal energy expenditure, making them a cornerstone of 
energy-efficient computing. In everyday electronics, ranging from smartphones to data centers, power efficiency is of paramount 
importance. The integration of reversible gates can lead to substantial reductions in energy consumption, thereby extending battery 
life and lowering the carbon footprint associated with powering these devices. This not only benefits the environment but also results 
in cost savings and enhanced user experiences. Furthermore, in applications where energy is a limited resource, such as remote 
sensors, medical implants, or deep-space probes, the use of reversible gates can prolong operational lifespans and reduce the need for 
frequent battery replacements. By employing reversible gates, we can reduce energy consumption, extend device battery life, and 
minimize the carbon footprint, benefiting both the environment and user experiences. In energy-scarce scenarios like remote sensors, 
medical implants, and deep-space probes, reversible gates enhance operational lifespans and decrease the frequency of battery 
replacements. In the realm of quantum computing, reversible logic gates are indispensable due to the inherent principles of quantum 
mechanics. Quantum computers leverage superposition and entanglement to process information exponentially faster than classical 
computers. This extraordinary computational power relies on the precise and reversible manipulation of quantum bits (qubits). 
Reversible gates in quantum computing ensure that quantum states can be manipulated with precision and accuracy without losing 
information. Quantum algorithms and circuits depend on this reversibility to perform intricate operations. These operations are 
susceptible due to the principles of quantum coherence, and any loss of information could render the quantum computation 
ineffective. Additionally, reversible logic gates play a critical role in error correction mechanisms within quantum computing. 
Reversible logic gates are essential in both energy-efficient and quantum computing contexts. They provide a means to reduce energy 
consumption and minimize environmental impact in traditional electronics, while also serving as the fundamental building blocks for 
quantum computers to perform immensely powerful and information-preserving computations. These gates are at the heart of 
technological advancements that hold the potential to revolutionize both computing paradigms in the coming years. 
Here are some key terms and definitions related to reversible logic gates [1][4]: 
1) Reversible Logic Gate: A reversible logic gate is a digital logic gate that ensures that information can be uniquely reconstructed 

from its output, given its input, and vice versa, without any loss of information. These gates are designed to be lossless and have 
applications in quantum computing and low-power circuit design. 

2) Reversible Circuits: A reversible circuit is a collection of reversible logic gates and interconnected wires that perform 
computations without any loss of information, ensuring that the input can be reconstructed from the output and vice versa. 
Reversible circuits are important in quantum computing and have applications in reducing energy consumption in conventional 
computing circuits. 
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3) Garbage Outputs: These outputs arise due to the reversible nature of the circuits, which requires that the number of inputs and 
outputs be the same. To maintain this balance, some "garbage" outputs may be generated when performing certain computations, 
and they need to be managed appropriately to ensure the overall circuit remains reversible. 

4) Information Lossless: Information loss in reversible computing refers to the irreversible discarding of data during computation, 
violating the principle of preserving information, which is central to reversible logic gates and circuits. Reversible logic gates 
and circuits are designed to ensure that input data can be uniquely and completely reconstructed from the output, eliminating any 
form of information loss. 

5) Energy Efficiency: Energy efficiency refers to the ability of a system or device to accomplish its tasks with minimal energy 
consumption, reducing waste and environmental impact while achieving desired outcomes. It involves optimizing processes and 
technologies to use less energy while maintaining or improving performance, which is crucial for sustainability and reducing 
energy-related costs. 

6) Quantum Cost: Quantum cost quantifies the resources, like qubits and quantum gates, needed to execute a quantum algorithm or 
circuit, influencing the efficiency and feasibility of quantum computations.The minimum number of 2x2 unitary gates required 
to keep the output unchanged is represented by the quantum cost of a circuit. The quantum cost of a 1*1 gate is 0, and for any 
2*2 gate, is 1. 

7) Qbit:  A qubit, short for "quantum bit," is the fundamental unit of information in quantum computing. Unlike classical bits, 
which can represent either a 0 or a 1, a qubit can exist in a superposition of both 0 and 1 states simultaneously. They are 
represented as- |0>= [1,0] and |1>=[0,1]. This superposition property is a fundamental feature of quantum mechanics and is what 
gives quantum computers their unique computational power. Qubits can be realized using various physical systems, such as 
trapped ions, superconducting circuits, photons, and more. Manipulating and controlling qubits is a central challenge in building 
practical quantum computers, but they hold the promise of revolutionizing fields like cryptography, optimization, and 
simulations of quantum systems. 

8) Pauli-X Gate: It is a fundamental quantum gate in quantum computing. The Pauli-X gate is often referred to as the quantum 
NOT gate because it performs a bit-flip operation on a qubit.When you apply the Pauli-X gate (X) to a quantum state represented 
by a ket vector, it flips the amplitudes of the basis states |0⟩ and |1⟩. So, for example, X|0⟩ becomes |1⟩, and X|1⟩ becomes |0⟩, 
which is equivalent to performing a NOT operation in classical computing. It is denoted as X = [0 1, 1 0] 
 

II. REVERSIBLE LOGIC GATES 
A. Motivation Behind Reversible Logic Gates 
Reversible logic gates have recently garnered significant attention due to their remarkable ability to reduce power consumption, a 
crucial concern in the design of low-power Very Large-Scale Integration (VLSI) systems. These gates find applications in various 
fields, including low-power CMOS design, optical information processing, DNA computing, quantum computation, and 
nanotechnology. In contrast, irreversible hardware computations result in energy dissipation due to information loss, as demonstrated 
by Landauer's research. The energy dissipation for each irreversible bit operation is at least KTln2 joules according to Landauer, with 
K representing Boltzmann's constant and T representing the temperature during the operation. Although this dissipation may seem 
negligible at room temperature, in scenarios necessitating high-speed computational work with a multitude of bits, the cumulative 
heat generation adversely affects performance and shortens the lifespan of components, although this dissipation may appear 
negligible at room temperature. In 1973, Bennett's work emphasized that a system can avoid dissipating KTln2 energy as long as it 
allows the reproduction of inputs from observed outputs. Reversible logic enables bidirectional system operation, allowing 
computations to progress both forward and backward within the computation history. To be considered reversible, a circuit must 
ensure that the input can be reconstructed from the output, establishing a relation between input and output. The significance of 
reversible logic lies in its ability to make computation information lossless. This invaluable feature significantly reduces or eliminates 
energy dissipation, representing a crucial advancement in the pursuit of energy-efficient, high-performance technological systems. 
If we choose not to embrace reversible logic gates, the journey toward reducing energy per bit expended in computation may be a 
long and arduous one, spanning many years. Traditional computing methods often involve a significant amount of energy loss due to 
irreversible operations and the generation of heat. This inefficiency poses a barrier to the sustainable evolution of computing 
technology. Conversely, reversible logic gates pave the way for a more efficient trajectory. They enable a faster and steeper reduction 
in energy per bit, accelerating the achievement of energy-efficient computing. By leveraging the principles of reversibility, we can 
unlock new possibilities in quantum computing, low-power electronics, and green computing, ultimately transforming the way we 
process information and reducing the environmental footprint of technology.  
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Reversible computing stands as a beacon of hope in the quest for a more sustainable and energy-conscious digital future. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 1. Reversible and irreversible computation[6] 

 
B. Basic reversible logic gates and their representations 
Numerous reversible logic gates are currently in existence, each characterized by its quantum cost, which serves as a crucial 
optimization factor. Notably, the quantum cost for a 1x1 reversible gate is considered to be zero, whereas a 2x2 reversible logic gate 
is assigned a quantum cost of unity. The various types of Reversible logic gates include [1][2][3][5]: 

1) NOT Gate: The NOT gate is the simplest 1*1 reversible gate. It is a single qubit NOT Gate with zero Quantum Cost. The input is 
A and the output is P. Here P=A’. It is denoted as- X|0⟩ =|1⟩  X|1⟩ = |0⟩.  

               TABLE I. NOT GATE TRUTH TABLE  
 

 
           
 
      
 
 
         Fig. 2. Block diagram and symbol of reversible NOT gate 
 
 
 
2) Feynman gate / CNOT Gate: The Feynman gate is a 2*2 gate and is widely used. The inputs A, B, and outputs P, Q. It has 

Quantum cost 1 [3.] Feynman Gate can be used as a copying gate.[5]  
    

         TABLE II. FEYNMAN OR CNOT GATE TRUTH 
TABLE 

 

 
 
 
 
 
 
 
 

    Fig. 3. Block diagram and symbol of Feynman Gate 
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1 0 1 1 
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It acts as a quantum gate that entangles or flips the state of one qubit based on the state of another, making it a crucial tool for 
creating quantum superposition and entanglement. This gate is key to performing quantum logic operations and forms the foundation 
of many quantum algorithms. Its implementation is vital for realizing the potential of quantum computers in solving complex 
problems efficiently. The CNOT gate's ability to create entanglement and perform controlled state changes is a building block for 
various quantum algorithms and applications, including quantum error correction and quantum simulations. Its versatility and power 
make it a central component in the development of practical quantum computing technologies. 
 
3) Toffoli Gate: The inputs are A, B, C and the outputs are P, Q, R. The outputs are defined by P=A, Q=B, R=AB XOR C.  The 

Quantum cost of a Toffoli gate is 5. Five Two-Qubit Gates Are Necessary for Implementing Toffoli Gate 
           TABLE III. TOFFOLI GATE TRUTH 
TABLE 
 

 
 
 
 
 
 
 
 

 
 

 
  Fig. 4. Block diagram and symbol of Toffoli gate 

 
Its ability to perform controlled state changes and create intricate entanglement patterns is essential for quantum error correction, 
fault-tolerant quantum computing, and advanced quantum simulations. The Toffoli gate's versatility and power make it a vital 
building block for the development of practical quantum computing technologies, enabling the manipulation of quantum information 
and the exploration of quantum algorithms with multiple control qubits. 
 
4) Fredkin Gate: The inputs are A, B, C and the outputs are P, Q, R. The output is defined by P=A, Q=A’B XOR AC, and  R=A’C 

XOR AB. The Quantum cost of a Fredkin gate is 5.  
         TABLE IV. FREDKIN GATE TRUTH 
TABLE 

 
 
 
 
 
 
 
 
 

 
Fig. 5. Block diagram and symbol of Fredkin gate 
 

It enables conditional swaps between two qubits based on the state of a third qubit. This gate is fundamental for rearranging and 
manipulating quantum information, offering a unique way to perform controlled permutations. Its versatility makes it a valuable tool 
for various quantum algorithms and quantum error correction procedures. Its ability to conditionally swap qubit states is crucial for 
many quantum applications, including quantum teleportation and quantum circuit synthesis.  

A B C P Q R 

0 0 0 0 0 0 

0 0 1 0 0 1 

0 1 0 0 1 0 

0 1 1 0 1 1 

1 0 0 1 0 0 

1 0 1 1 0 1 

1 1 0 1 1 1 

1 1 1 1 1 0 

A B C P Q R 
0 0 0 0 0 0 
0 0 1 0 0 1 
0 1 0 0 1 0 
0 1 1 0 1 1 
1 0 0 1 0 0 
1 0 1 1 1 0 
1 1 0 1 0 1 
1 1 1 1 1 1 
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5) Peres Gate: The inputs are A, B, C and the outputs are P, Q, R. The outputs are  P = A, Q = A XOR B and R=AB XOR C. The 
Quantum cost of a Peres gate is 4. Peres Gate has a low quantum cost for a 3-input reversible gate. It is denoted as √X|0⟩ = (|0⟩ + 
|1⟩) / √2 and √X|1⟩ = (|0⟩ - |1⟩) / √2 

 
 
 

             TABLE V. PERES GATE TRUTH 

TABLE 
 

 
 

 
 
 
 
 
 
 
 
 

Fig. 6. Block diagram and symbol of Peres gate 
 

The Peres gate is unique in that it changes the sign of the second qubit's amplitude when the qubits are in an entangled state, making 
it a valuable tool for entanglement verification. This gate is particularly important in quantum state analysis, as it helps identify and 
quantify the presence of quantum correlations. Its ability to detect entanglement is crucial for various quantum protocols, such as 
quantum key distribution and quantum teleportation, and plays a significant role in quantum information theory and experimental 
quantum computing. 
Hence to sum up we can write- [2] 

 

    
TABLE VI. TYPES OF REVERSIBLE GATES 

 
 

 
 
 
 
 

III. APPLICATIONS OF REVERSIBLE LOGIC GATES 
Reversible logic gates play a pivotal role in various cutting-edge technological applications due to their unique property of 
conserving information and minimizing energy dissipation. One prominent area where reversible logic gates find extensive use is in 
quantum computing. Quantum computers, reliant on qubits, require reversible gates to maintain the integrity of quantum information. 
These gates facilitate quantum arithmetic operations and are fundamental to the development of quantum algorithms, promising 
advancements in fields such as cryptography, optimization, and simulations of quantum systems. In the realm of low-power digital 
design, reversible logic gates are indispensable. With the continuous demand for energy-efficient devices, reversible circuits have 
become vital in reducing power consumption. These gates offer efficient alternatives for arithmetic units, data compression, and 
signal processing, enabling the design of low-power integrated circuits for portable devices and green computing solutions.Reversible 
logic gates consume less power and have less delay than traditional logic gates. When adder and subtractor systems of reversible and 
traditional logic gates were compared the following result was observed [3]. We can observe that the power required has reduced 
along with the delay time.  

A B C P Q R 

0 0 0 0 0 0 

0 0 1 0 0 1 

0 1 0 0 1 0 

0 1 1 0 1 1 

1 0 0 1 1 0 

1 0 1 1 1 1 

1 1 0 1 0 1 

1 1 1 1 0 0 

Reversible gates Size Quantum cost 
Not gate 1*1 0 

Feynman gate 2*2 1 
Toffoli gate 3*3 5 
Fredkin gate 3*3 5 
Peres gate 3*3 4 
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Table VII. Power and Delay Comparison 
 

 
 

 
 
 
 
The integration of reversible logic gates in a 4-bit adder has far-reaching implications beyond the adder itself. One of the most 
notable effects is on binary adders, as they are a fundamental component in many digital systems. By using reversible gates, the 
reduced power consumption and delay in the 4-bit adder can cascade throughout the system, resulting in more energy-efficient and 
faster binary addition. This, in turn, can enhance the performance of various arithmetic and logic operations in microprocessors, 
reducing the overall power consumption and enabling quicker execution of complex instructions. Moreover, the adoption of 
reversible logic gates can have a positive impact on quantum computing, where energy efficiency and minimal heat dissipation are 
critical due to the extreme sensitivity of quantum bits (qubits). The 4-bit adder's reduced power consumption aligns well with the 
energy-efficient requirements of quantum computers, potentially facilitating the development of robust quantum arithmetic units. 
 

IV. CONCLUSION AND FUTURE SCOPE 
In conclusion, the study of reversible logic gates and their applications reveals a fascinating intersection of computational theory and 
practical technology. This paper has delved into various aspects of reversible logic, shedding light on the structures of these gates, 
their applications in different fields, and the pressing need for their utilization. One notable area where reversible logic gates have 
found profound importance is in quantum computing. The ability to maintain the integrity of quantum information through these 
gates has positioned them as a cornerstone in the development of quantum algorithms. The paper underscores the advantages of 
reversible gates, namely low power consumption and reduced delays, which are paramount in the age of energy-efficient computing. 
Reversible logic gates, while energy-efficient, face multiple challenges for widespread adoption in everyday applications. They are 
more complex and less versatile than traditional logic gates, requiring more inputs and having limitations on the logical functions 
they can perform. Existing electronic devices are built around classical logic gates, making a transition to reversibility impractical 
and costly. Furthermore, reversible gates are more suited to quantum computing than classical computing due to their complexity and 
the trade-offs in energy efficiency. The well-established semiconductor industry's reliance on classical gates and the niche nature of 
reversible logic's benefits further hinders its broader use, restricting it to specific specialized applications. As we look toward the 
future, it’s evident that the potential for further advancements in reversible logic gate design is vast. One of the most promising future 
directions is the pursuit of reduced delay. By minimizing delays, we can significantly enhance computational speeds, making 
processes faster and more efficient. This is a critical aspect for a multitude of applications, from quantum computing to low-power 
digital design, where speed and efficiency are paramount. In the foreseeable future, we anticipate the emergence of innovative 
reversible gate designs, inspired by the pressing need for efficiency, speed, and accuracy. These advancements will pave the way for 
groundbreaking developments in quantum computing, nanotechnology, and low-power digital design. As technology continues to 
progress, the influence of reversible logic gates will only grow, underscoring the critical importance of research and innovation in 
this area. The potential for a more energy-efficient, faster, and technologically advanced world is on the horizon, and it hinges on the 
continuous exploration of reversible logic gate design.  
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 Basic 4-bit Reversible 4-bit 
Parameter Adder or Subtractor Adder or Subtractor 
Power(W) 0.08173 0.08143 
Delay(nS) 9.882 7.850 



 


