
Chhaya kumariChhaya kumari, 2025, 13:3 

ISSN (Online): 2348-4098 

ISSN (Print): 2395-4752 

 

 

 

© 2025 Chhaya kumariChhaya kumari. This is an Open Access article distributed under the terms of the Creative Commons 

Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in 

any medium, provided the original work is properly credited. 

International Journal of Science, 
Engineering and Technology 

An Open Access Journal 

A Deep Drive Into Quantum Computing: Principles, 

Potential, and Challenges 
Chhaya Kumari, Simi Singh 

 Department of electronics and communication, department of computer science Department of applied science. Sagar 

institute of research and technology, Bhopal  

 

I. INTRODUCTION 
 

Quantum computing is an advanced computing 

technology based on the principles of quantum 

mechanics, such as superposition, entanglement, 

complex probability, amplitudes, quantum inter- 

ference, quantum parallelism, and unitarity of 

quantum evolution. Quantum computing was 

conceptually introduced In the early 1980s.An 

introduction to quantum phenomena is done in 

three stages. First several classical and similar 

quantum experiments are analysed . This is 

followed by Hilbert space basics and by a 

presentation of the elementary principles of 

quantum mechanics and the elements of classical 

reversible computing. Quantum computing is a big 

and growing challenge, for both science and 

technology. Computations based on quantum 

world phenomena, processes and laws offer 

radically new and very powerful possibilities and 

lead to different constraints then computations 

based on the laws of classical physics. Moreover 

quantum computing seems to have the potential to 

deepen our understanding of Nature as well as to 

provide more powerful Information processing and 

communication tools. 

 

Principles of Quantum Computing 

Qubits and Classical Bits 

Unlike classical bits , which are either 0 or 1, 

quantum bits or qubits can exist in superpositions 

of states. This property allows quantum computers 

to process information in parralel and potentially 

solve certain problems much faster than classical 

computers. However, unlike a bit which must be 

either 0 or 1 at any time, a qubit can exist in a 

coherent superposition of both basis states 

simultaneously. Mathematically, a general qubit 

state is written in Dirac (―bra– ket‖) notation as 

 

∣ψ⟩=α ∣0⟩+β ∣1⟩ 

 

where α and β are complex probability amplitudes 

satisfying ∣α∣2+∣β∣2=1. Upon measurement in the 
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computational basis, the qubit collapses to ∣0⟩ with 

probability ∣β∣2. Crucially, measuring a qubit 

disturbs its state and destroys the superposition, 

whereas reading a classical bit simply reveals its 

definite value without altering it. In summary, a 

classical bit is always in one of two states 

(analogous to the ―North‖ or ―South‖ poles of a 

sphere) and can be read without change, while a 

qubit is a two-level quantum system that can be in 

any superposition of ∣0⟩ and ∣1⟩. The qubit’s extra 

degrees of freedom (the amplitude magnitudes and 

relative phase) enable quantum phenomena like 

interference and entanglement that have no 

classical analog. 

 

Quantum Superposition and the Bloch Sphere 

Qubits can exist in multiple states at the same time. 

This enables quantum computers to process a vast 

number of possibilities simultaneously. 

 

 
 

The superposition principle in quantum mechanics 

allows the qubit to be in any linear combination of 

|0⟩ and |1⟩. Geometrically, the pure qubits states can 

be visualized on the Bloch sphere, a unit sphere in 

three dimensions. In this picture, the north pole |0⟩ 

and south pole |1⟩ are the computational basis 

states, and any other point on the surface 

represents a different superposition. For example, 

the state (|0⟩+|1⟩)/√2 lies on the equator (along the 

+X axis) of the Bloch sphere. Points on the sphere’s 

surface (characterized by angles θ, φ) correspond to 

pure states of the qubit, while points inside the 

sphere represent mixed (probabilistic) states. 

 

The Bloch sphere illustrates the key difference from 

a classical bit: a classical bit can only occupy the 

two pole positions, whereas a qubit can occupy any 

point on the sphere’s surface due to superposition. 

The figure above shows a qubit state ∣ψ⟩| 

represented by a vector at angles. Changing these 

angles (via unitary gates) smoothly rotates the state 

on the sphere, which has no analog for a classical 

bit. This geometric view also makes clear that a 

qubit has two degrees of freedom (the sphere’s 

polar and azimuthal angles) as opposed to the 

single degree (0 or 1) of a bit. 

 

Entanglement 

Entangled qubits exhibit correlations stronger than 

any classical system can emulate. Entanglement 

enables powerful quantum operations that 

underpin algorithms such as Shor's and Grover's. 

Quantum entanglement is also the main reason 

why quantum computers cannot be efficiently 

simulated by classical ones. entanglement between 

a pair of quantum systems in a maximally entangled 

state is the purest form of inherently quantum 

information: it is capable interconnecting two 

parties far apart, it cannot be copied, eavesdropped 

without disturbance, nor it can be used by itself to 

send classical messages. At the same time it can 

assist in speeding up both classical and quantum 

communication. 

 

Quantum entanglement should be seen as a 

computational resource that allows qualitatively 

and quantitatively new types of information 

processing. At the same time entanglement is a 

resource which is very difficult to create and to 

preserve. 

 

Applications of quantum entanglement: 

speed-up of classical computations quantum key 

generation, teleportation, superdense coding, 

entanglement enhanced classical communication 

(Bennett, Fuchs and Smolin, 1997); quantum data 

compression, error-correction codes, fault-tolerant 

computing, dense coding. 
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Quantum Gates and Circuits 

Quantum gates manipulate qubits and are the 

building blocks of quantum circuits. Examples 

include the Hadamard (H), Pauli-X, CNOT, and 

Toffoli gates. These gates are reversible and 

maintain quantum coherence. 

 

A quantum circuit (also called quantum network or 

quantum gate array) generalizes the idea of 

classical circuit families, replacing the AND, OR, and 

NOT gates by elementary quantum gates. A 

quantum gate is a unitary transformation on a small 

(usually 1, 2, or 3) number of qubits. The bitflip gate 

X, the phase flip gate Z, the Hadamard gate H. The 

main 2-qubit gate we have seen is the controlled-

NOT (CNOT) gate. Adding another control qubit, we 

get the 3-qubit Toffoli gate, also called controlled-

controlled-not (CCNOT) gate. This negates the third 

bit of its input if both of the first two bits are 1. The 

Toffoli gate is important because it is complete for 

classical reversible computation: any classical 

computation can be implemented by a circuit of 

Toffoli gates. This is easy to see: using auxiliary 

wires with fixed values, Toffoli can implement AND 

(fix the 3rd ingoing wire to 0) and NOT (fix the 1st 

and 2nd ingoing wire to 1). 

 

Measurement 

Measurement in quantum computing is the process 

of observing a qubit to obtain a definite classical 

outcome— either 0 or 1. Before measurement, a 

qubit exists in a superposition of states, 

represented as |ψ⟩ = α|0⟩ + β|1⟩, where |α|² and |β|² 

are the probabilities of measuring 0 and 1, 

respectively. Upon measurement, the qubit 

collapses to one of these states, and the 

superposition is lost. Measurement is irreversible 

and plays a critical role in extracting results from 

quantum algorithms. In multi-qubit systems, 

measurement can yield one of many possible 

outcomes based on the system's combined state. 

While typically done in the computational basis, 

measurement in other bases is also used for specific 

tasks. Real-world quantum devices face challenges 

like measurement error and noise, which impact 

accuracy. Despite its destructive nature, 

measurement is essential, making it the crucial final 

step in any quantum computation. 

 

Mathematical Description 

If a qubit is in the state: 

|ψ⟩=α|0⟩+β|1⟩, 

where α and β are complex numbers such that 

|α|²+|β|²=1, 

then measurement in the computational basis will 

yield: 

 0 with probability |α|²s 

 1 with probability |β|² 

 

After the measurement, the qubit collapses into the 

state corresponding to the outcome. For example: 

  

 If result is 0, the state becomes |0⟩ 

 If result is 1, the state becomes |1⟩ 

 

The Potential of Quantum Computing 

Quantum computing holds transformative promise 

across industries, rooted in the principles of 

quantum mechanics. According to Michael A. 

Nielsen and Isaac L. Chuang in their seminal book 

"Quantum Computation and Quantum 

Information," quantum systems can solve problems 

exponentially faster than classical systems under 

certain conditions. This capability opens new 

frontiers in cryptography, drug discovery, machine 

learning, and beyond. 

 

Cryptography 

Quantum computers challenge the foundation of 

modern cryptography. Shor’s algorithm, for 

instance, can factor large integers in polynomial 

time, potentially breaking widely-used encryption 

methods such as RSA and ECC. A 2048- bit RSA key, 

which would take a classical computer billions of 

years to crack, could theoretically be broken by a 

quantum computer with a few thousand fault-

tolerant qubits. This threat is driving the 

development of post- quantum cryptography. 
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Drug Discovery and Chemistry 

Simulating quantum systems on classical computers 

is highly complex and often infeasible. Quantum 

computers, however, can simulate molecular 

interactions accurately. IBM and Google are actively 

exploring quantum chemistry, with IBM simulating 

the molecule beryllium hydride (BeH2) on a 

quantum computer in 2017. These advances can 

significantly accelerate drug discovery, reducing 

development costs and timelines for life-saving 

medications. 

 

Optimization Problems 

Quantum algorithms like the Quantum 

Approximate Optimization Algorithm (QAOA) are 

designed to tackle complex optimization problems 

in logistics, finance, and operations. For example, 

Volkswagen has experimented with quantum 

computers to optimize traffic flow in cities. These 

tasks, computationally intensive for classical 

systems, may benefit from quantum speedups, 

especially as systems scale. 

 

Artificial Intelligence and Machine Learning 

Quantum Machine Learning (QML) aims to enhance 

classical algorithms. Models like the Quantum 

Support Vector Machine and Quantum Neural 

Networks are under development. While still in 

early stages, they have the potential to process and 

classify complex data sets more efficiently. A 2021 

study by Google Quantum AI showed progress in 

quantum data encoding, a step toward more 

scalable QML models. 

 

Climate Modeling and Physics Simulations 

Quantum simulations can model complex physical 

phenomena with greater precision than classical 

methods. This includes studying climate change, 

fluid dynamics, and condensed matter physics. Such 

simulations can help develop new materials or 

optimize energy usage at scale, providing scientific 

and environmental benefits. 

 

 

 

Challenges in Quantum Computing 

Quantum Decoherence: 

One of the most significant hurdles in quantum 

computing is maintaining quantum bits or qubits' 

fragile states. Quantum decoherence occurs when 

qubits lose their Quantum properties due to 

environmental interactions, 

leading to errors in calculations. Researchers are 

actively exploring error correction techniques and 

quantum error- resistant algorithms to mitigate this 

challenge. 

 

Quantum Error Correction 

Quantum error correction (QEC) is vital component 

to the development of quantum computing. As 

you've seen, quantum states are inherently fragile, 

but implementing QEC presents its own issues. 

 

First, error detection and correction in quantum 

systems must obey the quantum no-cloning 

theorem, which states that it's impossible to create 

an identical copy of an arbitrary unknown quantum 

state. This rule contrasts with classical error 

correction, where information can be duplicated 

and checked for errors. 

 

Scalability 

While quantum computers have shown impressive 

performance for some tasks, they are still relatively 

small compared to classical computers. Scaling up 

quantum computers to hundreds or thousands of 

qubits while maintaining high levels of coherence 

and low error rates remains a major challenge. 

 

Hardware Development 

Developing high-quality quantum hardware, such 

as qubits and control electronics, is a major 

challenge. There are many different qubit 

technologies, each with its own strengths and 

weaknesses, and developing a scalable, fault- 

tolerant qubit technology is a major focus of 

research. 
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Software and Algorithm Development 

Quantum software ecosystems are nascent. 

Developing quantum algorithms and efficient 

compilers remains a significant challenge. Popular 

frameworks include Qiskit, Cirq, and PennyLane. 

 

Current State of the Field 

Leading Companies and Initiatives 

 

Google achieved quantum supremacy in 2019 with 

its 53-qubit Sycamore processor. IBM, Rigetti, 

Honeywell, and others are racing to scale quantum 

systems. Governments and institutions worldwide 

have launched national quantum initiatives, 

investing billions of dollars. 

 

Quantum Supremacy vs. Quantum Advantage 

Quantum supremacy refers to a quantum computer 

performing a task no classical computer can do in a 

feasible timeframe. Quantum advantage focuses on 

practical applications where quantum computers 

outperform classical ones in real-world tasks. 

 

Quantum as a Service (QaaS) 

Cloud-based quantum computing allows 

researchers and developers to access quantum 

hardware via the internet. Examples include IBM 

Quantum Experience, Amazon Braket, and 

Microsoft Azure Quantum. 

 

Future Outlook 

The future of quantum computing holds immense 

potential but also faces significant technical and 

theoretical challenges. As we progress beyond 

experimental setups, quantum computers are 

expected to become integral to solving complex, 

real-world problems across industries. Continuous 

research, industry collaboration, and breakthroughs 

in hardware and algorithms are crucial for realizing 

quantum advantage at scale. 

  

Scaling to Fault-Tolerant Quantum Computers 

Current quantum devices are limited by noise and 

decoherence. The future lies in building fault-

tolerant quantum computers using quantum error 

correction. Companies like IBM and Google are 

developing architectures like the surface code that 

require thousands of physical qubits to form a 

single logical qubit. Achieving large-scale fault- 

tolerant quantum computing could unlock stable 

and accurate computation for extended durations. 

 

 

 

Quantum Cloud and Hybrid Architectures 

Quantum computers are expected to be accessed 

primarily through the cloud, integrated with 

classical systems in a hybrid model. Platforms such 

as IBM Quantum Experience and Amazon Braket 

already provide quantum computing resources as a 

service. In the future, many real-world 

applications—especially in AI, cryptography, and 

logistics— may involve quantum-classical hybrid 

algorithms, where each system tackles tasks it 

handles best. 

 

Domain-Specific Breakthroughs 

Quantum computing is expected to have domain-

specific impacts long before universal quantum 

computing becomes mainstream. For instance: 

 In drug discovery, quantum simulation of 

molecular structures will accelerate the 

identification of effective compounds. 

 In finance, quantum algorithms can optimize 

portfolios and model risk with improved 

accuracy. 

 In supply chain and logistics, quantum 

optimization will help solve complex routing 

and resource allocation problems. 

 

These domain-specific quantum applications are 

likely to be the first to demonstrate quantum 

advantage—where a quantum computer 

outperforms the best classical methods. 

 

Global Competition and Ethical Considerations 

Quantum computing is becoming a matter of 

strategic global importance, with countries like the 

U.S., China, and members of the EU investing 

billions in quantum research. This raises questions 
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about data security, export controls, and 

technology ownership. Furthermore, ethical issues 

surrounding the misuse of quantum technology 

(e.g., breaking encryption or monopolizing access) 

will demand new global regulations and standards. 

 

II. CONCLUSION 

 
Quantum computing represents a paradigm shift in 

how we approach complex computational 

problems. Leveraging principles such as 

superposition, entanglement, and quantum 

interference, it opens the door to solving tasks that 

are infeasible for classical computers. 

 

From breaking conventional cryptographic codes 

using Shor’s algorithm to simulating molecules in 

drug development and optimizing financial models, 

quantum computing holds transformative potential. 

However, practical use cases still require 

technological breakthroughs in hardware scalability, 

algorithm development, and error correction. 

 

While we are still in the NISQ era, consistent 

progress shows that quantum computing is moving 

steadily toward maturity. With sustained research 

and global investment, quantum computers could 

soon become vital tools in science, industry, and 

government applications. The journey ahead is 

complex, but the possibilities are revolutionary. 
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