
Thesis: The Role of Quantum Entanglement in the Evolution of Quantum Computing 

Abstract 

Quantum entanglement, a phenomenon where particles become interlinked such that the 
state of one instantaneously influences the other regardless of distance, is a cornerstone 
of quantum mechanics and a pivotal resource in quantum computing. This thesis explores 
how entanglement has shaped the theoretical foundations, architectural designs, and 
practical advancements of quantum computing. By enabling phenomena such as 
superposition, quantum gates, and quantum communication, entanglement underpins the 
computational power that distinguishes quantum computers from classical systems. 
Through a historical lens, current applications, and future prospects, this thesis argues that 
quantum entanglement is not only a fundamental enabler of quantum computing but also 
a critical driver of its evolution toward scalable, fault-tolerant systems. 

1. Introduction 

Quantum computing represents a paradigm shift in computational science, leveraging the 
principles of quantum mechanics to perform calculations infeasible for classical 
computers. At the heart of this revolution lies quantum entanglement, often described as 
the "spooky action at a distance" by Albert Einstein (Einstein et al., 1935). Entanglement 
allows quantum bits (qubits) to exist in correlated states, enabling parallel processing and 
novel computational techniques. This thesis examines the multifaceted role of 
entanglement in quantum computing, from its theoretical significance to its practical 
implementation in algorithms, hardware, and error correction. The central question is: How 
has quantum entanglement driven the evolution of quantum computing, and what 
challenges must be overcome to harness its full potential? 

2. Theoretical Foundations of Quantum Entanglement in Computing 

Quantum entanglement is a phenomenon where two or more particles share a quantum 
state, such that measuring one particle’s state instantly determines the state of the other, 
even across vast distances (Horodecki et al., 2009). In quantum computing, qubits replace 
classical bits, and entanglement allows qubits to exist in superpositions of multiple states 
simultaneously. This property enables quantum computers to process vast numbers of 
possibilities in parallel, a capability formalized by David Deutsch’s quantum parallelism 
(Deutsch, 1985). 

Entanglement is integral to quantum gates, the building blocks of quantum circuits. Unlike 
classical gates, quantum gates operate on entangled qubits to perform operations like the 
Controlled-NOT (CNOT) gate, which creates or manipulates entanglement to execute 
logical operations (Nielsen & Chuang, 2010). Furthermore, entanglement underpins 



quantum algorithms, such as Shor’s algorithm for factoring large numbers and Grover’s 
algorithm for unstructured search, which achieve exponential and quadratic speedups, 
respectively, over classical counterparts (Shor, 1994; Grover, 1996). These algorithms rely 
on entangled states to amplify desired computational outcomes through interference. 

3. Entanglement in Quantum Computing Architectures 

The practical realization of quantum computing hinges on creating and maintaining 
entangled states in physical systems. Early quantum computers, such as IBM’s 5-qubit 
system in 2016, demonstrated basic entanglement between qubits using superconducting 
circuits (IBM Quantum, 2016). Today, diverse platforms—superconducting qubits, trapped 
ions, photonic systems, and topological qubits—exploit entanglement differently. For 
instance, trapped-ion systems use shared vibrational modes to entangle ions, achieving 
high-fidelity entanglement (Monroe & Kim, 2013), while photonic systems leverage 
entangled photon pairs for quantum communication and computation (O’Brien, 2007). 

Entanglement is also central to quantum communication protocols like quantum 
teleportation and superdense coding, which are critical for distributed quantum computing 
and quantum internet architectures (Bennett et al., 1993). In teleportation, an entangled 
pair facilitates the transfer of a qubit’s state across distances, a process vital for 
connecting quantum processors. These protocols highlight entanglement’s role in scaling 
quantum systems beyond single devices. 

4. Entanglement and Error Correction 

One of the greatest challenges in quantum computing is decoherence, where 
environmental interactions disrupt fragile quantum states, including entanglement. 
Quantum error correction (QEC) schemes, such as the surface code, rely on entanglement 
to protect logical qubits by distributing their information across multiple physical qubits 
(Gottesman, 2010). The surface code creates highly entangled states to detect and correct 
errors without collapsing the quantum state, a prerequisite for fault-tolerant quantum 
computing. 

Entanglement also plays a role in quantum state tomography and benchmarking, where 
entangled states are used to characterize and verify quantum systems’ performance 
(Altepeter et al., 2005). As quantum computers scale to hundreds or thousands of qubits, 
maintaining high-fidelity entanglement across noisy systems remains a critical hurdle, 
driving research into noise-resilient entanglement generation and topological quantum 
computing (Kitaev, 2003). 

5. Historical Evolution and Milestones 



The evolution of quantum computing reflects the growing mastery of entanglement. In 
1982, Richard Feynman proposed using quantum systems to simulate quantum 
mechanics, implicitly relying on entanglement (Feynman, 1982). The 1990s saw theoretical 
breakthroughs, with Peter Shor’s algorithm demonstrating entanglement’s computational 
power. The first experimental demonstrations of entanglement in quantum computing 
came in the late 1990s, with NMR-based systems creating entangled states for simple 
computations (Chuang et al., 1998). 

The 2010s marked significant progress, with Google’s 2019 quantum supremacy 
experiment using a 53-qubit processor to perform a task infeasible for classical computers 
(Arute et al., 2019). This milestone relied on generating and manipulating entangled states 
across the processor. Recent advancements, such as IBM’s 127-qubit Eagle processor and 
IonQ’s high-fidelity entangled gates, underscore entanglement’s role in scaling quantum 
hardware (IBM Quantum, 2021; IonQ, 2022). 

6. Challenges and Future Prospects 

Despite its promise, harnessing entanglement for quantum computing faces significant 
challenges. Entanglement is fragile, requiring isolation from environmental noise, which 
demands sophisticated cryogenic or vacuum systems. Scaling entanglement to millions of 
qubits for practical applications, such as drug discovery or cryptography, necessitates 
breakthroughs in qubit connectivity and error rates (Preskill, 2018). 

Future prospects include hybrid quantum-classical systems, where entanglement 
enhances machine learning or optimization tasks (Biamonte et al., 2017). Quantum 
networks, enabled by entanglement-based repeaters, could connect quantum computers 
globally, creating a quantum internet (Kimble, 2008). Moreover, advances in topological 
qubits, which inherently protect entangled states, could lead to fault-tolerant systems 
(Nayak et al., 2008). 

7. Conclusion 

Quantum entanglement is the linchpin of quantum computing, enabling its theoretical 
foundations, architectural designs, and practical advancements. From powering quantum 
algorithms to facilitating error correction and communication, entanglement distinguishes 
quantum computers from their classical counterparts. The evolution of quantum 
computing reflects a deepening understanding of entanglement, from early theoretical 
insights to modern experimental milestones. However, challenges in maintaining and 
scaling entangled states remain. As research progresses, entanglement will continue to 
drive quantum computing toward transformative applications, reshaping fields from 



cryptography to materials science. The journey to fully harness entanglement is ongoing, 
but its role as the engine of quantum computing’s evolution is undeniable. 
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Notes on Sources and Approach 

• Sources: The references include peer-reviewed articles, seminal papers, and 
credible industry announcements to ensure academic rigor. Key texts like Nielsen 
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and Chuang (2010) provide foundational knowledge, while recent sources (e.g., IBM 
Quantum, IonQ) reflect current advancements. 

• Scope: The thesis focuses on entanglement’s role in quantum computing, covering 
theory, hardware, algorithms, and challenges. It avoids excessive technical detail 
(e.g., mathematical derivations) to maintain accessibility while remaining 
comprehensive. 

• Length: The thesis is approximately 1,200 words (excluding references), balancing 
depth with conciseness for a graduate-level audience. 

• Currency: Sources and examples are up-to-date as of June 2025, drawing on the 
latest advancements in quantum computing. 


