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Abstract 

Quantum information science has moved in less than four decades from a largely theoretical discipline to an experimental 

and engineering driven field that is beginning to demonstrate capabilities beyond the reach of classical information 

technologies. This transformation has been propelled by parallel advances in quantum computing, quantum 

communication, and quantum error correction. The present research article offers a comprehensive theoretical and 

conceptual investigation into how these three pillars can be coherently integrated into a unified framework for fault 

tolerant and globally scalable quantum information systems. Using only the provided authoritative references as a 

foundation, this work develops a deeply elaborated narrative that connects early theoretical principles of the universal 

quantum computer to the most recent experimental milestones such as satellite to ground quantum key distribution and 

hundred plus qubit quantum processors. 

The central premise of this article is that quantum information systems cannot be understood or developed in isolation as 

either computational machines or communication networks. Rather, they must be viewed as a single distributed physical 

and logical infrastructure in which fragile quantum states are created, manipulated, transmitted, and preserved under 

continuous threat from environmental decoherence and operational noise. The study begins by tracing the conceptual roots 

of quantum computing to the Church Turing principle reformulated in quantum mechanical terms, establishing that 

universal quantum computation is not merely an engineering challenge but a fundamental statement about the laws of 

physics themselves Deutsch 1985. From this theoretical foundation, the article proceeds to analyze how real quantum 

hardware has evolved into large scale multi qubit devices, as demonstrated by the IBM Eagle processor and emerging 256 

qubit machines Chow et al. 2021 Roberts 2021. 

A major focus of the article is the unavoidable problem of decoherence, which acts as the principal barrier to scaling 

quantum technologies. Decoherence is examined not only as a physical process but as an epistemological challenge that 

threatens the very notion of quantum information Schlosshauer 2019. Building on this analysis, the article integrates 

experimental breakthroughs in coherence protection and coherent spin control to show how physical qubits are 

increasingly being stabilized at the microscopic level Miao et al. 2020 Leon et al. 2020. These developments are interpreted 

through the lens of quantum error correction theory, which provides the logical architecture necessary to transform 

unreliable physical qubits into reliable logical ones Devitt et al. 2013 Rorvig 2020. 

Keywords: Quantum computing, quantum communication, quantum error correction, decoherence, quantum networks, 

fault tolerant qubits. 

© 2025 Aleksander Kovarik. This work is licensed under a Creative Commons Attribution 4.0 International License (CC 

BY 4.0). The authors retain copyright and allow others to share, adapt, or redistribute the work with proper attribution. 

Cite This Article:   Aleksander Kovarik. 2026. Toward Fault Tolerant and Globally Scalable Quantum Information 

Systems Integrating Quantum Communication Quantum Computation and Error Resilient Architectures. American Journal 

of Computer Science and Quantum Technologies 2, 01, 11-16. https://doi.org/10.64917/ajcsqt/V02I01-003

https://doi.org/10.64917/ajcsqt/V02I01-003


American Journal of Computer Science and Quantum Technologies 
ISSN: - applied  

 
 

https://oxfordianfoundation.com/index.php/ajcsqt                                                                                                                         12 

1. Introduction 

The quest to build machines that exploit the laws of 

quantum mechanics for information processing represents 

one of the most ambitious scientific and technological 

projects of the modern era. Unlike classical information 

systems, which rely on bits that are either zero or one, 

quantum information systems are based on qubits that can 

exist in superpositions of states and can become entangled 

with one another in ways that have no classical analogue. 

This fundamental difference allows quantum systems to 

perform certain tasks with efficiencies that are provably 

unattainable for classical machines, thereby redefining what 

is computationally possible according to the laws of physics 

Deutsch 1985. 

The theoretical foundations of this field were laid when the 

concept of a universal quantum computer was proposed as 

a direct extension of the Church Turing principle into the 

quantum domain. Deutsch argued that any physically 

realizable system could in principle be simulated by a 

quantum computer, implying that quantum computation is 

not merely a clever algorithmic trick but a fundamental 

property of the physical universe Deutsch 1985. This idea 

transformed quantum mechanics from a descriptive theory 

of nature into a prescriptive framework for building new 

kinds of machines. From that moment onward, the 

challenge became how to construct physical systems that 

could embody this universal computational power while 

remaining sufficiently isolated from the environment to 

preserve quantum coherence. 

In parallel with the development of quantum computing, the 

field of quantum communication emerged as another 

revolutionary application of quantum mechanics to 

information science. Quantum key distribution exploits the 

fact that measuring a quantum state inevitably disturbs it, 

thereby allowing two parties to detect the presence of an 

eavesdropper. This principle was elevated from laboratory 

experiments to a global scale with the successful 

demonstration of satellite to ground quantum key 

distribution, which showed that quantum information could 

be transmitted securely over thousands of kilometers Liao 

et al. 2017. This achievement was not merely a 

technological milestone but a profound statement about the 

feasibility of building a global quantum network that spans 

the entire planet. 

Despite these remarkable advances, the path toward 

practical quantum technologies is obstructed by a 

fundamental physical phenomenon known as decoherence. 

Decoherence arises from the unavoidable interaction 

between a quantum system and its surrounding 

environment, which causes the delicate superpositions and 

entanglements that define quantum information to degrade 

into classical mixtures Schlosshauer 2019. From the 

perspective of information theory, decoherence acts as a 

form of noise that continuously corrupts the quantum data 

stored in qubits. Unlike classical noise, however, quantum 

noise cannot be eliminated simply by copying information, 

because the no cloning theorem forbids the duplication of 

unknown quantum states. 

The combination of immense potential and profound 

fragility creates a central paradox in quantum information 

science. On one hand, quantum systems promise 

unprecedented computational and communicational 

capabilities. On the other hand, these same systems are 

extraordinarily sensitive to disturbances that scale with 

system size, making it difficult to build large, reliable 

quantum devices. This paradox defines the core research 

problem addressed in this article: how can quantum 

information systems be scaled to practical sizes while 

maintaining the coherence and accuracy required for useful 

operation. 

Recent years have seen an explosion of experimental 

progress in quantum hardware, with processors exceeding 

one hundred qubits and new architectures reaching two 

hundred and fifty six qubits Chow et al. 2021 Roberts 2021. 

These developments suggest that the field is entering a new 

phase in which the focus is shifting from proof of concept 

demonstrations to the engineering of complex, large scale 

quantum machines. At the same time, commercial platforms 

such as those developed by D Wave are exploring 

alternative approaches to scaling quantum systems through 

specialized annealing architectures and cross platform 

integration D Wave Systems Inc. 2021. Together, these 

efforts indicate that the quantum ecosystem is becoming 

increasingly diverse and technologically mature. 

However, hardware growth alone does not guarantee 

functional scalability. Without effective strategies for 

controlling decoherence and correcting errors, larger 

quantum systems will simply accumulate more noise and 

become less useful. This realization has led to intense 

research into both physical level coherence protection and 

logical level quantum error correction. Experiments have 

demonstrated that it is possible to protect the coherence of 

solid state spin qubits through universal control techniques, 

effectively shielding them from certain environmental 

disturbances Miao et al. 2020. Similarly, advances in 

coherent spin control within silicon quantum dots have 

shown that a wide range of electronic states can be precisely 
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manipulated, providing a rich physical platform for 

quantum information processing Leon et al. 2020. 

At the logical level, quantum error correction theory 

provides a framework for encoding quantum information in 

such a way that errors can be detected and corrected without 

destroying the underlying quantum state. Although error 

correction was once thought to be impractical due to the 

extreme sensitivity of qubits, recent theoretical and 

experimental results have shown that qubits can in principle 

be made as reliable as classical bits, given sufficient 

overhead and control Rorvig 2020 Devitt et al. 2013. This 

insight has transformed the outlook for quantum computing, 

shifting it from a fragile laboratory curiosity to a potentially 

robust information technology. 

Despite this progress, a significant gap remains in the 

literature. Most studies focus on either quantum computing, 

quantum communication, or quantum error correction as 

largely separate domains. There is a lack of integrative 

theoretical work that treats these three areas as components 

of a single, unified quantum information infrastructure. In 

practice, however, future quantum technologies will require 

the seamless integration of computation and communication 

across distributed networks, all while maintaining fault 

tolerance against decoherence and noise. 

This article addresses this gap by developing a 

comprehensive framework that connects the theoretical 

foundations of universal quantum computation, the 

experimental realities of modern quantum hardware, the 

global reach of quantum communication, and the logical 

structure of quantum error correction. By synthesizing 

insights from the provided references, this work aims to 

articulate a coherent vision of how fault tolerant and 

globally scalable quantum information systems can be 

realized. Rather than offering a narrow technical analysis, 

the article adopts a broad and deeply elaborated perspective 

that examines the conceptual, physical, and engineering 

dimensions of this emerging field. 

2. Methodology 

The methodological approach adopted in this research is 

fundamentally theoretical and integrative. Rather than 

relying on new experimental data or numerical simulations, 

the study constructs a comprehensive analytical framework 

by synthesizing and critically interpreting the authoritative 

sources provided in the reference list. This approach is 

particularly appropriate given the interdisciplinary and 

rapidly evolving nature of quantum information science, 

where theoretical coherence and conceptual clarity are 

essential for guiding experimental and engineering efforts. 

The first methodological step involves a close reading and 

conceptual analysis of the foundational theoretical work on 

quantum computation. The framework established by 

Deutsch regarding the universal quantum computer is 

treated not merely as a historical artifact but as a living 

theoretical structure that continues to shape how quantum 

technologies are understood and evaluated Deutsch 1985. 

By examining how this principle relates to modern 

hardware developments, the study creates a bridge between 

abstract theory and concrete technological implementations. 

The second step consists of a detailed examination of 

contemporary quantum hardware platforms. Reports of 

hundred plus qubit processors and two hundred and fifty six 

qubit machines are analyzed as empirical indicators of the 

field’s trajectory Chow et al. 2021 Roberts 2021. Rather 

than focusing on specific technical specifications, the 

methodology emphasizes the broader implications of 

scaling in terms of system complexity, error rates, and the 

feasibility of implementing quantum algorithms. This 

allows the analysis to remain grounded in experimental 

reality while maintaining a high level of generality. 

The third methodological component centers on the physics 

of decoherence and coherence protection. The extensive 

review of decoherence provided by Schlosshauer serves as 

a theoretical lens through which all quantum hardware is 

evaluated Schlosshauer 2019. Experimental demonstrations 

of coherence protection and spin control are then 

incorporated to illustrate how physical qubits can be 

engineered to resist environmental noise Miao et al. 2020 

Leon et al. 2020. The methodology here is comparative and 

interpretive, seeking to understand how different physical 

approaches converge on the common goal of preserving 

quantum information. 

The fourth component addresses quantum error correction 

as a logical and informational strategy for overcoming 

physical imperfections. The tutorial and conceptual 

framework provided by Devitt and colleagues is used to 

explain how errors can be systematically detected and 

corrected at the logical level Devitt et al. 2013. The more 

popular but conceptually significant discussion by Rorvig is 

also incorporated to highlight the growing consensus that 

fault tolerant quantum computation is achievable in 

principle Rorvig 2020. These sources are analyzed not in 

isolation but in relation to the physical qubit technologies 

discussed earlier, creating a multi layer methodological 

structure that connects physics and information theory. 
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The fifth and final methodological element integrates 

quantum communication into the framework. The satellite 

to ground quantum key distribution experiment is treated as 

a case study in the practical deployment of quantum 

information across large distances Liao et al. 2017. This is 

combined with an analysis of commercial and industrial 

roadmaps, such as those proposed by D Wave, to explore 

how distributed quantum systems might be implemented in 

real world contexts D Wave Systems Inc. 2021. 

Throughout this process, the methodology emphasizes 

conceptual synthesis over reductionist analysis. Each 

reference is interpreted in light of the others, with the goal 

of constructing a coherent narrative that spans theory, 

experiment, and application. This approach allows the study 

to generate original insights about the future of quantum 

information systems while remaining strictly grounded in 

the provided sources. 

3. Results 

The integrative analysis conducted in this study yields a set 

of interrelated results that together define a comprehensive 

framework for fault tolerant and globally scalable quantum 

information systems. These results are not presented as 

isolated findings but as components of a coherent 

conceptual structure that reflects the multifaceted nature of 

quantum technologies. 

One of the most significant results is the clarification of how 

the theoretical principle of a universal quantum computer 

continues to govern the development of modern quantum 

hardware. The demonstration of processors exceeding one 

hundred qubits and approaching two hundred and fifty six 

qubits is not merely a matter of numerical growth but a 

concrete realization of Deutsch’s assertion that physical 

systems can embody universal quantum computation 

Deutsch 1985 Chow et al. 2021 Roberts 2021. These 

machines represent increasingly faithful approximations of 

the idealized quantum computer, with each additional qubit 

expanding the space of possible quantum states and 

computational pathways. 

Another key result concerns the role of decoherence as the 

central limiting factor in quantum scalability. The analysis 

confirms that decoherence is not a peripheral issue but a 

fundamental constraint that shapes every aspect of quantum 

system design Schlosshauer 2019. As quantum processors 

grow larger, the number of potential interactions with the 

environment increases, leading to a higher overall rate of 

information loss. This result underscores the necessity of 

coherence protection at both the physical and logical levels. 

The experimental achievements in coherence protection and 

spin control demonstrate that physical qubits can be 

engineered to resist certain forms of noise, thereby 

extending their useful lifetimes Miao et al. 2020 Leon et al. 

2020. These results show that the physics of solid state 

systems can be harnessed to create more stable quantum 

memories and gates. Importantly, they also reveal that 

coherence protection is not a one size fits all solution but a 

collection of techniques that must be tailored to specific 

physical platforms. 

At the logical level, the results indicate that quantum error 

correction provides a viable pathway to fault tolerant 

quantum computation. The theoretical framework 

developed by Devitt and colleagues, combined with the 

broader perspective articulated by Rorvig, shows that it is 

possible to encode quantum information in such a way that 

errors can be detected and corrected without collapsing the 

quantum state Devitt et al. 2013 Rorvig 2020. This 

transforms the problem of decoherence from an 

insurmountable barrier into a manageable engineering 

challenge. 

The analysis of quantum communication yields another 

important result: global quantum networks are already 

within reach. The successful implementation of satellite to 

ground quantum key distribution demonstrates that 

quantum states can be transmitted securely over continental 

distances Liao et al. 2017. This result implies that future 

quantum computers will not be isolated devices but nodes 

in a distributed quantum network, capable of sharing 

entanglement and information across the globe. 

Finally, the examination of commercial and industrial 

platforms reveals that the quantum ecosystem is 

diversifying in ways that may accelerate innovation. The 

roadmap proposed by D Wave illustrates how specialized 

architectures and cross platform integration can contribute 

to the broader goal of scalable quantum information 

processing D Wave Systems Inc. 2021. This result suggests 

that progress in the field will not be driven by a single 

technological pathway but by a heterogeneous collection of 

approaches that address different aspects of the scalability 

challenge. 

4. Discussion 

The results presented above invite a deep and nuanced 

discussion of what it means to build fault tolerant and 

globally scalable quantum information systems. At the heart 

of this discussion lies the recognition that quantum 

technologies are governed by both physical and 
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informational constraints that interact in complex and 

sometimes counterintuitive ways. 

From a theoretical perspective, the enduring relevance of 

the universal quantum computer concept highlights the 

profound connection between computation and physics. 

Deutsch’s formulation implies that the ultimate limits of 

computation are determined by the laws of quantum 

mechanics, not by human engineering ingenuity alone 

Deutsch 1985. This means that every advance in quantum 

hardware can be interpreted as a closer approximation to a 

fundamental physical ideal. However, it also means that 

certain challenges, such as decoherence, are not merely 

technical obstacles but intrinsic features of the quantum 

world. 

Decoherence represents the point at which quantum theory 

intersects with classical experience. As Schlosshauer has 

shown, decoherence explains why macroscopic objects 

appear classical even though they are composed of quantum 

constituents Schlosshauer 2019. In the context of quantum 

information systems, decoherence is both a physical process 

and a conceptual bridge between the quantum and classical 

realms. Its omnipresence means that any realistic quantum 

technology must be designed with continuous error and 

noise in mind. 

The experimental demonstrations of coherence protection 

and spin control provide an encouraging counterpoint to this 

pessimistic view. By showing that solid state qubits can be 

stabilized through sophisticated control techniques, these 

studies suggest that the quantum world is more malleable 

than once thought Miao et al. 2020 Leon et al. 2020. 

However, these techniques also introduce new layers of 

complexity, requiring precise calibration, feedback, and 

control infrastructure. This raises important questions about 

scalability, as the overhead associated with maintaining 

coherence may grow rapidly with system size. 

Quantum error correction offers a powerful conceptual 

solution to this problem by shifting the focus from 

individual physical qubits to collective logical states. The 

idea that quantum information can be protected through 

redundancy and encoding was once considered paradoxical, 

given the no cloning theorem and the fragility of quantum 

states. Yet, as Devitt and colleagues have demonstrated, 

carefully designed error correcting codes can circumvent 

these limitations and provide robust logical qubits Devitt et 

al. 2013. Rorvig’s discussion further emphasizes that this 

theoretical possibility is becoming an experimental reality, 

with error rates approaching the thresholds required for fault 

tolerance Rorvig 2020. 

The integration of quantum communication into this 

framework adds another layer of complexity and 

opportunity. The ability to distribute quantum states across 

large distances opens the door to distributed quantum 

computing, secure communication, and global quantum 

networks Liao et al. 2017. However, it also introduces new 

sources of noise and loss, particularly in transmission 

channels. This means that error correction and coherence 

protection must extend beyond individual devices to 

encompass entire networks, creating a truly holistic 

challenge. 

Commercial and industrial initiatives such as those by D 

Wave illustrate that practical considerations will play a 

major role in shaping the future of quantum technologies. 

Different architectures may prioritize different tradeoffs 

between coherence, connectivity, and computational power 

D Wave Systems Inc. 2021. This diversity is likely to be a 

strength, as it allows multiple approaches to be explored in 

parallel. At the same time, it underscores the need for 

common theoretical frameworks and standards that can 

integrate these heterogeneous systems into a coherent 

quantum ecosystem. 

Several limitations must be acknowledged. The analysis in 

this article is constrained by the scope of the provided 

references, which focus primarily on certain physical 

platforms and experimental milestones. Other promising 

approaches, such as photonic or topological qubits, are not 

addressed here. Furthermore, the transition from laboratory 

demonstrations to commercially viable systems remains 

fraught with engineering and economic challenges that 

extend beyond the theoretical considerations discussed. 

Future research should therefore aim to extend the 

integrative framework developed here to encompass a 

broader range of technologies and applications. In 

particular, there is a need for more detailed models of how 

quantum error correction can be implemented in distributed 

networks, how coherence protection techniques can be 

automated and scaled, and how different hardware 

platforms can interoperate. These efforts will be essential 

for transforming the current patchwork of quantum 

prototypes into a unified global infrastructure. 

5. Conclusion 

The development of fault tolerant and globally scalable 

quantum information systems represents one of the defining 

scientific and technological challenges of the twenty first 

century. By synthesizing insights from foundational theory, 

cutting edge experiments, and emerging commercial 
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platforms, this article has articulated a comprehensive 

framework for understanding how quantum computing, 

quantum communication, and quantum error correction can 

be integrated into a coherent whole. 

The analysis shows that the universal quantum computer 

remains a powerful guiding principle, providing a 

theoretical benchmark against which all quantum 

technologies can be measured Deutsch 1985. At the same 

time, the realities of decoherence and noise demand 

sophisticated physical and logical strategies for preserving 

quantum information Schlosshauer 2019. Experimental 

advances in coherence protection and spin control 

demonstrate that these strategies are not merely theoretical 

but are being realized in practice Miao et al. 2020 Leon et 

al. 2020. 

Quantum error correction emerges as the linchpin that 

connects fragile physical qubits to reliable logical 

computation, transforming the dream of large scale 

quantum computing into a plausible engineering goal Devitt 

et al. 2013 Rorvig 2020. Meanwhile, the advent of satellite 

based quantum communication signals the birth of a global 

quantum network that will enable distributed quantum 

information processing on an unprecedented scale Liao et 

al. 2017. 

Together, these developments suggest that the future of 

quantum information science lies not in isolated devices but 

in an interconnected ecosystem of computing and 

communication nodes, all operating under the umbrella of 

fault tolerant quantum logic. While significant challenges 

remain, the convergence of theory, experiment, and 

application documented in this study provides strong 

grounds for optimism. The quantum revolution is no longer 

a distant theoretical possibility but an emerging reality that 

is steadily reshaping our understanding of information, 

computation, and the physical world. 
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