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Abstract

Quantum networks intersect a paradigmatic shift in communication tech-
nologies, offering unprecedented capabilities for secure communication and
distributed computation through the exploitation of quantum mechanical
phenomena. These networks facilitate revolutionary and unlimited of pos-
sibility applications such as quantum key distribution (QKD), distributed
quantum computing (DQC), quantum teleportation (QT), quantum clock
synchronization (QCS), etc. —all fundamentally predicated on quantum
entanglement as their operational cornerstone. Moreover, on the contrary
with classical computer communication protocol, quantum networks have
the fundamental no-cloning theorem in the quantum mechanic prohibits
conventional signal amplification techniques, necessitating the development
of quantum-native routing strategies that operate within these unique con-
straints.

However, the practical realization of quantum networks until now still
faces a crucial challenge: The reliability and efficient distribution of high-
fidelity entangled quantum states across long distances. Due to this distribu-
tion, the process faces intrinsic limitations arising from quantum decoherence,
photonic loss in transmission channels, and the inherently probabilistic
nature of entanglement generation protocols. In quantum communication,
fidelity serves as a fundamental metric, representing the degree of similarity
or correlation between the actual distributed entangled state and an ideal
maximally entangled Bell pair. Fidelity is a crucial measure of the quality
of quantum states in a network since it directly affects the reliability and
effectiveness of quantum communication protocols. High fidelity ensures that
the transmitted entangled states maintain their quantum properties, closely
resembling the ideal Bell pair, and are thus suitable for performing secure
and efficient quantum operations.

Latency, on the other hand, refers to the total time delay involved
in the entire process of entanglement establishment, from the initial cre-
ation of the entangled pairs to the final verification and confirmation of
the entanglement quality. This includes several distinct components: the
physical propagation delay, which accounts for the time it takes for quantum
information to travel through the communication channel (such as optical
fibers); the entanglement generation time, which involves the probabilistic
creation of entangled states between quantum nodes; and the quantum
memory storage time, which reflects the duration for which quantum states
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are held in memory while awaiting further operations such as entanglement
swapping or purification. Although significant research has yielded solutions
aimed at achieving high-fidelity entanglement despite these obstacles, the
equally critical factor of time delay, or latency, in quantum routing links
remains largely unaddressed in current investigations. This oversight is
notable, given that latency is a crucial performance bottleneck for real-world
quantum applications. Together, fidelity and latency define the efficiency
and effectiveness of quantum networks. Achieving a balance between these
two factors is a fundamental challenge in quantum routing, wherein high
fidelity typically necessitates increased complexity of the routing processes,
and conversely, high latency often compromises the quality of the quantum
state, so it needs many purification steps.

This thesis addresses this critical challenge by introducing QFiLa (Quan-
tum Fidelity-Latency), a novel quantum link metric specifically engineered
to optimize the fundamental trade-off between quantum state fidelity and
communication latency in entanglement routing protocols. QFiLa tackle
this dichotomy by providing a unified optimization framework that enables
adaptive, application-aware routing decisions essential for next-generation
quantum communication infrastructures. Our research systematically in-
tegrates the QFiLa metric within the established Q-LEAP routing frame-
work, enabling dynamic path selection through parameterized weighted
combinations of fidelity and latency objectives. This integration facilitates
adaptive routing strategies that can be tailored to diverse network conditions
and heterogeneous application requirements. Specifically, QFiLa empowers
routing protocols to intelligently prioritize either minimal latency (critical for
time-sensitive applications such as real-time QKD and quantum sensing) or
maximal fidelity (essential for high-precision applications including quantum
teleportation and fault-tolerant distributed quantum computing), thereby
aligning network resource allocation with application-specific requirements.

Before proceeding with the analysis of the QFiLa metric, we first ex-
amine the latency within the Nested Purification Protocol (NPP). This
investigation allows us to understand the overall structure of latency in a
specific purification protocol. Subsequently, we will extend our analysis to
explore latency in the context of individual link routing, providing a detailed
examination of latency at a more granular level within the quantum network
architecture. To evaluate QFiLa’s performance characteristics, we conduct
comprehensive simulation studies in both realistic and synthetic quantum
network topologies. The Japan Photonic Network Model (JPNM) serves
as our primary real-world benchmark, accurately reflecting the complexities
and constraints of contemporary telecommunications infrastructure. Addi-
tionally, we add the simulation to another level by employing systematically
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generated random topologies with varying scales and connection densities
to assess the metric’s generalizability across diverse network configurations.
Our experimental evaluation demonstrates that QFiLa-enhanced routing
algorithms achieve substantial performance improvements over baseline Q-
LEAP implementations, exhibiting significant reductions in end-to-end la-
tency and computational overhead while maintaining equivalent throughput
characteristics. These efficiency gains are particularly pronounced in high-
fidelity operational regimes, attributable to QFiLa’s capacity to prioritize
near-optimal communication links and effectively prune the routing search
space through intelligent weighting mechanisms—an advantage that becomes
increasingly critical in large-scale networks where routing computational
overhead represents a primary performance bottleneck.

Furthermore, QFiLa demonstrates remarkable adaptability across diverse
network topologies and scales. Comprehensive sensitivity analyses conducted
on random network topologies with varying scale factors consistently reveal
robust performance characteristics, even in sparse and topologically irregular
configurations. This versatility underscores QFiLa’s practical viability for
deployment across both established telecommunications-inspired quantum
networks and emerging decentralized quantum internet architectures.

A principal contribution of this work lies in demonstrating that joint
optimization of fidelity and latency parameters yields substantial improve-
ments in overall quantum network performance metrics. QFiLa provides
a computationally efficient, algorithmically flexible, and architecturally
scalable solution for addressing this fundamental optimization challenge,
thereby establishing a foundation for advanced quality-aware quantum rout-
ing protocols. Beyond these immediate contributions, this thesis identi-
fies promising research directions for incorporating additional performance
metrics—including hop count, entanglement generation success probability,
quantum memory coherence time, and purification protocol overhead—into
future routing optimization frameworks, advancing toward more comprehen-
sive and resource-efficient quantum network protocols.

Despite these significant advances, several limitations remain that war-
rant future investigation. The current study operates under assumptions
of static network topologies and homogeneous quantum link characteris-
tics, without explicit modeling of dynamic network conditions, hardware
heterogeneity, or entanglement purification failure mechanisms. Future
research should incorporate adaptive link characterization based on real-
time network feedback, explore multi-flow concurrent routing scenarios, and
investigate hybrid classical-quantum routing architectures. Additionally, the
development of machine learning-based adaptive parameter tuning for QFiLa

weight optimization represents a particularly promising avenue for further
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performance enhancement.
In conclusion, this thesis introduces QFiLa as a novel and demonstrably

effective quantum link metric that substantially advances the state-of-the-
art in quantum network routing through joint optimization of fidelity and
latency parameters. The proposed approach provides a robust theoretical
and practical foundation for scalable, quality-aware quantum communication
systems, contributing significantly to the realization of practical quantum
internet infrastructure.
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Chapter 1

Introduction

1.1 Overview

Quantum networks hold the potential to revolutionize ultra-secure commu-
nication by harnessing the fundamental principles of quantum mechanics.
These networks are poised to enable a diverse array of security-critical
applications, including quantum key distribution (QKD) [2], secure au-
thentication [3], quantum clock synchronization (QCS) [4], etc. and the
distribution of entangled states for advanced cryptographic tasks.

However, a significant challenge in quantum networking, which has
garnered considerable research attention, is the reliable distribution of entan-
glement over long distances [5]. This endeavor is inherently constrained by
factors such as quantum decoherence, optical channel loss, and the probabilis-
tic nature of entanglement generation. Unlike their classical routing that is
illustrated in Figure 1.1, quantum systems cannot employ conventional signal
amplification or replication techniques due to the no-cloning theorem [6].
This fundamental limitation necessitates the development of entirely new
strategies for routing and resource management within quantum network
architectures.

To overcome these limitations, quantum repeaters are considered as a
fundamental solution to long-distance quantum communication [7]. They
elevate long-distance entanglement by performing entanglement swapping
and purification operations across intermediate nodes. In such a repeater
chain, adjacent nodes first generate Bell pairs, which are then connected via
entanglement swapping to form a longer-distance entangled state. However,
each operation introduces potential degradation of fidelity, which quantifies
how closely the shared entangled state resembles an ideal Bell state [8].

Traditional entanglement routing approaches often focus on optimizing a
single metric—typically either throughput fidelity. For instance, the Q-LEAP
algorithm [9] ensures fidelity guarantees by adaptively applying purification
based on a predefined fidelity threshold. However, this often leads to longer
path lengths or more purification steps, thereby increasing latency in the

1



Figure 1.1: Comparison of classical and quantum routing logic. Classical
routing selects the shortest or lowest-latency path, while quantum routing
must consider fidelity, purification, and resource availability.
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entire routing. In contrast, latency-sensitive applications such as quantum
key distribution (QKD) or distributed quantum computing (DQC) require
timely delivery of entangled states, making routing decisions based solely on
fidelity suboptimal in practice.

In the need for a more adaptable approach to routing in long-distance
quantum networks. This thesis will introduce a novel quantum link met-
ric—QFiLa (Quantum Fidelity-Latency)—which will integrates both fidelity
and latency into a unified routing framework. The QFiLa metric enables
dynamic path selection based on weighted combinations of normalized to the
maximum fidelity and minimum latency values, thereby explicitly capturing
the trade-off between these two competing metrics. This tradeoff is central
to quantum networking, where higher fidelity often requires greater latency
due to longer paths or additional purification steps, while low-latency paths
may lack sufficient fidelity for reliable quantum communication.

QFiLa extends the Q-LEAP framework by incorporating a fidelity–latency
trade-off into the routing decision process. By dynamically adjusting the bal-
ance between fidelity and latency, QFiLa enables the selection of entanglement
paths that better align with application-specific performance requirements.
Through simulations on realistic quantum network topologies, such as the
Japan Photonic Network Model (JPNM), our evaluations show that the
QFiLa metric provides a stable, adaptive, and resource-efficient approach to
entanglement routing, particularly under diverse application constraints and
varying network conditions.

Table 1.1 summarizes key quantum applications and highlights their
differing sensitivity to latency and fidelity, thereby motivating the need for
an adaptive routing metric such as QFiLa.

This thesis focuses on the joint optimization of fidelity and latency
in quantum entanglement routing, and introduces a scalable, simulation-
validated link metrics designed to efficiently select routing paths under
varying fidelity thresholds. The proposed methodology not only addresses
the trade-off between fidelity and latency, but also lays the foundation for
incorporating additional performance metrics in future research. Beyond
fidelity and latency, other relevant factors such as the number of hops,
entanglement generation success probability, purification overhead, through-
put, and memory storage time can also influence routing decisions and
network performance. By exploring these dimensions, this work contributes
to the broader goal of advancing practical and efficient quantum internet
infrastructure.
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Table 1.1: Application Viewpoints and Trade-offs

Quantum
Application

Latency
Priority

Fidelity
Priority

Trade-off Insight

Quantum Key
Distribution (QKD)

Medium–High High Too low fidelity leads
to insecure keys; too
much latency reduces
throughput

Quantum
Teleportation
(real-time)

High High Must coordinate
classical and quantum
layers; fidelity loss
ruins transferred state

Entanglement
Swapping in
Repeaters

Medium High Swapping too early
causes fidelity loss;
waiting too long may
exceed memory
lifetime

Quantum Sensing
(real-time
MRI/MEG)

High Medium Requires tight timing;
fidelity can sometimes
be compensated by
classical processing

Quantum Machine
Learning for
Trading

High (if
real-time)

High Low latency models
must still learn with
high-quality
qubits/circuits

Quantum Secure
Messaging (QKD +
encryption)

High High Critical to balance low
key delivery delay with
strong error correction

1.2 Motivation And Objectives

Routing in quantum networks involves selecting routing paths that satisfy
application-level requirements for fidelity, timing, and resource usage. The
core purpose of this task lies the challenge of distributing high-quality entan-
gled states across a network where quantum operations are inherently noisy,
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and physical constraints like channel loss, decoherence, and probabilistic
entanglement generation significantly impact performance. In practice, the
quality of entanglement (fidelity) degrades over long distances or after many
quantum operations, while purification to improve fidelity introduces latency
overhead and consumes additional network resources.

This fidelity-latency tradeoff is not widely recognized in recent literature
yet. For example, the Q-LEAP algorithm [9] provides fidelity-guaranteed
routing by dynamically triggering purification, yet it often results in high
latency due to path selection that prioritizes fidelity alone. Conversely, low-
latency routing paths may bypass purification, leading to entangled states
that fall below fidelity thresholds. Hence, a core problem in quantum routing
lies in optimizing fidelity and latency jointly, rather than independently.

This thesis is motivated by the limitations of single-metric quantum rout-
ing strategies and aims to design a fidelity-latency tradeoff aware framework
that balances quantum state quality and delivery efficiency. Our goal is to
support flexible routing decisions based on the application’s needs, which
may prioritize latency (e.g., real-time QKD) or fidelity (e.g., teleportation
for quantum computing), or both in different application needs and network
conditions.

Due to the existing routing approaches lack of adaptability, also from
classical routing typically focuses on shortest path or least-latency [10–12].
While this is straightforward in classical networks, it is inadequate for quan-
tum systems that require high-quality entangled states for correctness. The
no-cloning theorem and fragile nature of quantum information imply that
fidelity cannot be ignored [13, 14]. Moreover, dynamic network conditions
such as link failures, channel fidelity fluctuations, or memory decoherence
demand routing strategies that are context-aware and application-driven.

To address the challenges of optimizing both fidelity and latency in
quantum networks, this thesis introduces the QFiLa (Quantum Fidelity-
Latency) link metric. This composite routing metric enables tunable routing
behavior by adjusting fidelity and latency weights, supporting multi-objective
optimization across diverse network conditions. The main objectives of this
research are as follows:

The aim of this thesis is to propose an innovative approach for quantum
entanglement routing in quantum networks by addressing the tradeoffs
between fidelity and latency. The objectives of this research are as follows:

• To develop a quantum link metric: This thesis introduces the
QFiLa metric, which integrates both fidelity and latency into a uni-
fied framework. This metric is designed to support dynamic routing
decisions that can balance quality (fidelity) and delay time (latency)
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based on the specific requirements of different quantum applications.
The goal is to enable the routing algorithm to flexibly manage these
competing objectives, allowing for optimization across diverse network
conditions.

• To support dynamic tradeoffs based on application needs: One
of the key objectives is to create a routing protocol that supports
dynamic tradeoffs, allowing quantum networks to adjust based on the
specific demands of an application. For example, while banking and
security applications may prioritize fidelity, time-sensitive applications
like real-time quantum computing may prioritize latency. The proposed
solution will allow the network to shift between these priorities based
on real-time conditions, optimizing the performance of the quantum
network to meet varying requirements.

• To extend quantum network design with additional resource
parameters: This thesis will also explore additional parameters, such
as coherence time and the number of hops, which will allow for more
nuanced and efficient routing decisions. The aim is to extend beyond
traditional routing protocols, which often focus solely on fidelity, and
instead consider multiple factors for a more robust, resource-efficient,
and scalable quantum network.

1.3 Thesis Approach

To achieve these objectives, this thesis aims to propose a research approach
to address the trade-off between fidelity and latency in entanglement routing
for long-distance quantum networks. Our methodology centers on extending
Q-LEAP, an existing fidelity-guaranteed routing frameworks by introducing
a novel multiobjective link metric, and evaluating its performance through
comprehensive simulation studies.

Our research builds directly by improving the principles of the Q-LEAP
algorithm [9]. Although the original routing algorithm effectively minimizes
resource consumption and ensures a predefined fidelity threshold through
adaptive purification and an extended Dijkstra algorithm [9], it does not
integrate other crucial factors like the number of hops, entanglement gen-
eration success probability, latency,..and so on, For Q-LEAP, they have not
considered the latency, which makes the routing path high in fidelity but not
so good in latency due to the complex routing processes. Our approach aims
to extend this foundational framework by introducing latency as a critical,
explicit optimization metric, thereby enabling a more comprehensive and
practical balance between these two competing objectives.
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A central component of our thesis is the design and implementation of a
state-of-the-art quantum fidelity-latency QFiLa link metric. This approach
focuses on capturing the overall quality of a quantum link by concurrently
considering both its fidelity and latency characteristics. Therefore, its design
integrates fidelity modeling, where we model the fidelity (f) of an entangled
link as an exponential decay function of physical distance (d), accounting
for photon loss and decoherence effects. We also include latency modeling,
defining link latency (l) to encompass entanglement generation time (t(E)),
physical propagation delay (t(d)), and quantum storage time (t(N)), ensuring
a realistic representation of end-to-end entanglement establishment. Further-
more, we apply a normalization process to both fidelity and latency values,
scaling them into comparable ranges, which ensures the routing algorithm
can make balanced decisions, irrespective of their differing physical units
and scales. Finally, we combine the normalized to the maximum fidelity (F ′)
and normalized to the minimum latency (L′) using a weighted sum, enabling
flexible optimization strategies tailored to specific application requirements.

In addition, we integrate the proposed QFiLa link metric into Q-LEAP,
treat it as an enhanced routing algorithm, developed as a modified version
of the original algorithm. This modified algorithm utilizes the QFiLa metric
during its path-search phase, allowing the identification of paths that offer
an optimal trade-off between fidelity and latency. The algorithm maintains
Q-LEAP’s computational efficiency while enabling multi-objective optimiza-
tion. Furthermore, the purification decision process is adapted to align with
these dual objectives, influencing the number of purification rounds based on
both desired fidelity and acceptable latency.

Subsequently, to evaluate scalability and adaptability, we begin by apply-
ing our method to randomly generated network topologies ranging from 25 to
100 nodes. These synthetic topologies allow us to examine routing behavior
across diverse network densities and link configurations. Following this large-
scale evaluation, we transition to a more realistic, smaller-scale topology
based on the Japan Photonic Network Model (JPNM), which includes 48
nodes and 82 links with physical distances varying from 10 km to 673 km.
This real-world topology enables simulation of both metropolitan and long-
distance quantum communication scenarios. The routing performance will
be access under a range of fidelity thresholds (e.g., 0.55 to 0.95) to observe
how the algorithm responds to different quality-of-service requirements. Key
performance metrics include total throughput, average latency, and path
computation time, offering a comprehensive view of the algorithm’s ability
to balance fidelity and latency.

Finally, we benchmark the proposed QFiLa-based approach against the
original Q-LEAP algorithm and other routing strategies that optimize single
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objectives. This comparative analysis highlights the effectiveness of joint
fidelity-latency optimization and provides insights into the tradeoffs involved.
Overall, our simulation methodology ensures a systematic investigation into
the complex interplay between fidelity and latency in quantum routing,
contributing to the development of practical and efficient solutions for future
quantum internet infrastructure.

1.4 Thesis Contributions

This thesis contributes to the development of a novel composite routing
metric, QFiLa, that addresses the critical trade-off between entanglement
fidelity and latency in quantum networks. Through the integration of both
fidelity and latency considerations into the existing Q-LEAP framework, this
work optimizes the quality and efficiency of entanglement distribution in
quantum communication systems. The goal is to provide a flexible and
scalable routing solution, enabling the deployment of large-scale quantum
networks while maintaining both high fidelity and low latency.

The key contributions of this thesis are outlined as follows:

• Proposing a Novel Quantum Fidelity-Latency Link Metric: We
introduce the QFiLa link metric, a comprehensive solution that balances
the competing objectives of maximizing fidelity and minimizing latency
in quantum routing. By incorporating realistic models of fidelity
degradation (due to distance, photon loss, and decoherence) and la-
tency accumulation (due to entanglement generation, propagation, and
storage), the metric is designed to accommodate varying application
requirements through robust normalization and a tunable weighted
combination approach .

• Finding the Balance for Application-Specific Needs: A crucial
contribution of this work is the ability to dynamically adjust the
balance between fidelity and latency based on the needs of specific
quantum applications. For instance, applications such as QKD require
low latency to maintain real-time security, which calls for higher
weight on latency (wl) and lower weight on fidelity (wf ). In contrast,
distributed quantum computing may prioritize high fidelity to ensure
the accuracy of quantum states over the need for minimal latency.
This research shows how the QFiLa metric’s tunable weights can be
tailored to meet these different needs, enabling a more adaptable
and application-aware quantum routing protocol. By incorporating
additional network parameters like memory coherence time, number of
hops, and entanglement success probability, this approach goes beyond
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traditional single-objective routing, offering a multi-dimensional trade-
off that supports the diverse and evolving requirements of future
quantum networks.

1.5 Thesis Structure

This thesis is organized into five chapters, each focusing on a critical aspect
of quantum routing in quantum networks, with particular emphasis on the
proposed QFiLa link metric. Below is an overview of each chapter:

Chapter 1: Introduction: This chapter provides an introduction to the
research, outlining the key challenges in quantum entanglement distribution
within quantum networks. It discusses the motivation behind this work,
followed by the objectives and approach taken to address limitations in
existing quantum routing strategies. The chapter highlights the novel
contributions of the thesis, including the development of the QFiLa metric,
and concludes with an overview of the structure of the thesis.

Chapter 2: Background and Related Work: This chapter offers
a comprehensive background on quantum communication, including the
principles of quantum networks, entanglement, and the critical role of quan-
tum repeaters. It delves into quantum network models, the representation
of qubits, and quantum entanglement applications such as quantum key
distribution (QKD) and distributed quantum computing. The related work
section reviews existing research in quantum routing algorithms, with a
particular focus on Q-LEAP and other strategies, discussing their strengths
and limitations in optimizing fidelity and minimizing latency.

Chapter 3: Novel Quantum Link Metric Design: Chapter 3
introduces the primary focus of the thesis—the QFiLa metric. It provides
the problem statement and outlines the methodology used to develop a novel
composite link metric that integrates both fidelity and latency for quantum
routing. The chapter details the formulation of the QFiLa metric, the
modeling of fidelity and latency in quantum links, and the network topologies
used for evaluation, including the Japan Photonic Network Model (JPNM)
and synthetic random topologies. It further discusses the application of the
metric in adaptive routing algorithms.

Chapter 4: Evaluation and Discussion: This chapter presents an in-
depth evaluation of the QFiLa metric, comparing its performance using the
QFiLa to the Q-LEAP algorithm. It includes simulations on both real-world
and synthetic quantum network topologies, covering various scenarios such
as the fidelity-latency trade-off distributions, QFiLa in general cases like the
random topology to a real topology like the Japan Photonic Network Model
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(JPNM) analysis. The chapter also addresses link density sensitivity and
explores the impact of network scalability on routing performance.

Chapter 5: Conclusions and Outlook: The final chapter summarizes
the key findings and contributions of the research. It discusses the limitations
of the study, including assumptions made and constraints faced, and suggests
directions for future work. The chapter highlights the importance of integrat-
ing advanced quantum functionalities, such as quantum error correction and
entanglement purification, into future routing strategies. It also emphasizes
the need for further studies on large-scale network testing and dynamic
routing algorithms.
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Chapter 2

Background and Related Work

2.1 Background

2.1.1 Quantum Communication and Network Founda-
tions

The advent of quantum information technology marks a major shift in
the landscape of communication systems, leading to the emergence of
the quantum Internet. Unlike classical networks, which transmit classical
bits through physical copying and amplification, quantum networks exploit
unique quantummechanical principles—such as superposition, entanglement,
and quantum teleportation—to exchange quantum states known as qubits [6].
These qubits, unlike classical bits, can exist in a superposition of multiple
states [15], enabling fundamentally new paradigms for secure communication
and distributed computation.

Figure 2.1: Illustration of a basic quantum key distribution (QKD) setup.

A wide range of applications in quantum networks rely on entanglement
as a fundamental resource [16–18]. Among these, one of the most well-
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established and practically pursued is quantum key distribution (QKD),
which allows two parties to generate a shared secret key with security rooted
in the laws of quantum mechanics [19, 20]. In QKD protocols, any attempt
by an eavesdropper to intercept transmitted quantum states unavoidably dis-
turbs them due to the no-cloning theorem [13], making intrusion detectable to
the legitimate parties. Figure 2.1 illustrates two legitimate parties, Alice and
Bob, communicate over a classical public channel and a quantum channel.
An eavesdropper, Eve, is assumed to have full access to both channels. Any
attempt by Eve to intercept or measure the quantum states unavoidably
introduces disturbances, which Alice and Bob can detect by comparing
subsets of their measurement outcomes.

The BB84 protocol, proposed by Bennett and Brassard in 1984 [19], is the
earliest and most widely adopted QKD scheme. In this protocol showed in
Figure 2.2, Alice generates a random bit sequence and independently selects
a basis—either rectilinear (+) or diagonal (×)—to encode each bit into the
polarization of a photon. Bob, upon receiving each photon, also randomly
selects a basis to measure it. If Bob’s measurement basis matches Alice’s, he
obtains the correct bit value; otherwise, the outcome is random.

Figure 2.2: Visualization of the BB84 protocol.

After the quantum transmission phase, Alice and Bob publicly announce
their basis choices over the classical channel and discard all bits where the
bases differ. The remaining bits, corresponding to matching bases, form
the sifted key. To verify security, a subset of the sifted key is compared
publicly. If the error rate exceeds a threshold, the presence of an eavesdropper
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is inferred. Due to the no-cloning theorem and Heisenberg’s uncertainty
principle, Eve cannot measure or replicate the qubits without introducing
detectable disturbances. This inherent sensitivity to measurement gives
BB84 its unconditional security guarantees.

Quantum networks enable additional applications such as quantum
teleportation, distributed quantum computing, and clock synchronization.
Quantum teleportation allows for the transfer of an unknown quantum
state between distant parties using entanglement and classical communica-
tion [21]. Distributed quantum computing relies on shared entanglement
among separate quantum processors to jointly execute computational tasks
beyond the capacity of a single node [22]. Similarly, entangled particles
can be used to synchronize clocks across large distances with quantum-
level precision, offering advantages for navigation, metrology, and scientific
experimentation [23].

The core function of a quantum network is to establish remote en-
tanglement between arbitrary nodes. This is often achieved via multi-
hop connections involving intermediate nodes known as quantum repeaters,
which help mitigate the exponential decay of entanglement fidelity over long
distances [22]. Unlike classical repeaters, which amplify signals, quantum
repeaters employ techniques such as entanglement swapping and purifica-
tion. Entanglement swapping enables two end nodes to become entangled
without direct interaction by connecting adjacent entangled pairs through
intermediate nodes. Purification, on the other hand, improves fidelity by
combining several low-quality entangled pairs to produce a higher-fidelity
one [9].

Nonetheless, constructing large-scale quantum networks remains a chal-
lenge. Quantum states are inherently fragile and prone to errors due to
photon loss, decoherence, and imperfect operations [22]. Additionally, en-
tanglement generation is a probabilistic process, and the fidelity of entangled
pairs degrades significantly with distance [6]. Unlike classical networks, where
signals can be freely amplified or copied, quantum information cannot be
cloned due to the no-cloning theorem [13]. Thus, quantum routing must be
designed to work within these physical limitations while managing resource
consumption efficiently.

In summary, the foundational properties of quantum communication sys-
tems—entanglement, no-cloning, and probabilistic operations—necessitate
new paradigms in network design, error handling, and routing. The goal of
quantum networking is not simply to transfer data, but to deliver high-fidelity
entangled states between distributed users on demand. Addressing these
challenges is essential to unlock the full potential of the quantum Internet.
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2.1.2 Qubit Representation and Basis States

A qubit (quantum bit) is the fundamental unit of quantum information and
serves as the quantum analogue of a classical bit. While a classical bit can
exist in only one of two deterministic states, 0 or 1, a qubit can exist in
a linear superposition of both basis states simultaneously [6]. This unique
property enables richer computational possibilities in quantum systems.

Mathematically, a general qubit state is described using Dirac (bra-ket)
notation [24] as:

|ψ⟩ = α|0⟩+ β|1⟩, (2.1)

where α, β ∈ C are complex probability amplitudes satisfying the normaliza-
tion condition:

|α|2 + |β|2 = 1. (2.2)

Upon measurement, the qubits collapses to either |0⟩ or |1⟩ with prob-
abilities |α|2 and |β|2, respectively. This probabilistic nature, governed by
the Born rule, distinguishes quantum systems from classical deterministic
ones [6].

As illustrated in Figure 2.3, a classical bit can be interpreted as a binary
switch, whereas a qubit can encode both 0 and 1 simultaneously in a complex
weighted manner. The figure also depicts intuitive metaphors (such as
colored beads and polarizations) to visualize superposition.

Dirac notation, also known as bra-ket notation, provides a compact and
expressive mathematical framework for describing quantum states. A ket
|ψ⟩ denotes a column vector in a complex Hilbert space, while its conjugate
transpose—called a bra—is denoted ⟨ψ|. Together, these notations allow
elegant formulation of inner products, projections, and operator actions.

The computational basis of a qubit consists of two orthonormal states:

|0⟩ =
[
1
0

]
, |1⟩ =

[
0
1

]
. (2.3)

In this basis, the qubits |ψ⟩ = α|0⟩ + β|1⟩ can be represented as a 2D
column vector:

|ψ⟩ =
[
α
β

]
. (2.4)

The corresponding bra vector is defined as:

⟨ψ| =
[
α∗ β∗] , (2.5)

where α∗ and β∗ are the complex conjugates of the amplitudes.
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The inner product ⟨ψ|ψ⟩ of a qubit state with itself yields its norm
squared:

⟨ψ|ψ⟩ = |α|2 + |β|2 = 1. (2.6)

This is known as the normalization condition and guarantees that the
total probability of all possible outcomes sums to unity. It also ensures the
qubits resides on the surface of the Bloch sphere, which represents all pure
qubits states geometrically.

Figure 2.3: Comparison between classical bits and quantum bits (qubits).

This geometric picture (Fig. 2.4) provides intuitive insight into quantum
operations and state evolution. For instance, rotations around the axes
correspond to quantum gates, and antipodal points represent orthogonal
states.

These foundations—Dirac notation, matrix representation, and inner
products—are essential for the later treatment of entanglement, teleporta-
tion, and routing in quantum networks.
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Figure 2.4: Bloch sphere illustrating the computational z-basis (|0⟩, |1⟩), and
the orthogonal x- and y-basis states. Any pure qubit state corresponds to a
point on the surface of the sphere, parameterized by angles θ and ϕ.

2.1.3 Quantum Entanglement and Applications

Quantum entanglement is a uniquely quantum phenomenon in which the
states of two or more particles become so strongly correlated that the
state of each particle cannot be described independently, regardless of the
spatial separation between them. This nonlocal correlation enables powerful
protocols in quantum communication and forms the basis of distributed
quantum networking [6].

Entanglement also plays a key role in ensuring the security of the
quantum key distribution (QKD). As described in Section 2.2, protocols
such as BB84 [19] exploit the quantum properties of measurement and
basis selection to detect eavesdropping. Although BB84 does not require
explicit entanglement, its extensions—such as the E91 protocol [20]—leverage
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entangled pairs to improve security guarantees.
To intuitively illustrate entanglement, consider Figure 2.5, which shows

a pair of entangled photons shared between two parties. Although each
photon’s color (representing a quantum property such as polarization) ap-
pears uncertain prior to measurement, observing one photon immediately
determines the state of the other, even if they are separated by vast distances.
If one is observed as ”red”, the other must be ”blue”, and vice versa. This
perfect correlation, independent of measurement order or location, cannot be
explained by classical physics and is a hallmark of quantum entanglement.

Figure 2.5: Illustration of entangled photon pairs.

Beyond QKD, entanglement enables several distributed quantum appli-
cations:

• Quantum teleportation [21]: Allows transmission of a quantum
state between two nodes by consuming an entangled pair and sending
classical information.

• Clock synchronization [23]: Utilizes shared entangled photons to
synchronize distant atomic clocks with quantum-level accuracy.

• Distributed quantum computing [6]: Connects multiple quantum
processors through entanglement to enable cooperative computation
beyond individual node capacity.

These entanglement-enabled capabilities demonstrate the transformative
potential of quantum networks. However, the fragility of entanglement
over distance and the need for high-fidelity correlations present significant
technical challenges—necessitating advanced techniques like purification and
entanglement routing, which are the focus of subsequent chapters. of routing
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design.

2.1.4 Entanglement Distribution Techniques

Establishing entanglement between distant nodes is essential for enabling
large-scale quantum networks. However, entanglement generation over long
distances is severely limited by channel losses and decoherence, which degrade
the fidelity of entangled states. To overcome this challenge, quantum
networks employ two fundamental techniques: entanglement swapping and
entanglement purification. These operations are the building blocks of
quantum repeaters, which enable a scalable distribution of entanglement
across the network [6].

2.1.4.1 Entanglement Swapping

Quantum repeaters enable scalable entanglement distribution by dividing a
long-distance link into shorter segments and then “stitching” them together
using a process known as entanglement swapping. This process is central
to extending entanglement over long distances in quantum networks, where
direct transmission suffers from exponential photon loss [25].

Entanglement swapping enables two remote nodes, initially unentangled,
to become entangled through the mediation of an intermediate station. This
process is illustrated in Figure 2.6, where we consider three stations labeled
Station 0, Station 1, and Station 2. Station 0 and Station 2 each hold
one qubit, while Station 1 possesses two qubits, each entangled with the
corresponding qubit at Station 0 and Station 2, respectively. If Station 0
is entangled with one of Station 1’s qubits, and Station 2 is entangled with
the other, then Station 1 can perform a Bell State Measurement (BSM) on
its two local qubits. This operation consumes the two initial entangled pairs
and projects the outer qubits—held by Station 0 and Station 2—into an
entangled state, despite the absence of any direct interaction between them.

The full sequence proceeds as follows: in Step 1, entangled pairs are
established between Station 0 and Station 1, and separately between Sta-
tion 1 and Station 2. In Step 2, Station 1 performs a BSM on its two local
qubits. This measurement collapses the intermediate entanglement links,
as shown in Step 3. Finally, Step 4 reveals the successful establishment
of a new entangled pair between Station 0 and Station 2. By iterating
this process across multiple repeater stations, entanglement can be reliably
extended over long distances, forming the foundation for scalable quantum
communication [6].

18



By enabling such long-range connectivity, entanglement swapping is es-
sential for building large-scale quantum networks and is particularly useful in
routing decisions where fidelity must be preserved while minimizing latency.

Figure 2.6: Steps in entanglement swapping using three stations. The
intermediate station (Station 1) performs a Bell State Measurement to extend
entanglement between Station 0 and Station 2.

2.1.4.2 Entanglement Purification

To counteract the degradation of entanglement quality due to noise and
decoherence, entanglement purification is employed as a key technique to
improve fidelity. This process consumes multiple low-fidelity entangled pairs
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and, through a series of quantum operations and classical communication,
probabilistically distills a smaller number of higher-fidelity pairs [26].

The purification protocol typically operates in multiple rounds. In each
round, two or more identically prepared noisy entangled pairs are locally
processed using entangling gates (e.g., CNOT) and measurement, followed
by classical post-selection. Pairs yielding successful measurement outcomes
are retained, while others are discarded. This iterative procedure continues
until the remaining pair(s) reach the target fidelity threshold.

As illustrated in Figure 2.7, the first purification round begins with
entangled pairs of fidelity F = 0.8. Two such pairs are combined, resulting in
one purified pair with fidelity approximately F = 0.8941. This higher-quality
pair is then used in a second purification round with another F = 0.8 pair,
further boosting fidelity to F = 0.9846. This cascading approach highlights
the probabilistic nature and resource demands of purification.

Figure 2.7: Two-round entanglement purification protocol.

Entanglement purification is critical for fidelity-sensitive quantum net-
working tasks such as quantum teleportation, clock synchronization, and
especially quantum key distribution (QKD). However, it introduces nontrivial
latency and resource overhead, which must be carefully considered in fidelity-
aware routing strategies [6, 9].

2.1.4.3 Quantum Repeater: Definition and Overview

Quantum repeaters are essential components for enabling long-distance
quantum communication [27]. They play a crucial role in overcoming the
challenges posed by photon loss and noise in quantum channels, such as op-
tical fibers. Quantum communication relies on the transmission of entangled
quantum states, which, over long distances, suffer from degradation due to
photon loss. Quantum repeaters address this issue by utilizing intermediate
nodes to create, store, and swap entanglement between distant quantum
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systems, thus enabling the establishment of entanglement over large-scale
quantum networks [6, 28].

The operation of a quantum repeater typically involves generating en-
tanglement between quantum systems over short distances, storing the
entanglement in memory, and then swapping this entanglement between
intermediate nodes to extend the range of quantum communication. This
method is vital for mitigating the loss of entanglement that occurs over
long distances and overcoming the limitations imposed by photon decay.
Quantum repeaters also employ techniques such as quantum error correction
(QEC) and entanglement distillation to purify the entangled states and
preserve their quality across the network. By ensuring the fidelity and
reliability of the entanglement, these repeaters enable the construction of
scalable quantum networks.

2.1.4.4 Generations of Quantum Repeaters

Quantum repeaters have evolved through several generations, each improving
on the previous by introducing more sophisticated techniques for error
suppression and entanglement preservation.

The first generation of quantum repeaters (1st Gen) primarily relied on
probabilistic error suppression methods to address photon loss and opera-
tional errors. The key protocol used in this generation was the Heralded
Entanglement Generation Protocol (HEGP) [28–30], which generates entan-
gled photon pairs in a probabilistic manner. While effective, this approach
suffers from a low success rate, necessitating multiple attempts to generate
successful entanglement. Additionally,entanglement swapping was employed
to extend entanglement over multiple intermediate stations, allowing the
entanglement to be distributed over longer distances. Despite these advances,
first-generation quantum repeaters are limited by the probabilistic nature of
the methods, leading to significant overhead and inefficiency.

The second generation of quantum repeaters (2nd Gen) marked a major
improvement by incorporating deterministic error suppression techniques
alongside the probabilistic methods used in the first generation. In this
generation, quantum error correction (QEC) was applied to detect and
correct operational errors, such as those arising from imperfect gates and
measurements. This advancement significantly improved the fidelity of the
entangled states, ensuring that the generated entanglement remained high
quality even under error-prone conditions. Furthermore, second-generation
repeaters made use of the Two-way Entanglement Distillation Protocol
(2EDP), which was designed to purify the entangled states, enhancing their
reliability. Although second-generation repeaters represented a significant
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advancement, they still relied on probabilistic methods for photon loss
suppression, limiting their overall performance and efficiency.

The third generation of quantum repeaters (3rd Gen) represents the
most advanced iteration of quantum repeater technology. These repeaters
utilize deterministic error suppression techniques for both photon loss and
operational errors. By incorporating quantum error correction (QEC) for
both types of errors, third-generation repeaters ensure high-fidelity entangle-
ment across the entire quantum network. This development significantly im-
proves the reliability of quantum communication systems, allowing for faster
and more efficient communication over long distances. Third-generation
repeaters also operate with higher coupling efficiencies and faster local
operations, which enhance the overall performance of the system. However,
these repeaters require sophisticated quantum hardware and advanced error-
correcting codes, making them more technologically demanding. Despite
these challenges, they offer the highest performance for long-distance quan-
tum communication.

The image in Figure 2.8 provides a concise overview of the evolution of
quantum repeaters across their three generations, detailing the error types
they address, the approaches used, and illustrative schematics. Quantum
repeaters have undergone significant advancements from their first-generation
counterparts to the current third-generation systems. The figure categorizes
error suppression strategies based on whether they combat ”Loss Error”
or ”Operation Error”. For each error type, it outlines ”Approaches” such
as Heralded Entanglement Generation (HEG), Quantum Error Correction
(QEC), and Heralded Entanglement Purification (HEP), along with their
conceptual ”Examples” and ”Schematics”.

The columns labeled ”1G”, ”2G”, and ”3G” indicate which generation of
quantum repeater utilizes a particular error suppression approach. The first
generation (1G) is shown to rely on probabilistic methods, such as Heralded
Entanglement Generation (HEG) for Loss Error and Heralded Entanglement
Purification (HEP) for Operation Error. These methods, while useful, have
limited efficiency. The second generation (2G) integrates Quantum Error
Correction (QEC) for Operation Error, representing a significant improve-
ment in reliability, but still relies on HEG for Loss Error. This reliance
on probabilistic methods for photon loss suppression limited its overall
performance. The third generation (3G) represents the most advanced iter-
ation, indicated by green checkmarks for Quantum Error Correction (QEC)
in both the Loss Error and Operation Error categories, signifying a fully
deterministic error suppression. This provides the highest performance in
terms of fidelity and communication rates. These advancements continue to
drive the development of scalable quantum networks and represent a critical
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step towards realizing a global quantum communication infrastructure.

Figure 2.8: Illustration of the fidelity–latency tradeoff.

Quantum repeaters have undergone significant advancements from their
first-generation counterparts to the current third-generation systems. The
first generation relied on probabilistic methods, which, while useful, had
limited efficiency. The second generation integrated quantum error correction
to improve the reliability of entanglement generation, but still faced limita-
tions due to its reliance on probabilistic methods for photon loss suppression.
The third generation introduced fully deterministic error suppression, pro-
viding the highest performance in terms of fidelity and communication rates.
These advancements continue to drive the development of scalable quantum
networks and represent a critical step towards realizing a global quantum
communication infrastructure.

2.1.5 Fidelity and Latency in Quantum Networks

In quantum communication systems, two essential performance metrics
are fidelity and latency. These metrics capture a fundamental trade-off
that impacts the design of entanglement distribution protocols and routing
strategies.
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2.1.5.1 Fidelity

Fidelity is a measure of the quality of an entangled quantum state. It
quantifies how closely a prepared or distributed quantum state resembles
the ideal maximally entangled state [31]. Given an intended target Bell state
|Φ+⟩, the fidelity of a state ρ is defined as:

F (ρ, |Φ+⟩) = ⟨Φ+|ρ|Φ+⟩ (2.7)

A fidelity value of F = 1 indicates a perfect entangled state, while lower
values reflect noise, decoherence, or imperfect operations during transmission
or entanglement swapping [32].

For example, let’s assume we aim to achieve the Bell state |Φ+⟩ =
1√
2
(|00⟩+ |11⟩), but due to imperfections in the quantum system, each qubit

has an independent 1% chance of being mis-set. The resulting density matrix
ρ might look like this:

ρ =


0.9801 0 0 0

0 0.0099 0 0
0 0 0.0099 0
0 0 0 0.0001


This is a 4x4 matrix, representing the probabilities of the system being

in the states |00⟩, |01⟩, |10⟩, and |11⟩, as indicated by the diagonal elements.
We now compute the fidelity F (ρ, |Φ+⟩), using the target state |Φ+⟩. The

fidelity is calculated as follows:

F = ⟨Φ+|ρ|Φ+⟩
We substitute the target state |Φ+⟩ = 1√

2
(|00⟩ + |11⟩) and its conjugate

transpose:

F =
1

2
(⟨00|ρ|00⟩+ ⟨00|ρ|11⟩+ ⟨11|ρ|00⟩+ ⟨11|ρ|11⟩)

We can now evaluate each term:
- ⟨00|ρ|00⟩ = 0.9801 - ⟨00|ρ|11⟩ = 0 (since ρ does not have off-diagonal

elements between |00⟩ and |11⟩) - ⟨11|ρ|00⟩ = 0 (same reason as above) -
⟨11|ρ|11⟩ = 0.0001

Thus, the fidelity becomes:

F =
1

2
(0.9801 + 0 + 0 + 0.0001)

F =
1

2
× 0.9802 = 0.9801
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This shows that the fidelity is approximately F = 0.9801, indicating that
the prepared state is very close to the ideal Bell state, with a small error due
to imperfections in the quantum system.

A fidelity value close to 1 indicates that the quantum states are highly
accurate and resemble the ideal maximally entangled state, while lower values
reflect the presence of noise, decoherence, or imperfections in the system.
The fidelity calculation provides valuable insight into the reliability and
effectiveness of entanglement-based protocols. Understanding and optimizing
fidelity is essential for improving the performance of quantum communication
networks, as high fidelity ensures the success of entanglement distribution,
key exchange, and other quantum operations. As quantum technologies
advance, it is crucial to minimize errors and imperfections to achieve high-
fidelity entanglement, ultimately enabling the realization of large-scale, effi-
cient quantum networks.

2.1.5.2 Latency

Refers to the total time delay involved in establishing entanglement between
two distant quantum nodes [33]. It is an essential factor to consider
in quantum communication networks, as high latency can lead to slower
communication speeds and diminished performance of entanglement-based
protocols. Latency in quantum networks accounts for several contribut-
ing factors, including photon transmission delay, classical communication
requirements, and the time overhead of routing through intermediate nodes.
Each of these factors adds complexity and delays to the process of entangle-
ment distribution, making it crucial to minimize them for efficient quantum
communication.

One of the primary contributors to latency is the photon transmission
delay. This delay arises due to the time it takes for photons, which carry
quantum information, to travel between quantum nodes. The transmission
delay is directly related to the physical distance between the nodes and the
speed of light in the medium, typically optical fibers or free space. As the
distance increases, the photon transmission time increases proportionally,
resulting in higher latency. In real-world systems, this is one of the most
significant bottlenecks, especially for long-distance quantum networks. For
instance, in fiber optic networks, the speed of light in glass fibers is approxi-
mately 2× 108 m/s, which can lead to significant delays over large distances.

Another important contributor to latency is the classical communication
required in entanglement generation and purification steps. While quantum
entanglement is typically established through quantum operations, classical
communication plays a vital role in verifying and synchronizing quantum
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operations across distant nodes. This process is known as entanglement
swapping, where quantum information is shared between nodes via classical
channels. The classical communication channel, which operates at the speed
of light, adds further delays, especially when multiple steps of verification or
classical communication are required between quantum nodes.

Additionally, quantum networks often require intermediate nodes to
facilitate the distribution of entanglement over long distances [34]. These
intermediate nodes may need to route quantum information through various
pathways or perform quantum memory operations, all of which can introduce
additional overhead. For example, in a quantum repeater network, entangle-
ment must be swapped multiple times at intermediate nodes before it can be
established between the two end nodes. Each additional intermediate step
introduces a delay, and as the number of intermediate nodes increases, so
does the overall latency.

Finally, the processing time at each node can also contribute to latency.
For instance, when quantum measurements, entanglement generation, or
error-correction protocols are implemented, these processes require computa-
tional resources and time, which can add to the overall delay. The efficiency
of these processes is critical in reducing latency, particularly in real-time
quantum communication systems.

2.2 Related Work

2.2.1 Toward Joint Optimization of Fidelity and La-
tency in Quantum Routing

The design of routing algorithms for quantum networks has become a critical
area of research due to the intrinsic limitations of quantum systems, such as
decoherence, photon loss, and the fidelity degradation of entangled states over
long distances. Many significant prior work has investigated entanglement
distribution and routing optimization, primarily focusing on enhancing either
the throughput or the fidelity of quantum links, often neglecting latency as
a first-class performance metric.

Early efforts in quantum network routing concentrated on improving end-
to-end entanglement throughput. For instance, the authors in [35] proposed
a throughput-optimized routing framework that aimed to maximize the en-
tanglement distribution rate by jointly considering entanglement generation
and classical control signaling. However, this work does not consider the
fidelity degradation that occurs during transmission or purification processes.
While effective in high-rate settings, such models are insufficient for latency-
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sensitive applications, especially when fidelity must be maintained above a
threshold to support reliable quantum operations.

Additionally, in an effort to address reliability in lossy network environ-
ments, the work in [36] introduced the concept of redundant entanglement
provisioning. Their method proactively generates additional entangled pairs
to improve success rates and enhance throughput under probabilistic loss.
Although this technique improves robustness, it still focuses exclusively
on entanglement generation rates, without integrating fidelity or latency
guarantees into the routing process.

More recently, there has been a growing recognition of the need to
incorporate fidelity-aware strategies into routing protocols. The study that
R. Zhou et al. [37] proposes Q2R, a QoS-aware routing framework designed
to meet heterogeneous QoS requirements in quantum networks, focusing on
maximizing ”goodput” instead of just throughput. It formulates the QoS-
aware entanglement routing problem considering latency, delivered entan-
glements, fidelity, and purification. While comprehensive in its framework
and scheduling, a limitation of this work that it does not explicitly define or
model latency as a direct link metric for routing decisions at the granular
level proposed. Instead, it includes latency as a general request constraint
only,

These limitations underscore a key gap in the existing literature: most
routing algorithms are designed to optimize fidelity or latency, but not both
simultaneously. This dichotomy is increasingly inadequate for emerging
quantum network applications that demand low-latency and high-fidelity
communication, such as distributed quantum sensing and interactive quan-
tum cloud services. Addressing this challenge, Q-LEAP [9] represents a
notable advance by introducing purification-aware routing decisions that
maintain fidelity above a guaranteed threshold. However, Q-LEAP still does
not incorporate latency-awareness into its metric, leaving room for further
refinement in environments where responsiveness is essential.

In contrast to these prior works, our thesis proposes a novel link metric
that jointly evaluates fidelity, latency, and resource availability. By incor-
porating both fidelity guarantees and latency constraints into the routing
process, our approach enables more flexible and application-specific decision-
making in quantum networks. This hybrid optimization strategy is especially
relevant for dynamic environments with varying noise levels, decoherence
times, and application demands. In doing so, our work aims to bridge the
gap between high-fidelity and low-latency routing strategies, moving toward
a more holistic and practical design for quantum internetworking.
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2.2.2 Fidelity-Guaranteed Routing: Q-LEAP

Establishing high-fidelity entangled connections over long distances is a
fundamental challenge in building scalable quantum networks. As quan-
tum states traverse multiple hops, fidelity degrades due to photon loss,
decoherence, and imperfect operations, often rendering the end-to-end en-
tangled state unusable for applications such as quantum teleportation or
secure key distribution. Addressing this challenge, Li et al. [9] proposed
Q-LEAP (Quantum Low-complExity routing Algorithm) is designed from
the perspective of a ”multiPlicative” routing metric, is a fidelity-guaranteed
entanglement routing algorithm that explicitly incorporates purification de-
cisions into routing to ensure the fidelity of the final entangled state exceeds
a given threshold.

Unlike early entanglement routing protocols which focused primarily on
throughput or robustness while assuming fidelity would be managed exter-
nally, Q-LEAP integrates fidelity into the routing decision process itself. This
shift recognizes that routing decisions directly influence fidelity degradation,
particularly in multi-hop topologies. Therefore, Q-LEAP was developed to
minimize the resource consumption required to meet fidelity guarantees while
maintaining low computational complexity, making it suitable for large-scale
quantum networks.

At the core of Q-LEAP is a routing strategy based on the multiplicative
nature of fidelity degradation. Given that fidelity across a path decays
as the product of link fidelities, Q-LEAP employs a modified version of
Dijkstra’s algorithm to identify paths that maximize end-to-end fidelity. The
algorithm then evaluates whether the selected path can satisfy the desired
fidelity threshold through limited purification. To avoid the computational
overhead of exhaustively exploring all purification combinations, Q-LEAP
estimates a target average fidelity for each hop based on the overall fidelity
requirement and path length. Links falling below this average are assigned
purification levels according to a precomputed purification cost table, ensur-
ing a lightweight evaluation.

The complete Q-LEAP workflow consists of four primary phases:

1. Initialization: Gather fidelity information of available links and
construct a purification cost table mapping fidelity levels to resource
consumption.

2. Path Search: Use a fidelity-aware Dijkstra variant to find a candidate
path with the highest multiplicative fidelity.

3. Purification Decision: Evaluate whether the candidate path meets
the fidelity requirement using the average fidelity rule. Assign purifi-
cation levels only where necessary.
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4. Throughput Update: Adjust the network state to reflect the entan-
gled pairs consumed and repeat until the demand is fulfilled.

This routing process is visualized in Figure 2.9, which outlines the key
stages and the interplay between routing and purification. The design
allows for efficient fidelity-aware pathfinding without the need for global
optimization, enabling scalable deployment.

Figure 2.9: Workflow of the Q-LEAP routing algorithm.

Q-LEAP has several advantages:

• Fidelity Guarantee: Explicitly integrates fidelity thresholds into
routing decisions, ensuring that the entangled state is usable for
practical quantum applications.

• Resource Efficiency: Assigns purification selectively, minimizing the
number of consumed entangled pairs needed to meet the threshold.

• Computational Scalability: Uses heuristics and average fidelity
estimation to maintain low computational complexity, enabling appli-
cability to large networks.

Nevertheless, Q-LEAP also has limitations. One of the most notable is
its lack of consideration for latency. While the algorithm is successful in
selecting paths that meet fidelity requirements, it may favor longer routes
with more hops and additional purification steps, increasing overall end-
to-end delay. For time-sensitive applications such as distributed quantum
computing or real-time QKD, this delay can significantly affect performance.
Furthermore, Q-LEAP assumes static link states and deterministic success
rates, which may not hold under dynamic or lossy network conditions.

In this thesis, we build upon the Q-LEAP foundation by extending
the routing metric to incorporate latency alongside fidelity. Our proposed
composite metric aims to support flexible and adaptive routing decisions
that better align with the multi-objective demands of real-world quantum
networks.
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2.3 Summary

This chapter introduced the fundamentals of quantum communication, focus-
ing on the key principles such as superposition, entanglement, and quantum
teleportation. The chapter also covered the representation of qubits, their
probabilistic nature, and the mathematical framework for quantum states.

Additionally, the chapter explored the challenges in quantum networks,
particularly the loss of entanglement over long distances due to photon loss
and decoherence. To address this, quantum repeaters were introduced, utiliz-
ing techniques like entanglement swapping and purification. The evolution
of quantum repeaters was also discussed, from the first generation relying
on probabilistic methods to the third generation incorporating deterministic
error correction for improved performance.

Finally, the chapter highlighted the trade-off between fidelity and latency
in quantum networks, with a focus on optimizing both metrics for efficient
communication. The Q-LEAP algorithm, which guarantees fidelity while
maintaining low computational complexity, was presented as an example of a
fidelity-aware routing approach. However, the chapter concludes by pointing
out the need for further research to incorporate latency into routing decisions
for practical quantum networking applications.
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Chapter 3

Novel Quantum Link Metric De-
sign

3.1 Problem Statement

Quantum networks face inherent trade-offs between fidelity and latency
that significantly impact the performance of entanglement distribution and
quantum communication. Fidelity, which measures how closely an entangled
quantum state approximates an ideal Bell pair, is a fundamental metric for
ensuring the reliability of quantum applications such as quantum telepor-
tation, secure quantum key distribution (QKD), and distributed quantum
computing. However, fidelity deteriorates exponentially with distance due to
photon loss, decoherence, and imperfect operations [6].

To compensate for fidelity degradation over long distances, protocols
often employ entanglement swapping and purification, which introduce op-
erational overhead and increase the time required to establish end-to-end
entanglement. As a result, latency becomes a critical performance bottleneck.
Latency encompasses not only the physical propagation delay, but also the
probabilistic nature of entanglement generation, queueing delays, and the
cost of entanglement-enhancing operations. These delays are particularly
problematic in latency sensitive scenarios, such as distributed quantum
algorithms and real-time QKD [38,39].

Crucially, fidelity and latency are not independent. Enhancing fidelity
through additional purification rounds or longer multihop routes tends to
increase latency [38]. Conversely, minimizing latency by preferring shorter
paths may yield insufficient fidelity for successful quantum operations, espe-
cially in low-quality or long-range links.

This fidelity-latency interaction introduces a challenging trade-off in
quantum network routing decisions, as graphically illustrated in Figure 3.1.
The figure depicts a generalized network topology with a designated source
and destination, where each node functions as a quantum repeater. Thin
lines within the network represent shorter path segments, while bold lines
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Figure 3.1: Illustration of the fidelity–latency tradeoff.

denote longer path segments.

The left scenario in Figure 3.1 exemplifies the challenge of prioritizing
fidelity. It highlights potential routing paths (blue nodes and highlighted
sub-networks) that, while achieving a high quantum fidelity (approaching or
exceeding a defined threshold, pth = 0.90, as pth refers to the minimum
acceptable level of fidelity for a quantum entangled state in a quantum
network, below which the entanglement is considered unreliable for further
use in communication or computation), inherently incur substantial latency.
This increased latency is typically a consequence of either extensive en-
tanglement purification operations required to boost quality, or a greater
number of hops/repeaters along the path, each contributing to propagation
and operational delays.

Conversely, the right scenario in Figure 3.1 showcases routing paths (red
nodes and highlighted sub-networks) designed for low-latency transmission.
While these paths offer quicker delivery of quantum states, they demonstra-
bly fail to meet the required fidelity threshold. This often occurs because
minimizing latency might involve sacrificing purification steps or traversing
inherently noisier links, resulting in a degraded quantum state quality that
falls below acceptable application requirements.

Existing routing algorithms tend to optimize for a single objective, either
maximizing fidelity or minimizing latency, but rarely both simultaneously.
Fidelity-centric approaches, such as Q-LEAP [9], ensure quality by prioritiz-
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ing fidelity, but risk high end-to-end latency. This trade-off of latency and
fidelity is specify in Figure 3.2.

Figure 3.2: Trade-off between fidelity and latency in quantum entanglement
routing. Longer paths with purification improve fidelity but increase latency,
while shorter paths reduce latency but may fall below the fidelity threshold.

However, latency-oriented strategies favor speed and responsiveness, but
can compromise quantum communication reliability. This gap highlights
the inadequacy of unidimensional routing metrics to balance the nuanced
requirements of real-world quantum network applications [17].

Thus, there is a critical need for a routing strategy that jointly considers
fidelity and latency, enabling more adaptable and efficient path selection
under varying network conditions. The development of such a composite
metric is the core focus of this work.

3.2 Latency Analysis of Entanglement Distri-

bution Protocol

3.2.1 Latency in Nested Purification Protocol

3.2.1.1 System Description

The illustration of quantum networks with the chain of quantum repeaters
is shown in Figure 3.3, The total distance from Alice to Bob is denoted
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as the end-to-end connection of length (L) km, which is divided into 2n

elementary links, called L0 km. In order to keep the entanglement on L0

elementary link, the nested purification protocol (NPP), which merges the
methods of entanglement swapping and purification into a unified protocol,
can be used to perform BSM at each quantum repeater, to extend the
existing entanglement on S2n−1 links to S2n links. We must perform BSMs
at quantum repeaters Si, for i = 0, 1, 2, ..., n, where n indicates the nesting
level at which nth times of Bell-state measurement (BSM) are performed in
the NPP protocol.

Figure 3.3: Illustration of the nested purification protocol (NPP) over the
chain of quantum repeater in quantum networks

The NPP protocol combines the methods of entanglement swapping and
purification into single protocol that needs the number of memory copies (M)
to perform its purification mechanism in parallel fashion. Thus, the NPP
with the list of memories m = 1, 2, ...,M operates in cycles with a period of
TED, which denotes the fundamental time period for making entanglement
distribution attempts. The NPP protocol involves multiple levels of nesting,
where each level corresponds to a different stage of entanglement swapping
and purification. The goal is to extend entanglement over long distances by
dividing the total distance into smaller segments and progressively connecting
these segments through higher levels of nesting.
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Based on the research in [40], our study will inherit and focus on the
concept of multiple quantum repeater links with 2n elementary links, which
are arranged equally at each distance L0 with the total length L of the
chain and n nesting level (n > 0) of NPP protocol. As shown in Figure
3.3, each BSMs is applied at each quantum repeater S2n with the list of
memories, in which the entanglement swapping for each quantum repeater
has the success probability (PS) and can achieve the maximum probability
of conclusive success for a given BSM as PM < 1. As noted in [40], PM

cannot achieve one because an inefficiency of photodetectors may result in
inconclusive outcomes when the BSM is performed. The assumption in our
study that is our entanglement distribution scheme is heralding with success
probability (PS), shows the confirmation of our entanglement process has
succeeded or not.

Figure 3.3 also shows the NPP protocol, stated that once entanglement is
established across all D0 links, it becomes possible to perform all necessary
BSMs simultaneously at each quantum repeater, but there is no assurance
that a BSM at one nesting level will yield the entangled states needed for
the next level. With the kth-order NPP protocol, for k = 1, 2, ..., n, called a
cyclic protocol at each period of time, will try to entangle unused memory
of D0 links, the result will show the success or failure of each attempt in the
next cycle. In our study, we assume that k = n, with the entanglement is
established over D0 link and BSMs are performed at all quantum repeaters
without knowing the success or failure of previous entangling attempts.

In our study, the architecture of quantum repeater in the quantum
networks has two connected elementary links. The quantum repeater has
a single-photon detector that can spectrally resolve in sequence on each of
two time bins of the qubit in single frequency. Upon successful projection by
the BSM on one of the Bell states in at least one of the multiple frequencies.
Upon receiving a pair of which-frequency information from the adjoining
elementary links, two memories translate their qubits to one predetermined
common frequency. A BSM at a single frequency is then performed on
this pair. PS is the success probability for a single frequency. We assume
that a universal synchronized clock is available with the clock rate of the
system, i.e., TED is limited by the time it takes to perform the BSM. We
denote that τBSM is the time taken to perform the BSM at the elementary
link center, whereas τ ′BSM is the time taken to perform the BSM at the
quantum repeater and the time for loading (readout) of the qubits to (from)
the memories. Therefore, both τBSM and τ ′BSM values between Alice and Bob
in long-distance connection are contributing to the total latency of making
entanglement distribution attempts.
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3.2.1.2 Latency-Distance Analysis

In the entanglement distribution, Alice and Bob obtain mismatched bits,
which is indicated as error probability. This error probability are functions of
loss-noise parameters of photodetectors in the elementary links and memory
quantum repeaters. In our study, we consider the source of error is memory
dephasing, whose effect on the rate in conjunction with the purification
technique. With the ideal quantum memories in a quantum repeater [40],
i.e., there is no source of error and no purification is needed to be performed
in the system, the steady-state rate of entanglement generation per each of
m ideal memories used in the nth-order NPP protocol is given by

Qn =
PSP

n
M

2L/c
(3.1)

where c is the speed of light in the optical fiber.
Suppose we consider the case of imperfect memories, the memory degra-

dation by a dephasing process can be modeled as the qubit state of memory
after decaying for a time period. Therefore, we need to perform BSM at
the quantum repeater to ensure two memories of qubit state are maximally
entangled. This process is also called entanglement swapping, which requires
some entanglement cost (EC(·)) to do the distillable entanglement. With the
aid of purification in the NPP protocol, we can purify memories and obtain
the achievable rate according to the multiplication of QnEC(ρ̂XY (t)). ρ̂XY (t)
is the estimate number of maximally entangled states that is obtained out
of the m copies of ρ̂XY in a period of time t. For sake of simplification, the
achievable rate is given by

Rn = QnEC(ρ̂XY (t)) (3.2)

Suppose entanglement distribution scheme on a single photon along the
quantum channel is optimally accomplished by the NPP protocol. We
consider a long-distance transmission, then the success probability degrades
exponentially with L. In particular, the achievable rate can be expressed as

Rn = e

(
−2

√
L ln(1/PM )

cτc

)
(3.3)

where τc is the memory coherence time.
It was stated in [41] that latency plays a significant role in determining the

overall key generation rate. In principal, the latency affects the conditional
fidelity of photons, which in turn influences the success probabilities of
measurements and entanglement generation. This chain of dependencies
ultimately determines the key generation rate. Therefore, reducing latency
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is crucial to improve the overall performance and efficiency of the quantum
repeater through the purification protocol. Hereby, the total latency is given
by

τtot = T(∗) + τe2e (3.4)

where

τe2e =
L

c
(3.5)

and (∗) is the purification protocol for performing the entanglement distribu-
tion and entanglement swapping in between Alice and Bob connection. For
example, TNPP is referred to the NPP protocol [8]. Therefore, the total time
taken in NPP protocol can be expressed as

T(NPP ) = n (τelem + τ ′BSM) (3.6)

where

τelem =
L0

c
+ τBSM (3.7)

where τBSM is BSM operation at the elementary link, usually 150 ns [42].
Since the BSM operation is inversely proportional to the achievable rate,
therefore, we can express the BSM time taken at the quantum repeater is
given by

τ ′BSM =
2n

Rn

(3.8)

In order to formulate the conditional fidelity of a quantum repeater
with imperfect memory, we can re-write the generation rate in the form
of entanglement cost as follow:

Rn = QnEC(ρ̂XY (Tn)) (3.9)

where Tn = max(TED, Tn−1) and TED = L0

c
.

Suppose we consider p(t) represents the conditional fidelity of the mea-
sured quantum state in the memory, in which it is a measure of how close
a quantum state is to a desired pure state, showing how well the memory
can preserve the entangled state over time despite memory dephasing [40].
In this context, it measures how well the quantum memory preserves the
entangled state over time t. As time t increases, the exponential term
e(−t/τc) decreases, indicating that the memory’s coherence is decaying. The
conditional fidelity p(t) approaches 0.5 as t becomes large, indicating a 50%
chance of the memory retaining its quantum state. Hence, the conditional
fidelity decreases over time as the coherence of the memory is lost. Thus, the
conditional fidelity is given by

p(t) =
1 + e(−t/τc)

2
(3.10)
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3.2.1.3 Numerical Studies

Table 3.1: Simulation Parameters and Settings for NPP Protocols

Parameter Symbol Value
Speed of light in a fiber c 2× 108 m/s
Memory coherence time τc 10 ms
BSM time taken at link τBSM 150 ns
Maximum Success
Probability

PM 0.25, 0.50, 0.75

We quantitatively study the influence of latency and conditional fidelity on
the long-distance quantum networks based on the derivation of achievable
rate. Beside with the setting parameters in Table 3.1, we assume that PS =
0.2 × 10−0.01L0 , which is the best choice for the NPP protocol in [40]. The
optimum values for NPP is set to n to maximize the achievable rate for the
required memory coherence time is 10 ms. Figure 3.4 demonstrates to us the
two subfigures illustrating the achievable rate Rn as a function of distance
L. Figure 3.4 (a) analyzes the impact of different values of the maximum
success probability, PM . The three curves represent PM = 0.25 (black, no
markers), PM = 0.50 (black, triangle markers), and PM = 0.75 (red, cross
markers), while keeping the memory coherence time fixed at τc = 10 ms. The
result of the achievable rate decreases with increasing distance but improves
with higher PM .

While in Figure 3.4 (b) investigates the impact of different τc on the
achievable rate while keeping PM = 0.75 is fixed. The three curves correspond
to τc = 1 ms (black, no markers), τc = 10 ms (black, triangle markers), and
τc = 100 ms (red, cross markers). The graph shows that the longer memory
coherence time maintains a higher achievable rate over larger distances.
Similar to that is in Figure 3.5, presents the entanglement generation rate
Qn in 2 cases, with nesting level is fixed at n = 2. Fig. 3.5 (a) shows the
entanglement generation rate Qn in different distance L with various values
of PM . The graph result showing a similar trend to Rn, which is with higher
PM leading to better performance. For Figure 3.5 (b) analyzes the impact of
the nesting level n at a fixed distance of L = 1000 km. As n increases, the
entanglement generation rate improves, particularly for higher values of PM .
These results highlight the dependence of entanglement generation on both
PM and n, with larger values leading to enhanced performance.
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Figure 3.4: Performance of achievable rate versus distance with (a) Different
maximum success probability; and (b) Different memory coherence time
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Figure 3.5: Performance of entanglement generation rate versus (a) Distance
and (b) Nesting level with different maximum success probability

Meanwhile, Figure 3.7 illustrates the success probability PS as in different
distance L and nesting levels n. Our results show that the PS decreases
with increasing distance across all nesting levels. The curves demonstrate
the higher the nesting levels, the higher the success probability over long
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distances.
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Figure 3.6: Performance of success probability versus distance with different
nesting levels
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Figure 3.7: Performance of latency versus distance with different maximum
success probability

Figure 3.7 shows the latency is plotted against the distance that includes
three different curves, corresponding to PM values of 0.25, 0.5, and 0.75, with
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a fixed τc = 10 ms. The latency values increase with distance, and the curves
show that higher PM values result in lower latency across the entire distance
range.
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Figure 3.8: Performance of latency versus nested level with different maxi-
mum success probability

Figure 3.8 shows the performance of latency versus nested level with
different PM with a fixed τc and L. The figure includes three different curves,
corresponding to PM values of 0.25, 0.5, and 0.75. The curves demonstrate
that as the distance increases, the latency exponentially increases, and the
lower the PM value, the higher the latency for a given distance.

The given line graph in Figure 3.9 illustrates the relationship between
the conditional fidelity p(t) and the time period t for three different values
of memory coherence time τc (i.e., 1 ms, 10 ms, and 100 ms). Overall, the
conditional fidelity decreases as the time period increases for all three cases.
However, the rate of decline varies depending on τc. The highest fidelity is
observed when τc = 100 ms, while the lowest is seen for τc = 1 ms. Initially,
at t = 0.0001 seconds, all three curves start close to a fidelity value of 1.0.
As time progresses, the fidelity for τc = 1 ms ((black, no markers) declines
rapidly, dropping below 0.7 by t = 0.01 seconds. In contrast, the fidelity
for τc = 10 ms (black, triangle markers) also decreases but at a slower pace,
maintaining a value above 0.8 throughout the range. Meanwhile, the fidelity
for τc = 100 ms (red, cross markers) remains close to 1.0, showing only a slight
decline over time. In summary, a longer memory coherence time results in
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better retention of conditional fidelity over time, whereas a shorter memory
coherence time leads to a faster deterioration in performance, leading to short
distance.
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Figure 3.9: Performance of conditional fidelity versus the time period with
different memory coherence time

3.2.2 Latency in Entanglement-guaranteed Distribution
Protocol

3.2.2.1 System Description

The overall system architecture is a quantum network modeled as a graph
G = (V,E), where nodes v ∈ V are quantum repeaters and edges e ∈ E
are quantum communication links. This framework, which is the basis for
the Q-LEAP algorithm, operates on a time-slotted model where entangled
pairs are generated on each link at the start of a time slot. Unlike the
multi-level, nested approach of NPP, the Q-LEAP-based system focuses
on finding a single, end-to-end path that satisfies specific fidelity threshold
requirements for a given source-destination pair. The primary entanglement
operations employed are entanglement generation, entanglement purification,
and entanglement swapping.

Each quantum repeater in the network is assumed to have the necessary
functionalities of a first-generation repeater, including the ability to generate
entangled pairs, perform Bell-state measurements (BSMs) for swapping,
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and execute purification operations. The Q-LEAP algorithm, as a routing
strategy, makes intelligent decisions on which links to use and which links
require purification to satisfy a specified fidelity threshold. It selects a single
path, and purification decisions are made on a link-by-link basis along that
path to ensure the final end-to-end fidelity is met. A key distinction is that,
unlike the hierarchical connection-purification cycles of NPP, the Q-LEAP
model’s latency is a summation of delays across a series of individually-
purified links, as entanglement swapping is performed sequentially at each
repeater node along the chosen path. This approach provides a more
direct and computationally efficient method for routing in dynamic network
environments.

3.2.2.2 Latency-Distance Analysis

In the context of QFiLa, and as utilized by the Q-LEAP algorithm, latency
reflects the time required to generate and deliver entangled states. This
end-to-end latency (l) for a path is modeled as the sum of three primary
components: entanglement generation time (t(E)), propagation delay (t(d)),
and quantum memory storage time (t(N)):

l = t(E) + t(d) + t(N) (3.11)

Each component contributes to the overall communication delay, reflect-
ing the inherent complexities of quantum networks operating with first-
generation repeater functionalities.

t(d): Transmission Delay Time This component represents the
physical time light takes to traverse the quantum channel. It is directly
proportional to the total distance (L) of the end-to-end connection and
inversely proportional to the speed of light (c) in the optical fiber:

t(d) =
L

c
(3.12)

The speed of light in fiber is typically 2 × 108 m/s. This is a fundamental
physical constant that applies universally to any quantum communication
scheme.

t(N): Quantum Memory Delay or Storage Time This term ac-
counts for the time qubits must be stored in quantum memories while
awaiting synchronization or the successful completion of other probabilistic
operations in the network. In this study, t(N) is treated as a constant
overhead, set to 500 ms based on the assumed synchronization timestep.
However, the efficiency of this storage time is fundamentally linked to the
memory coherence time (τc) that we have discussed.
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t(E): Entanglement Generation Time Representing the time re-
quired for entanglement generation, our model captures the cumulative
operational delays across the chosen quantum path. This time is funda-
mentally influenced by the probabilistic nature of entanglement operations
within first-generation quantum repeaters, meaning multiple attempts may
be necessary on any given link before a successful entangled pair is estab-
lished. Specifically, for each segment along the path, t(E) encompasses the
initial preparation time for qubits, the crucial round-trip communication
delay for classical control signals between adjacent nodes (which scales with
physical distance), and any necessary processing or reset time at the repeater
nodes. The overall contribution of a link to t(E) is then determined by the
average number of attempts required, inversely proportional to the success
probability per entanglement attempt (PS). By summing these average times
over all links in the path, the model aggregates the total operational overhead
inherent in preparing the quantum resource for an end-to-end connection, as
utilized by algorithms like Q-LEAP.

It should be noted that t(E), t(d), and t(N) remain relatively stable across
different network scenarios and thus represent the baseline link latencies
inherent to the quantum network infrastructure. In contrast, the path
computation time (i.e., the time taken by the Q-LEAP algorithm itself to
find a path) varies depending on the complexity of the routing algorithm
and the size of the search space. This algorithmic computation time is a
critical performance metric when evaluating different routing strategies, but
it is distinct from the quantum communication latency (l) modeled here.

3.2.2.3 Numerical Studies

The given line graph in Figure 3.10 illustrates the relationship between
the latency of an entangled link between two nodes (l) and distance (L)
for a connection established using QFiLa across three different values of
entanglement success probability (ps). Overall, latency increases as distance
increases for all three cases. However, the rate of increase varies depending
on ps. The lowest latency is observed when ps = 0.75, while the highest is
seen for ps = 0.25.

Initially, at L = 100 km, all three curves start with relatively similar
latency values. As distance progresses, the latency for ps = 0.25 (black line,
no markers) increases rapidly, reaching approximately 0.7 seconds by L =
1000 km. In contrast, the latency for ps = 0.50 (black line, triangle markers)
also increases but at a slower pace, staying below 0.6 seconds throughout the
range. Meanwhile, the latency for ps = 0.75 (red line, cross markers) remains
significantly lower than the two remaining curves across the entire distance
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Figure 3.10: Performance of latency versus distance with different entangle-
ment success probability (ps)

range.
In summary, a higher success probability (ps) results in lower latency

across varying distances. This is because higher ps values directly translate
to a more efficient execution of probabilistic quantum operations (such as
entanglement generation, purification, and swapping) within first-generation
quantum repeaters. A higher success probability means fewer retries are
needed on average for each operation, which significantly reduces the waiting
time incurred by failed attempts and the associated two-way classical com-
munication for confirmation. Conversely, a lower success probability leads to
a faster increment in latency over long distances due to the increased number
of required attempts and resultant delays.

3.3 Proposed Quantum Link Metric: QFiLa

To address the challenge of jointly optimizing fidelity and latency in quantum
routing, we introduce a novel link metric named QFiLa (Quantum Fidelity-
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Latency). This composite metric is specifically designed to guide routing
decisions by quantifying the trade-off between fidelity degradation and
communication delay over quantum links. By incorporating both fidelity
and latency in a normalized scalar function, QFiLa enables balanced and
flexible path selection under heterogeneous quantum network conditions and
application demands.

3.3.1 Fidelity Model

Fidelity in quantum networks measures how well an entangled state preserves
its intended quantum properties after transmission. It is a key performance
metric in applications such as quantum teleportation, QKD, and distributed
quantum computing. Due to the cumulative effects of photon attenuation and
decoherence, fidelity degrades with distance. This behavior can be captured
by an exponential decay model [6]:

f = µ

(
1 + e

−d
(

Latt+Ldec
LattLdec

))
(3.13)

where:

• d: Is the the distance between two nodes

• µ ∈ [0.5, 1]: Represents the average fidelity decay baseline (typically
0.5),

• Latt: Is the photon attenuation length,

• Ldec: Is the decoherence length.

Both Latt and Ldec are treated as fixed constants, with values of 100 km
and 500 km, respectively. As distance increases, the exponential decay
dominates, causing fidelity to approach the lower bound. This model
accurately reflects the deterioration observed in practical quantum links.

3.3.2 Q-LEAP Overview

Building upon the Q-LEAP routing algorithm introduced by Li et al. [9], we
extend the algorithm to incorporate the QFiLa link metric, which balances
both fidelity and latency in routing decisions. Q-LEAP was originally
designed to guarantee fidelity over multi-hop quantum communication paths
by incorporating purification decisions directly into the routing process. The
key steps of the Q-LEAP algorithm remain the same, but we adapt it
to integrate the composite metric for enhanced performance in real-world
quantum networks.
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In this work, we extend Q-LEAP by incorporating the QFiLa metric,
which includes both fidelity and latency as factors in path selection. The
modified Q-LEAP algorithm now not only searches for high-fidelity paths
but also accounts for the latency along each path. This modification allows
for adaptive and flexible routing decisions that balance the two key perfor-
mance metrics, making Q-LEAP suitable for dynamic, large-scale quantum
networks.

3.3.2.1 QFiLa Formulation for Q-LEAP

In quantum communication networks, it is essential to evaluate the per-
formance of links that balance multiple factors, such as the quality of
entanglement (fidelity) and the time delay (latency). To achieve this, we
introduce a unified routing metric that combines both fidelity and latency
into a single value, allowing for a more comprehensive assessment of the link’s
overall performance. This is done by first normalizing both the fidelity and
latency values to the same range, specifically [0, 1], ensuring that they are
comparable and can be combined effectively in subsequent calculations. The
normalization of these values ensures consistency across different scales and
units of measurement.

The fidelity normalization process is described by the following equation:

F ′ =
f

fmax

(3.14)

Here, the fidelity value f of the entangled link between two quantum
nodes is normalized by dividing it by fmax, which represents the maximum
observed fidelity among all available links. This ensures that the normalized
fidelity, F ′, falls within the range [0, 1], where a value of F ′ = 1 indicates the
highest possible fidelity.

Similarly, latency is normalized using the following equation:

L′ =
l

lmin

(3.15)

In this case, the latency value l of the entangled link between two nodes
is normalized by dividing it by lmin, the minimum latency observed across all
available links. By normalizing in this way, the resulting L′ value also falls
within the range [0, 1], with a value of L′ = 1 corresponding to the lowest
latency.

To summarize the variables used in these equations:

• f and l: These represent the fidelity and latency values, respectively, for
a particular entangled link between two quantum nodes in the network.
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• fmax and lmin: These denote the maximum observed fidelity and the
minimum observed latency across all available entangled links in the
network.

The normalization process ensures that both fidelity and latency are
on comparable scales, making it possible to combine them into a single
composite metric. By normalizing the values, we eliminate the issue of
differing units and magnitudes between these two important performance
indicators.

After normalizing both fidelity and latency, we combine them into a
single composite metric, QFiLa, that balances the trade-off between these
two parameters. The final formula for the QFiLa metric is given by:

QFiLa = wfF
′ + wlL

′ (3.16)

In this formula, wf and wl are application-defined weights that control
the relative importance of fidelity and latency in the overall metric. These
weights must satisfy the condition wf + wl = 1, ensuring that the combined
metric reflects a normalized weighting of both factors. The weight wf

prioritizes fidelity, while wl prioritizes low latency. Depending on the specific
requirements of the application, these weights can be adjusted to favor either
high-quality entanglement or low transmission delay, or a balance of both.

Thus, the QFiLa metric allows us to rank quantum communication links
based on their overall performance, considering both the fidelity of the
entanglement and the latency of the connection. The overall metric score
increases when both fidelity and latency improve, making this composite
metric highly useful for decision-making in routing algorithms, especially in
scenarios that require a balance between high-quality entanglement and low-
latency transmission.
Figure 3.11 illustrates a random network topology where each node represents
a quantum repeater, and the connections between nodes represent quantum
communication links. The image highlights three distinct cases of routing
decisions based on theQFiLa metric, which combines both fidelity and latency
considerations for link selection.

1. Left Case - Best Fidelity: In this scenario, the routing algorithm
prioritizes selecting links that offer the highest fidelity. These links
are typically shorter, as indicated by the light lines in the image. The
objective is to maximize the quality of entanglement between quantum
nodes, ensuring that the entangled states remain as close to ideal as
possible.

2. Right Case - Best Latency: Here, the routing algorithm focuses
on minimizing the time delay in communication by selecting links with
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Figure 3.11: QFiLa Choice in Quantum Network Topology

the lowest latency, which are depicted by the bold lines. T he aim
is to optimize the speed of entanglement distribution, ensuring quick
communication between quantum nodes.

3. Bottom Case - Best Fidelity Combined with Latency: The
third case demonstrates the combined approach, where the QFiLa

metric incorporates both fidelity and latency into a single routing
decision. The algorithm balances the trade-off between achieving high
fidelity and minimizing latency, selecting links that provide the best
compromise for both performance metrics.

In all three cases, the routing choices reflect the use of the QFiLa metric to
ensure the best overall performance, as evidenced by the optimal combination
of fidelity and latency across the network topology.

3.4 Summary

This chapter tackles the challenge of balancing fidelity and latency in quan-
tum communication networks. Quantum networks face an inherent trade-off,
where improving fidelity often results in higher latency and vice versa. The
chapter emphasizes the need for a routing strategy that accounts for both
parameters simultaneously to optimize quantum network performance.

The issue is illustrated with the fidelity-latency trade-off, where enhancing
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fidelity can lead to increased latency, and minimizing latency may com-
promise the required fidelity for quantum operations. Existing algorithms
primarily focus on either fidelity or latency, but not both. To address this, a
novel composite metric, QFiLa, is introduced, combining fidelity and latency
to guide routing decisions in dynamic quantum networks.

The chapter also introduces the Nested Purification Protocol (NPP) for
entanglement distribution and its impact on latency. A detailed analysis
of the entanglement generation time, transmission delays, and quantum
memory storage time reveals how these factors influence overall network
latency. Numerical studies show how entanglement success probability and
memory coherence time affect the achievable rate and latency.

51



Chapter 4

Evaluation Studies and Discus-
sions

4.1 Evaluation Overview

This chapter presents the evaluation of the proposed QFiLa link metric
integrated into the Q-LEAP routing algorithm. We compare its performance
against the baseline Q-LEAP under various fidelity-latency trade-off settings.
The evaluation spans real-world and synthetic topologies, enabling a com-
prehensive assessment of performance trends, trade-offs, and scalability.

4.1.1 Simulation Setup and Parameters

To thoroughly assess the effectiveness of the proposed QFiLa metric, we
conducted extensive simulations on a machine equipped with an Intel i7-
4790 CPU (3.6 GHz), 32 GB of RAM, and running 64-bit Windows 10.

We considered two categories of network topologies for evaluation: To
comprehensively evaluate the proposed routing strategies, this study consid-
ers two types of quantum network topologies: the Japan Photonic Net-
work Model (JPNM) and synthetically generated random topologies.
This dual approach allows benchmarking against real-world constraints while
testing scalability and adaptability in abstract, generalized networks.

4.1.1.1 Random Topology Generation

We generate random topologies to generalize findings and test routing perfor-
mance across varying network sizes. Random topologies are constructed for
node counts of {25, 50, 75, 100}, with each node assigned a unique position
within a 100 × 100 2D coordinate grid. The Euclidean distance between
nodes i and j is computed as:

distij =
√

(xi − xj)2 + (yi − yj)2 (4.1)
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To emulate physical distance in kilometers, a linear scale factor s is
applied:

dij = s · distij (4.2)

The default setting is s = 5, chosen to align the average link distance in
the random 50-node topology with that of JPNM for comparison. Addition-
ally, multiple density configurations are tested with s ∈ {1, 2, 3, 4, 5} for the
50-node case to analyze the impact of link density on routing behavior.

Connectivity is ensured by linking each node to its k = 3 nearest
neighbors, forming bidirectional links. This k-nearest neighbor approach
yields sparse yet connected networks, which approximate quantum repeater
constraints where long-distance links are both costly and lossy.

This random generation framework enables controlled experimentation
across topological scales and densities, providing a valuable counterpart to
the fixed structure of the JPNM.

4.1.1.2 Japan Photonic Network Model (JPNM)

The Japan Photonic Network Model (JPNM) [1] is a logical network topology
that represents inter-prefecture connectivity across Japan. It was designed to
support research, development, and commercialization efforts in photonic and
quantum networks. The construction of JPNM is based on publicly available
regional datasets—including station coordinates, railway networks, routing
paths, and population data—combined with standard communication net-
work design principles. As a result, JPNM exhibits structural characteristics
that closely resemble real-world optical backbone networks deployed by major
Japanese telecommunications carriers. It specifies concrete parameters such
as node locations, physical routes, and link distances, making it a practical
and realistic benchmark for quantum network simulations.

4.1.2 Experiment Scenarios

To comprehensively evaluate the effectiveness of the proposed QFiLa link
metric integrated into the Q-LEAP routing framework, we define a series
of experiment scenarios. These scenarios are designed to measure key
performance metrics under diverse network conditions, routing preferences,
and topology configurations. Each scenario targets a specific aspect of the
fidelity-latency tradeoff and its impact on overall routing performance.

• Scenario 1 – Link Density Sensitivity Analysis (Random
Topology, 50 nodes): First and foremost, we investigate how differ-
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ent network densities affect routing performance. Using a fixed network
size of 50 nodes, we vary the distance scaling factor s ∈ {1, 2, 3, 4, 5},
which controls link density. This helps evaluate the sensitivity of QFiLa

to topology sparsity and connectivity.

• Scenario 2 – Performance of Q-LEAP with and without QFiLa

in Random Topologies (25 to 100 Nodes): Next, we will evaluate
the generalizability of the proposed QFiLa metric beyond real-world
topologies by simulation random topology of sizes 25, 50, 75, and
100 nodes. This scenario assesses how QFiLa performs under varying
network scales and structural randomness.

• Scenario 3 – Fidelity-Latency Tradeoff Visualization: Conse-
quently, we visualize how fidelity and latency evolve across different
link distances using the Japan Photonic Network Model (JPNM). This
experiment aims to highlight the inherent tradeoff and motivates the
necessity of a composite metric such as QFiLa.

• Scenario 4 – Performance of Q-LEAP with and without QFiLa

in JPNM: Finally, this scenario replicates the comparison of scenario
2 on a realistic topology which is JPNM. We evaluate performance in
terms of entanglement throughput, routing latency, and computation
time under three weighting configurations:

– (wf = 1, wl = 0) — Fidelity-Focused Configuration: Pri-
oritizes the quality of entangled links over speed. This setting
is suitable for applications requiring extremely high quantum
state fidelity, such as quantum teleportation, distributed quantum
computing, and device-independent quantum key distribution (DI-
QKD), where even small fidelity losses can render results invalid
or insecure.

– (wf = 0.5, wl = 0.5) — Balanced Configuration: Strikes a
trade-off between entanglement quality and delivery latency. This
setting is appropriate for multi-user quantum networks, where
moderate fidelity and responsiveness are both desirable, such as
in quantum conferencing, entanglement-based synchronization, or
when network resources are constrained and shared.

– (wf = 0, wl = 1) — Latency-Focused Configuration: Opti-
mizes for minimum delay in entanglement delivery, even if fidelity
is moderate. This is ideal for time-critical quantum applications
such as real-time QKD in dynamic environments, quantum sensing
with low coherence time, or systems with limited quantum memory
where long delays risk decoherence.
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These scenarios provide a well-rounded assessment of both fidelity-aware
and latency-sensitive routing strategies across realistic and synthetic quan-
tum network settings.

4.2 Experiment Results

4.2.1 Scenario 1: Link Density Sensitivity Analysis

To evaluate the impact of physical link density on routing performance, we
conduct a sensitivity analysis by varying the scale factor in a 50-node random
topology. The topology is constructed using a k-nearest neighbor model with
k = 3, and the scale factor s ∈ {1, 2, 3, 4, 5} determines the spatial spread
of the nodes in a 100 × 100 unit grid. As described in Section 4.1.1.1, the
physical distance between two nodes i and j is calculated using a scaled
Euclidean formula as above.

This experiment uses the Q-LEAP routing protocol enhanced with the
proposed QFiLa metric under the balanced setting (wf = 0.5, wl = 0.5). This
configuration jointly considers fidelity and latency in path selection and is
designed to maintain an optimal trade-off between entanglement quality and
distribution speed.

Figure 4.1 illustrates how the average link distance grows with the scale
factor. Table 4.1 summarizes key statistics including the mean, minimum,
maximum, and standard deviation of distances at each scale.

Table 4.1: Distance Statistics Across Scale Factors

Scale Factor Mean (km) Min (km) Max (km) Std Dev (km)
1 51.43 1.62 121.68 24.74
2 102.87 3.26 243.35 49.48
3 154.30 4.88 365.03 74.21
4 205.74 6.52 486.68 98.95
5 257.17 8.16 608.36 123.69

As expected, the average link distance increases linearly with the scale
factor, nearly doubling with each increment. At s = 1, most links are
relatively short (average ≈ 51.4 km), but by s = 5, the average link stretches
to over 250 km. This has several implications:

• Quantum Fidelity Impact: Longer links are more prone to fidelity
degradation due to exponential attenuation. As link lengths grow, the
probability of successful entanglement generation sharply decreases,
potentially invalidating many long-distance connections.
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Figure 4.1: Average link distance vs. scale factor in a 50-node k-nearest
neighbor topology with k = 3 under Q-LEAP with QFiLa (wf = 0.5, wl =
0.5).

• Routing Constraints: At higher scale factors, fewer links may satisfy
the fidelity threshold, reducing the available routing paths. This can
lead to increased multihop routes or routing failure under strict fidelity
requirements.

• Latency Tradeoff: While more spread-out topologies increase physi-
cal latency, they may also force the use of additional purification stages,
compounding the end-to-end delay.

• Topology Sparsity and Density: At smaller scale factors, the
topology becomes denser, with many short links ensuring multiple
valid routing options and greater robustness. At large scale factors,
the network becomes sparse and thin, resembling more of a long-haul
structure, which is more challenging for quantum networking protocols.

Overall, these results confirm that scale factor plays a significant role in
shaping routing performance. Denser configurations (e.g., s = 1 or s = 2)
are advantageous for high-fidelity, low-latency routing. In contrast, sparser
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networks (e.g., s = 4 or s = 5) introduce harsher trade-offs and stricter
path feasibility conditions. The analysis validates the robustness of the
QFiLa-based Q-LEAP design in adapting to such topological diversity while
maintaining efficiency.

4.2.2 Scenario 2: Performance of Q-LEAP with and
without QFiLa in Random Topologies

To assess the generalizability ofQFiLa beyond structured real-world networks,
we simulate our evaluation to synthetic random topologies with varying sizes
of {25, 50, 75, 100} nodes. These topologies are generated using a k-nearest
neighbor construction with k = 3, where each node connects to its three
nearest neighbors based on scaled Euclidean distance. A uniform scale factor
of s = 5 is applied to preserve average link lengths similar to those found
in JPNM, thereby enabling fair comparisons. Each simulation setup mirrors
that of the previous scenarios, with routing evaluated under the balanced
configuration of QFiLa using weights wf = 0.5 and wl = 0.5.

The detailed simulation parameters in the random topologies are sum-
marized in Table 4.2.

Table 4.2: Simulation Parameters for Random Topologies

Parameter Random Topology
Number of nodes 25, 50, 75, 100
Number of links Varies by topology and k
Distance between nodes Scaled Euclidean distance
Quantum link capacity 50 qubits/slot
Number of requests 50
Attenuation length (Latt) 100 km
Decoherence length (Ldec) 500 km
Speed of light in fiber 2× 108 m/s
Entanglement success probability 0.25
Quantum storage time 500 ms
Fidelity threshold 0.55–0.95
Number of trials 100,000
Nearest neighbors (k) 3
Distance scale factor (s) 1, 2, 3, 4, 5
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(a)

(b)

Figure 4.2: Average latency vs. fidelity threshold in random topologies
(25–100 nodes): (a) Original Q-LEAP; (b) Q-LEAP with QFiLa, wf = 0.5,
wl = 0.5.
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Average Latency in Random Topologies: Figures 4.2a and 4.2b
present the average latency across varying fidelity thresholds for both the
original Q-LEAP and the Q-LEAP enhanced with the QFiLa metric. As
expected, latency increases consistently with higher fidelity thresholds in all
network configurations. This trend reflects the impact of stringent fidelity re-
quirements, which limit the set of viable links and force the routing algorithm
to select longer, multihop paths involving more purification operations.

Among the topologies considered, the 25-node networks exhibit the lowest
latency, benefiting from a small network diameter and limited path diversity.
In contrast, the 100-node networks consistently incur the highest latency
due to their larger diameter and more extensive routing paths. Notably,
the Q-LEAP configuration augmented with QFiLa outperforms the original
Q-LEAP in latency across all network sizes. This advantage becomes
more pronounced as the network size increases, indicating QFiLa’s superior
capacity to efficiently balance fidelity and latency even in sparse and irregular
topologies.

Path Computation Time in Random Topologies: The path compu-
tation time for both routing configurations is shown in Figure 4.3, evaluated
across varying topology sizes and fidelity thresholds. As the fidelity threshold
increases, both Q-LEAP and Q-LEAP withQFiLa exhibit longer computation
times. This trend is attributed to the shrinking set of feasible links under
stricter fidelity constraints, which increases the search complexity for viable
end-to-end paths.

For the original Q-LEAP configuration (Figure 4.3a), the computation
time scales predictably with network size. The 25-node topology incurs the
lowest computation time, followed sequentially by 50, 75, and 100 nodes.
This linear trend reflects the fact that larger topologies inherently introduce
more routing candidates and increase Dijkstra-style search complexity.

In contrast, Q-LEAP using QFiLa (Figure 4.3b) displays a non-linear
pattern: while the 25-node case still achieves the shortest computation
time, the order becomes 25 < 75 < 100 < 50 nodes. This deviation from
linear scaling arises due to QFiLa’s fidelity-latency tradeoff mechanism, which
actively prunes the topology based on threshold constraints and link quality.
In some topologies (e.g., 100 nodes), this pruning results in sparser effective
graphs, reducing the number of candidates and accelerating pathfinding.

Conversely, in the 50-node case, higher link density and less aggressive
pruning may enlarge the search space, leading to unexpectedly higher com-
putation times.
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(a)

(b)

Figure 4.3: Path computation time across fidelity thresholds in random
topologies of 25–100 nodes: (a) Original Q-LEAP; (b) Q-LEAP with QFiLa

(wf = 0.5, wl = 0.5).
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(a)

(b)

Figure 4.4: Total throughput vs. fidelity threshold in random topologies
(25–100 nodes): (a) Original Q-LEAP; (b) Q-LEAP with QFiLa, wf = 0.5,
wl = 0.5.
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Throughput Analysis in Random Topologies: Figure 4.4 illustrate the
total throughput (in qubits per time slot) under varying fidelity thresholds,
across all topology sizes. In both cases, throughput remains high and nearly
saturated when fidelity requirements are moderate (e.g., fth ≤ 0.75), but
begins to degrade more noticeably at higher thresholds. This degradation
occurs as stricter fidelity constraints filter out longer or noisier links, shrink-
ing the number of feasible paths and thus limiting end-to-end entanglement
delivery.

The 25-node topology consistently yields the highest throughput, followed
by the 50-node and 100-node topologies, with the 75-node case lagging
behind. This non-linear ordering stems from differences in link density
caused by random placement and the fixed scale factor. Specifically, the 75-
node configuration exhibits relatively sparse connectivity, leading to fewer
redundant paths and ultimately lower throughput.

When comparing Q-LEAP with and without QFiLa, both routing strate-
gies exhibit nearly identical throughput profiles across all network sizes
and fidelity thresholds. This observation confirms that the latency and
computation improvements achieved by QFiLa do not compromise its ability
to sustain high throughput.

The similarity of throughput curves reinforces QFiLa’s suitability for
quantum applications requiring high entanglement generation rates while
also benefiting from reduced delay and improved scalability.

4.2.3 Scenario 3: Fidelity-Latency Trade-off Visualiza-
tion

The fundamental trade-off between fidelity and latency is visualized in
Figure 4.5b, based on simulation results from the Japan Photonic Network
Model (JPNM). As the link distance increases, fidelity declines sharply due
to attenuation and decoherence, while paths that achieve higher fidelity often
suffer greater delays due to operational overheads and route complexity
(Figure 4.5a(a)). In contrast, achieving higher fidelity typically leads to
increased latency due to additional purification rounds and the use of longer
multihop paths (Figure 4.5b(b)).

These observations motivate the development of the QFiLa metric, which
aims to balance these competing objectives by combining them into a tunable
weighted score.
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(a) Fidelity vs. distance

(b) Fidelity vs. latency

Figure 4.5: Visualization based on JPNM: (a) Fidelity vs. distance and (b)
Fidelity vs. latency.
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4.2.4 Scenario 4: Performance of Q-LEAP with and
without QFiLa in JPNM

Figure 4.6: Illustration of the Japan Photonic Network Model (JPNM) [1].

After the simulation of the random topology, we evaluate by using a more
smaller and realistic topology by conducting simulations on the Japan Pho-
tonic Network Model (JPNM), which is illustrated in Figure 4.6 represents
a geographically informed network with 48 nodes and 82 links, each link
distances range from 10 km to 673 km, showing a realistic showcase of
a real-world topology. As shown in the setting in Table 4.3, the fidelity
threshold fth was varied from 0.55 to 0.95 to examine the effect of stricter
entanglement quality requirements. The comparison includes four routing
configurations: the original Q-LEAP algorithm, and Q-LEAP enhanced with
the proposed QFiLa metric under three weighting modes—fidelity-focused
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(wf = 1.0, wl = 0.0), balanced (wf = 0.5, wl = 0.5), and latency-focused
(wf = 0.0, wl = 1.0).

Table 4.3: Simulation Parameters for JPNM Topology

Parameter Value (JPNM)
Number of nodes 48
Number of links 82
Distance between nodes 10–673 km
Quantum link capacity 50 qubits/slot
Number of requests 50
Attenuation length (Latt) 100 km
Decoherence length (Ldec) 500 km
Speed of light in fiber 2× 108 m/s
Entanglement success probability 0.25
Quantum storage time 500 ms
Fidelity threshold 0.55–0.95
Number of trials 100,000

Figure 4.7 and Figure 4.8 shows the distribution of 82 simulated links
across a 48-node network in the JPNM. Most links are below 200 km, with
few exceeding 500 km, resulting in a majority of fidelity values ranging
between 0.5 and 0.75, and latencies mostly below 600 ms. These empirical
observations reinforce the inverse relationship between fidelity and distance,
and the direct correlation between latency and both distance and purification
complexity.

Figure 4.9a presents the total throughput performance across varying
fidelity thresholds. While all configurations achieve comparable throughput
at low thresholds, the balanced QFiLa configuration closely tracks the original
Q-LEAP, slightly outperforming the fidelity-only and latency-only settings
across most conditions. Notably, both extreme configurations (fidelity- or
latency-focused) exhibit decreased throughput under stricter fidelity thresh-
olds due to their one-sided optimization strategies. This underscores the
importance of balancing fidelity and latency to maintain usable entanglement
rates in heterogeneous network environments.
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(a) Link distance distribution

(b) Fidelity distribution

Figure 4.7: Distribution of the 82 quantum links in JPNM: (a) Link distances
and (b) Fidelity.
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(a) Latency Distribution

Figure 4.8: Latency Distribution of the 82 quantum links in JPNM.

Figure 4.9b depicts the average latency across the same threshold range.
The latency-focused configuration (wf = 0.0, wl = 1.0) consistently achieves
the lowest latency, especially in the range 0.55 ≤ fth ≤ 0.75, by preferring
shorter, low-hop paths even if fidelity is modest. In contrast, the balanced
configuration trades slightly higher latency for fidelity resilience, avoiding
low-quality links that require excessive purification. This balance results
in performance close to the optimal case across the full fidelity range.
The original Q-LEAP and the fidelity-focused QFiLa configuration incur
noticeably higher latency, particularly at high fidelity thresholds, due to
longer paths and more intensive purification. These results demonstrate
the sensitivity of latency to path quality, purification overhead, and hop
count—all factors modulated effectively by QFiLa.
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(a) Total throughput

(b) Average latency

Figure 4.9: Performance comparison on JPNM under different fidelity thresh-
olds: (a) Total throughput and (b) Average latency.
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(a) Path computation time

Figure 4.10: Path computation time performance comparison on JPNM
under different fidelity thresholds.

Figure 4.10a shows the average path computation time. Here, both
the latency-focused and balanced QFiLa variants achieve lower computation
times compared to the original Q-LEAP. This is because their metric design
allows for early pruning of unqualified paths during Dijkstra traversal,
reducing search complexity. In contrast, the fidelity-focused mode incurs
the highest computation cost due to the algorithm’s effort to identify rare,
high-fidelity paths over long distances. This highlights a key advantage of
the QFiLa formulation—by explicitly incorporating both latency and fidelity,
it simplifies route evaluation and improves computational efficiency.

In summary, the results on JPNM validate the efficacy of the QFiLa met-
ric. While throughput remains comparable across configurations, significant
gains in latency and computation time are achieved using the balanced and
latency-aware variants. These improvements make QFiLa-enhanced routing
a practical choice for quantum network applications where delay sensitivity
and scalability are critical, such as in entanglement-based sensing, real-time
QKD, or distributed quantum computing platforms.
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4.3 Summary

This chapter evaluates the performance of the proposed QFiLa link metric
integrated with the Q-LEAP routing algorithm, focusing on its effectiveness
in balancing the fidelity-latency trade-off. The evaluation is conducted on two
network topologies: the Japan Photonic Network Model (JPNM) and random
topologies with varying node counts. The results demonstrate how QFiLa

performs across different network sizes and fidelity thresholds, compared the
Q-LEAP with and without the using of QFiLa.

The evaluation reveals that QFiLa significantly improves routing efficiency
by balancing fidelity and latency. Scenarios highlight the trade-offs between
throughput, latency, and path computation time. The QFiLa metric achieves
lower latency and faster computation times in most configurations, especially
under stringent fidelity conditions. The experimental results confirm that
QFiLa can be effectively applied to real-world and synthetic networks, offering
scalable, efficient routing for quantum applications.

Furthermore, the sensitivity analysis of link density in random topologies
shows that denser configurations lead to better performance in terms of
fidelity and latency, validating the robustness of the QFiLa-based Q-LEAP
design across different network densities.
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Chapter 5

Conclusions and Outlook

This chapter presents a concise summary of the research contributions and
key findings from this thesis. It reflects on the performance and scalability
of the proposed QFiLa metric across diverse quantum network scenarios.
In addition, it outlines the current limitations of the study and discusses
promising directions for future research aimed at improving quantum routing
efficiency and adaptability in real-world deployments.

5.1 Summary of Findings

In this thesis, we proposed QFiLa—a fidelity-latency-aware link metric de-
signed to enhance quantum routing performance by balancing the tradeoff
between entanglement fidelity and communication latency. Integrated into
the Q-LEAP routing framework, QFiLa allows for tunable path selection via
weighted scoring, enabling more flexible and efficient decision-making under
varying network conditions.

To validate the effectiveness of this metric, we conducted extensive simu-
lations across both realistic and synthetic quantum topologies. Specifically,
we utilized the randomly generated topologies with sizes ranging from 25 to
100 nodes, n the addition of Japan Photonic Network Model (JPNM), which
emulates the physical infrastructure of Japanese topology networks. These
topologies were evaluated under diverse scenarios and fidelity thresholds
(0.55–0.95), with performance measured in terms of throughput, latency,
and path computation time

Our findings reveal that QFiLa delivers consistently improved latency
and path computation performance compared to the baseline Q-LEAP,
while preserving comparable throughput. In high-fidelity regimes, QFiLa

significantly reduces latency and computational overhead by prioritizing
near-optimal links and reducing search complexity through early pruning.
This is particularly beneficial in large-scale networks, where the routing
overhead can become a major bottleneck.

Moreover, QFiLa demonstrates robust adaptability across varying network
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scales and densities. Through link density sensitivity analysis in 50-node ran-
dom topologies with scale factors from 1 to 5, we observed consistent behavior
of QFiLa in response to average physical link lengths and connectivity. The
metric performs well even in irregular and sparse topologies, reinforcing its
generalizability.

Overall, this research highlights the practical benefits of fidelity-latency
joint optimization in quantum networks and establishes QFiLa as a promising
direction for scalable, quality-aware quantum routing protocols. The metric’s
tunability and efficiency make it particularly suited for real-world applica-
tions such as quantum key distribution (QKD), quantum internet backbone
design, and distributed quantum computing environments.

5.2 Study Limitations

Despite the promising results achieved by the proposed QFiLa-based routing
strategy, several limitations remain in the current study:

• Static Topology Assumption: All simulations were conducted
assuming a fixed network topology. Dynamic changes in node/link sta-
tus—common in real-world quantum networks—were not considered.

• Simplified Link Model: The model assumes homogeneity in quan-
tum link characteristics, such as fixed capacity and fidelity decay
functions. In practical scenarios, link quality may vary due to hardware
heterogeneity, environmental interference, or hardware failure.

• Ideal Hardware Assumptions: Parameters such as entanglement
success probability and storage time were chosen based on optimistic
assumptions or literature defaults. These may not reflect real system
limitations such as decoherence, loss, or memory errors.

• No Entanglement Purification Overhead: While latency metrics
account for purification-related delays, the impact of purification failure
rates, resource contention, and scheduling were not explicitly modeled
in the simulations.

• Focus on Unicast Communication: The evaluation focused solely
on single source-destination pairs per request. Group communication
scenarios such as multicast or broadcast entanglement were not ex-
plored.

• Limited Experimental Topologies: Although both realistic (JPNM)
and synthetic (random) topologies were examined, other network types
(e.g., grid, ring, scale-free) and real deployment traces were not in-
cluded.
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• Evaluation by Simulation Only: The results are validated purely
through simulation. Practical implementation and deployment ofQFiLa

on quantum hardware or quantum simulators are left for future work.

5.3 Directions for Future Work

While this thesis lays a strong foundation for fidelity- and latency-aware
routing in quantum networks through the QFiLa metric, several promising
avenues remain for future exploration and enhancement:

• Integration of Quantum Error Management: Future work will
focus on incorporating key quantum functionalities such as quantum
error correction, entanglement purification, and entanglement swap-
ping. These mechanisms are essential to enhance reliability and extend
communication distances in practical quantum networks, and their
integration will provide a more holistic view of end-to-end performance.

• Extension to Diverse Network Scenarios: The current study
evaluates performance on the JPNM and random topologies with up to
100 nodes. To improve generalizability, future experiments will include
other structured topologies (e.g., grid, tree, mesh, scale-free) as well
as realistic deployment traces and dynamic environments with node
churn.

• Dynamic Link Characteristics: The present evaluation assumes
constant values for entanglement success probability and entanglement
storage time T (N). Future work will involve dynamically computing
these parameters based on physical-layer conditions, routing distance,
and real-time channel feedback, leading to a more realistic performance
model.

• Multi-flow and Concurrent Routing: This study focuses on single
unicast requests per trial. A natural extension is to evaluate the
performance of QFiLa under concurrent flows and background traffic,
analyzing fairness, contention resolution, and throughput sustainability
under load.

• Hybrid Classical-Quantum Routing Architectures: A potential
direction is to investigate the integration of classical control plane
coordination (e.g., SDN-based controllers) with quantum entanglement
management. This could enable more adaptive and programmable
routing decisions in quantum networks.

• Hardware-in-the-Loop Simulation: Moving beyond software sim-
ulations, future research can involve hybrid simulations or hardware-
in-the-loop platforms that combine quantum network simulators (e.g.,
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NetSquid) with actual quantum hardware or emulators to better assess
feasibility and hardware bottlenecks.

• Machine Learning for Adaptive Weight Tuning: Finally, the
static assignment of weights (wf , wl) in QFiLa may be enhanced using
reinforcement learning or metaheuristic techniques to adaptively learn
optimal trade-offs based on network state, user demand, or service level
agreements.

These directions aim to bridge the gap between theoretical models and
real-world deployment, further advancing the robustness, adaptability, and
scalability of quantum network routing.
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