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Abstract
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Doctor of Philosophy

Quantum Enabled Wireless Communication Networks

by Muhammad Tauseef MusHTAQ

Efficient resource allocation to enhance network performance for ultra-reliable and low-latency
type communication (URLLC) is a major consideration since the development of the Inter-
net of Things. Recent advancements, especially in Massive Machine Type Communication
(mMTC), now demand goal-oriented data delivery. Coupled with those mentioned earlier,
goal-oriented communication dictates a data-driven approach to meet the current demands.
In addition to classical communication, quantum communication also requires low latency
and efficient resource allocation since memory decoherence and fidelity remain feasible for
shorter periods. Therefore, this work proposes two Reinforcement Learning-based strategies
to meet the requirements of each type of network.
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Chapter 1

Introduction to applications of
Reinforcement Learning (RL) on
massive and long haul connectivity

The proliferation of Internet of Things (IoT') and mMTC networks has intensified the demand
for scalable, energy-efficient wireless communication. In such systems, a central Access Point
(AP) must reliably and promptly collect data from numerous low-power Machine-Type Com-
munication Device (MTCD), all while minimizing computational overhead and supporting
green, goal-oriented communication [1]. These requirements are particularly stringent in
dynamic environments such as medical monitoring, industrial digital twins, and Vehicular-
to-everything (V2X) applications [2], which align with the 6G vision of ultra-reliable, low-
latency, massive connectivity [3].

Efficient Medium Access Control (MAC) is a central challenge in such dense deployments,
where multiple MTCD contend for shared wireless resources. Random access protocols, espe-
cially slotted ALOHA variants like Irregular Repetition Slotted ALOHA (IRSA), are favored
for their simplicity and scalability. By combining multi-replica transmissions with Successive
Interference Cancellation (SIC), IRSA achieves notable throughput gains [4]. However, most
existing IRSA-based schemes overlook data freshness and assume ideal energy availability,
thereby limiting their relevance in energy-constrained IoT scenarios. Figure 1.1 shows the
evolution of IRSA as the access strategy to maximize the connectivity.

The literature on massive Iol' and mMTC connectivity can be broadly categorized into
two access paradigms: scheduling-based and random access. Scheduling-based techniques
such as Time Division Multiple Access (TDMA) [5] and Frequency Division Multiple Ac-
cess (FDMA) [6] offer deterministic coordination but are limited in scalability under dense
deployments. In contrast, random access protocols, including Coded Slotted Aloha (CSA) [7]
and IRSA [4], enable scalable, contention-based communication. IRSA, in particular, ex-
ploits multi-replica transmission and SIC to enhance decoding performance. Significant en-
hancements to IRSA have been proposed through the integration of energy-awareness [8],
[9], [10], [11], feedback mechanisms [8], [12], and Channel State Information (CSI)-aware
decision-making [13], [14]. Parallel to IRSA developments, Non-Orthogonal Multiple Access
(NOMA), especially Power Domain Non-Orthogonal Multiple Access (PD-NOMA), has been
explored for its potential to support ultra-dense mMTC scenarios [15], [16], [17], [18], [19].
In PD-NOMA, transmission power is assigned based on CSI to satisfy Signal-to-Interference-
plus-Noise Ratio (SINR) constraints [18], while maintaining a random access pattern. Beyond
protocol design, recent efforts focus on optimizing traffic load and degree distributions for im-
proved throughput and energy efficiency, particularly in Energy Harvesting (EH)-enabled set-
tings. These include both analytical approaches [17] and model-free RL methods capable of
operating under partial observability and stochastic energy arrivals [5], [20], [21], [22], [23].
In addition to classical metrics such as throughput and energy efficiency, recent studies have
emphasized information-centric metrics. These include Age of Information (Aol) [24], Age
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of Incorrect Information (Aoll) [25], Value of Information (Vol) [5], and Query Version Age
of Information (QVAOI) [26], which better capture information freshness, accuracy, and con-
text relevance. In this context, open issues come from recent CSI-based schemes [13], [14]
that employ thresholding to exclude devices experiencing poor channel conditions, thereby
improving average throughput but potentially worsening Aol due to deferred transmissions
from suppressed devices.

Table 1.1 summarizes the representative works across various criteria: access schemes,
performance metrics, energy models, and algorithmic strategies. Key contributions are re-
viewed below.

* IRSA-based approaches: numerous works have extended IRSA to accommodate EH
and maximize performance. For example, [20] combines RL with IRSA under AP-
assisted EH, while [7], [8] investigate ambient EH with closed-form access strategies.
These studies improve throughput and energy use but often overlook timeliness metrics
such as Aol.

* ALOHA and scheduling-based access: slotted ALOHA under EH constraints has been
explored in [10], [11], [18], [25], [27], [28], with some works targeting Aoll minimiza-
tion. Structured access methods, including scheduling and decision-theoretic control,
are presented in [5], [22], [23], [29]. Notably, [5] proposes an Markov Decision Process
(MDP)-based policy that optimizes Vol, and [23] addresses Aol-aware access under EH
using constrained MDPs.

* Aol and Aoll optimization: timeliness-focused access control is examined in [24], [30],
where degree optimization in IRSA minimizes Aol. Extensions to Aoll are explored
in [11], [25] through analytical and MDP frameworks. However, most of these works
either assume ideal channels or do not account for capture-aware decoding in IRSA.

* Learning with EH: learning-based solutions tailored to EH environments appear in [20],
[21], [31]. For instance, [21] develops a fast Q-learning approach for IRSA, while [31]
derives analytical slot access policies for EH-ALOHA. Despite their strengths, these
works generally neglect information freshness and channel effects.

Although prior studies have advanced IRSA, Aol, and EH-aware access, few frameworks
address these jointly with realistic assumptions, such as nonlinear energy harvesting, finite
battery capacity, fading channels, and capture effects. Table 1.1 provides the summary for
scheduling and random access-based strategies adopted to maximize connectivity and enable
goal-oriented communication. Notably, CSI-based access control in [13], [14] halts trans-
missions from low-CSI devices entirely, which can inadvertently increase Aol. Our proposed
approach instead integrates both CSI and battery state into a unified access strategy that dy-
namically adjusts replica counts without excluding devices. Moreover, the interplay between
centralized and decentralized RL-based access under realistic mMTC conditions remains an
open problem, which we aim to address in this work.
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1.1 PD-NOMA and Goal Oriented Communication

Goal-oriented communication has emerged as a key paradigm in wireless IoT networks, where
numerous devices and sensors continuously generate status updates. The primary objective
is not to transmit all available data, but to ensure that the information delivered is both timely
and relevant for decision-making, often supported by mMTC, and Mobile Edge Computing
(MEC) architectures [48], [49].

Maintaining low Aol is particularly challenging in large-scale IoT networks due to scarce
spectrum, energy limitations, heterogeneous device capabilities, and time-varying channel
conditions [50]. In particular, energy-constrained devices require protocols with minimal
signaling overhead and lightweight communication strategies [51].

Several works have studied Aol optimization through scheduling, resource allocation, and
trajectory design [24], [33], [34]. Several threshold-based strategies have also been under con-
sideration to control the limited access of devices, which helps in avoiding channel congestion
[35]. However, these Aol-driven works generally assume ideal or unconstrained energy avail-
ability. Conversely, other studies focus on energy harvesting and efficient power management
in IoT networks [29], [36], but do not consider information freshness as a performance objec-
tive. More recently, grant-based and grant-free access schemes combined with PD-NOMA,
and RL have shown vast potential for improved spectral and energy efficiency [37], [38], [39],
[40]. Specifically, [39] considers a two-level PD-NOMA scheme where a two-layer deep
transfer learning decision is made slot by slot to choose higher and lower power level users.
Figure 1.2 provides the summary of the evolution of PD-NOMA as Multi-Packet Reception
(MPR) to enhance connectivity, while Table 1.3 addresses the application of PD-NOMA for
Aol minimization in the existing literature.

Existing literature treats Aol optimization as a resource allocation problem; in general,
policies do not learn decoding failures due to insufficient energy, inter-cell interference, and
channel impact. Moreover, the likelihood that a status update is not successfully delivered
within its allocated frame is rarely considered, despite its direct effect on information fresh-
ness. To the best of the authors’ knowledge, no prior work jointly addresses Aol, energy
harvesting impact mitigation by networks using a simple yet practical two-level PD-NOMA
framework with minimal feedback signaling. In essence, the available energy, CSI, and effi-
cient access strategy provide the foundation of massive connectivity, and we summarize the
work of this part of the thesis in Figure 1.3.

1.2 Global Quantum Internet

The final part of the thesis involves providing scheduling solutions to global quantum internet
connectivity through Low Earth Orbiting (LEO) satellites. There is a growing interest in var-
ious aspects of quantum networks and quantum communication, with particular emphasis on
maximizing network throughput by addressing factors such as entangled photon distribution,
routing, decoherence, fidelity, and quantum memory [52], [53], [54], [55].

Recent studies show significant advancements across both theoretical and practical di-
mensions. Kimble [56] highlights the critical role of quantum interconnects for enabling
long-distance entanglement distribution and proposes architectures based on light—matter in-
teractions to support scalable quantum networking. Cacciapuoti et al. [57] focus on quantum
teleportation as the primary communication primitive, introducing an integrated model that
combines quantum and classical channels while addressing decoherence challenges. Bacciot-
tini et al.[58] propose a quantum network architecture inspired by classical internet principles,
incorporating congestion control and queuing mechanisms to sustain fidelity and throughput
despite quantum memory decoherence. [59] develops QulSP, a large-scale quantum network
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simulator designed for protocol development and performance evaluation under realistic noise
and network dynamics.

While early efforts focused on developing individual quantum subnetworks, achieving a
global quantum internet requires the interconnection of quantum subnetworks across geo-
graphically distant locations.

By transmitting entangled photons through free-space satellite channels, these systems cir-
cumvent fiber attenuation losses, enabling high-fidelity entanglement distribution over thou-
sands of kilometers. Pioneering demonstrations of satellite-mediated quantum communica-
tion and long-distance entanglement [60], [61] represent critical milestones toward scalable
and practical quantum internet architectures.

Despite these advancements, satellite-based quantum links introduce new challenges that
must be addressed to achieve reliable global quantum connectivity. Increased latency due to
both distance and limited satellite communication windows, along with degradation of ebit
coherence from atmospheric loss and alignment issues, remain significant obstacles [62], [63].

To address these challenges, recent studies have explored alternative entanglement gener-
ation models and optimization strategies for satellite-based quantum networks. On-demand
strategies aim to reduce latency by dynamically selecting optimal paths, whereas pre-allocated
models provide redundancy and robustness by generating multiple entangled links in advance,
albeit at the cost of higher resource consumption. These two paradigms reflect a fundamental
trade-off between real-time responsiveness and network resilience. To further minimize la-
tency while preserving fidelity, several works have investigated optimal stopping strategies for
entanglement generation [64], informing more efficient entanglement swapping and schedul-
ing protocols.

Addressing the broader fidelity—latency trade-off, Sidhu et al. [65] provide a comprehen-
sive overview of global quantum internet developments. Fittipaldi et al. [66] propose dynamic
scheduling frameworks that account for memory and fiber losses, offering scalable network
design strategies. Williams et al. [67] focus on maximizing satellite—ground connections,
laying the foundation for time-slot-based coordination to manage latency. Similarly, Chang
et al. [68] introduce a greedy entanglement scheduling strategy over defined time windows,
while Mukhopadhyay et al. [69] emphasize the role of purification and decoherence in hybrid
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networks, both crucial for maintaining fidelity under realistic operational conditions. Table
1.4 provides a summary of current trends in quantum internet.

With the availability of thousands of LEO all over the earth, which can provide sufficient
entanglement rate, we aim to produce an efficient scheduling algorithm that chooses a satellite
based on its characteristics, such as slant range, angle with respect to the ground station, and
atmospheric link budget. The choice is made throughout the communication, and the goal is
to maximize the long-term entanglement rate with a latency constraint.

1.3 Thesis Contributions

This thesis aims to provide RL based solutions to the problems of massive connectivity for
mMTC, and long-haul connectivity to provide quantum connectivity across the globe through
LEO satellites. The chapter 2 provides a Q-learning-based solution to PD-NOMA based
IRSA, where the aim is to minimize network average Aol by optimizing the packet repli-
cas and power assignment. While IRSA provides an excellent solution and encourages dis-
tributed decisions, the multiple replicas and high collision chances among users due to non-
coordination can result in precious energy being lost by the sensors. Therefore, Chapter 3
provides an efficient Proximal Policy Optimization (PPO) scheduling algorithm. The algo-
rithm requires minimal broadcast-based feedback to schedule devices while also providing
an energy-efficient power allocation strategy. We extend our PPO based scheduling strategy
towards the satellite selection policy to provide efficient global quantum internet in Chapter 4.
Finally, the findings of the thesis work are concluded along with possible future suggestions.
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TaBLE 1.1: Review of Related Works

Papers Year Access Methods Metrics Energy Harvesting (EH) Solution Approach
IRSA | SA | Scheduling | Aol | Aoll | VoI | TP | EE | Ambient AP Analytical | MDP | RL
IRSA | SA | Scheduling | Aol | Aoll | VoI | TP | EE | Ambient AP Analytical | MDP | RL

[20] 2021 | v v v v

[32] 2023 | V v v

[7] 2023 | v v |V v v

[8] 2023 | v v v

[30] 2023 | v v v

[5] 2023 v v v |V

[31] 2019 | vV v v v

[21] 2020 | v v v

[29] 2024 v v v v

[24] 2021 | v v v

[9] 2022 | V v v

[18] 2022 v v v

[10] 2023 v v v v

[25] 2024 v v v v

[11] 2025 v v v v v

[27] 2025 | vV v v v

[28] 2025 v v v v

[22] 2022 v v v v

[23] 2024 v v v v

This Work - v v v v v
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TABLE 1.3: Review of Related Works (PD-NOMA / IRSA / ALOHA, Aol-centric)

Papers | Year Access Methods Metrics Energy Harvesting (EH) Solution Approach
IRSA | SA | Scheduling | Aol | Aoll | VoI | TP | EE | Ambient AP Analytical | MDP | RL

321 |2023] v V4 4

4] [2021] v V4 4

411 |2022 v v w4

[42] | 2021 v v 4

[28] | 2025 v v V4 4

[43] |2017 v 4 v

[44] | 2022 v V4 4

[45] | 2024 v v v

[7] 2023 | v VIivi] vV v

(8] 2023| vV v v

[30] [2023] V v v

(5] 2023 v v v

311 |2019 v v v v

211 [2020] v v v

[29] | 2024 v V4 V4 4

0] |2022] v v v v

[9] 2022 v v v

[18] |2022 v v v

[10] |2023 v v v v

[25] |2024 v v v v

[11] |2025 v v v v v

271 |2025] v v v v

[22] |2022 v v v v

[23] |2024 v v |V 4

[46] |2022 v VAR 7

[47] | 2024 v v V4 Y4
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TABLE 1.4: State of the Art and Their Contributions

Papers (Year) Latency  Fidelty 'L iRt et DY G ition Leve
[70] (2025) v v Single v Purification

[53] (2024) v v v Single Generation

[71] (2024) v v Single Entanglement

[72] (2018) v Single v Entanglement

[73] (2024) v Hybrid v Throughput

[68] (2024) v Hybrid v Entanglement

[74] (2024) v Hybrid v Entanglement
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Chapter 2

Distributed Q-Learning for Age of
Information Optimization

Efficient Random Access (RA) is critical for supporting massive connectivity in low-power
sensor networks. However, the stochastic nature of EH and time-varying wireless channels
limits the performance of static, model-based RA schemes, particularly in applications re-
quiring timely, goal-oriented updates. This chapter proposes an online RA framework based
on reinforcement learning for distributed, energy-aware decision-making. A Hybrid Access
Point (HAP) with energy harvesting capability is assumed, equipped with decoding mecha-
nisms based on the capture effect and SIC. Two RL-based variants of IRSA are developed: the
Energy Efficient Independent Learner (EE-IL). These schemes exploit instantaneous Chan-
nel State Information and residual energy to optimize transmission strategies. The proposed
approach minimizes the Aol while adapting to real-time system dynamics.

2.1 Introduction

While classical metrics such as throughput and delay have guided MAC design, emerging ap-
plications increasingly require timely, task-relevant information. In this context, the Aol met-
ric has emerged as a more suitable indicator of information freshness [75]. Ensuring low Aol
under energy limitations, sporadic traffic, and fading channels necessitates adaptive, efficient
access policies. Recent efforts have incorporated Aol-aware random access mechanisms [23],
[24] and EH constraints [11], [27], [31]. Furthermore, [28] emphasizes the importance of the
capture effect in improving SIC, advocating its deliberate control. However, current mod-
els often treat Aol, CSI, and energy harvesting independently, relying on fixed, model-based
policies that lack adaptability and overlook real-time channel or battery dynamics.

To address these limitations, this chapter proposes a model-free Q-learning framework for
Aol-aware, energy-harvesting IRSA. A reinforcement learning strategy EE-IL is developed.
It is a decentralized scheme where each MTCD adapts its transmission policy using local
energy and channel feedback, requiring only periodic broadcasts from the Hybrid Access
Point (HAP).

The proposed model captures nonlinear energy harvesting, finite battery capacity, and
time-correlated fading, which is modeled as a finite-state Markov process. A composite re-
ward function balances Aol minimization with sustainable energy usage. A dynamic degree
distribution mechanism is proposed, allowing each MTCD to adapt its transmission strategy
based on local energy and channel state, enabling Aol- and energy-aware random access. A
convergence-aware learning framework is introduced, supporting stable offline execution with
reduced retraining frequency, thereby enhancing efficiency in dynamic environments.
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TABLE 2.1: Symbol Notation

Symbol Description
M Number MTCDs in the system
N Number of available slots per frame
M Set of all MTCDs in the system
N Set of slots
Ay Probability of transmitting ¢ replicas
A(x) Polynomial distribution of replicas
G Normalized channel load, G = M /N
Q) configuration of replicas for frame i
m Complete access policy for replicas
P Trasmitted power of m-th MTCD
Phap Trasmitted power for Wireless Energy Transmission (WET)
h,(f;b) complex channel coefficient between m and the HAP
7,(7? Channel power-gain of mth MTCD
dm Distance between m and HAP
() Power gain grading function
vj j-th channel gain threshold power
7}@ set of transmitting MTCD in the n-th slot
wﬁ,? energy storage of m-th MTCD
En Harvested energy for m-th MTCD
,(,i) number of available transmission units for m-th MTCD
A,(n,il)( ) Instantaneous Aol of the m-th MTCD at slot n
A System Age of Information
Qi Action taken by MTCD m at iteration ¢
Sm.i State of MTCD m at iteration ¢
Tm,i Reward obtained by MTCD m at iteration ¢
Cm,i Battery level of MTCD m at iteration ¢
Q(s,a) Q-table
€ Exploration probability in e-greedy policy
F Frame matrix tracking decoded packets
I Total number of iterations (frames) per test
T Total number of test runs
w Raw battery level
z Unit of battery required to send one replica
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FiGurE 2.1: Bipartite Representation of SIC process with PD-NOMA

2.2 System Model

This section describes the system model, encompassing the network topology, wireless chan-
nel characteristics, and the non-linear energy harvesting model. The PD-NOMA is incorpo-
rated into the communication model as MPR. Additionally, we introduce the discretization of
both the wireless channel and the battery state, which is crucial for constructing the Q-table
in the learning algorithm. The definition of Aol, along with the data sampling procedure, is
also provided. For a complete description of the notation used throughout the chapter, refer
to Table 2.1.

2.2.1 Network Deployment

We consider a wireless network comprising a set of A/ MTCDs, denoted by M = {m | m =
1,2,..., M}, which are densely deployed to monitor environmental conditions and periodi-
cally transmit time-stamped status updates to a HAP. The HAP operates in half-duplex mode
and supports both Wireless Information Transmission (WIT) and WET. While uplink data
transmissions are carried out during WIT, idle slots within the same period are utilized for
downlink WET, enabling energy replenishment of MTCD batteries via a wireless EH mech-
anism. Fig. 2.2 illustrates the overall frame structure and the corresponding access behavior.
Time is divided into discrete frames indexed by the set Z = {i | i = 0,1,...,1 — 1}. Each
frame consists of N time slots indexed by the set N = {n | n = 0,1,..., N — 1}. Medium
access is governed by the IRSA protocol. In each frame, every MTCD transmits one or more
replicas of its data packet, where the number of replicas is drawn from a predefined distri-
bution A = {A,}, with A, denoting the probability of transmitting ¢ replicas. The selected
replicas are independently assigned to slots chosen uniformly, under the constraint that no
device transmits more than one replica in the same slot.

The transmission schedule of all MTCDs in a generic frame ¢ € Z is captured by the
binary matrix F* € {0, 1} %" where

)1, it MTCD uyy, selects slot n,
0, otherwise.
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) Frame i 9 Frame i + 1
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Fi1GURE 2.2: Frame Structure of IRSA with Energy Harvesting

The number of replicas selected by each MTCD is governed by a node-perspective poly-
nomial Probability Density Function (PDF), given by:

Ax) = Z Ay, 2.1
y4

The configuration of replicas for the frame 7 is denoted by the set Q() = {¢ gi) , Egi) N4 @

where ngl) € {0, ... W} indicates the number of replicas selected by the m-th MTCD in frame
7. Where W is the maximum allowed replicas. The complete access policy over the horizon
of I frames is represented by the sequence 7 = {Q© QM) Q@ QU-11

The objective of this work is to determine the optimal policy 7 from the space of ad-
missible policies II that minimizes the overall network Aol, subject to energy availability
constraints at each MTCD. Since the traffic load may vary, we evaluate the optimal policy
under different network traffic conditions. The normalized traffic load, also referred to as the

traffic gain [76], is defined as:

M
G = 2.2)

which quantifies the average number of contending MTCDs per slot within a MAC frame.

2.2.2 Channel Model and CSI-aware PD-NOMA

The received signal at the n-th slot of the i-th frame is modeled as:

M
v =3 hOVP - FY, + 0, (2.3)

m=1

where P, is the transmit power of the m-th MTCD. MTCD m chooses a power level Py
from a given L levels defined as P, > --- , Py,--- > Pr > 0 (P and Pr, are the highest

and lowest power levels respectively a MTCD can choose. h%) is the corresponding channel

coeflicient (assumed constant over frame 7), F,%)n € {0, 1} indicates whether device m trans-
mits a replica in slot n of frame 7, and wﬁf ) oN (0, 1) denotes the additive white Gaussian
noise (Additive White Gaussian Noise (AWGN)). The wireless channel is modeled using Ri-
cian fading, capturing both Line of Sight (LOS) and scattered components [77]. Following
the standard Rician distribution, the corresponding Rician K -factor is defined as:

1/2

R = @7 (24)

Moy
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which quantifies the power ratio between the deterministic and scattered components. The
complex channel coefficient between MTCD m and the HAP in frame ¢ is given by:

. e T -y
h;?:\/:ﬂ/ﬁﬂh;?, A ~ CN(0,1). (2.5)

The corresponding distance-dependent channel power gain is expressed as:

, 12
=D BN (2.6)
where the path loss D is defined as
D =pB(dP)"? Q2.7)

(

Here, 3 is the path gain at a reference distance of 1 meter, d,f%) denotes the distance be-

tween MTCD m and the HAP during frame ¢. The distance d%) is assumed to be uniformly
distributed within [dyin, dmax]- The system operates in a Time Division Duplex (TDD) mode
with block fading, where channel reciprocity holds. We assume perfect CSI is available at the
MTCD via pilot signaling.

Let v, > 0 be the threshold per-stage SINR (e.g., 1, = 27 — 1 for rate R) to satisfy
the decoding criteria (conditioned within a slot that only one MTCD has chosen a specific
power level), and unit variance noise wfl. Following the NOMA-IRSA design [78], MTCD
m chooses the received power targets from available { ,uk}£:1 levels. The levels are specified
as follows.

e = %h(1+2w)’ k=L,L—1,...,1 (2.8)
>k

Starting from the lowest level L (no lower-level interference), we obtain

KL = Vth; pr—1 = wn(1+pL) = (1 +vm), (2.9)

and is generally defined as,

L—k
Rk = Ttk (1+7th) s k=1,2,...,L. (2.10)

Given a MTCD u with instantaneous (linear) channel power gain +y,,, the transmit power

that realizes level k is u ~ L
k h -
Pro= 5 = T (L) @.11)

Tm Ym

subject to P, < Pyax and battery/energy-feasibility constraints. SIC would be able to
decode an MTCD m sending its replica with power i in a slot n if no other MTCD has the
replica with the same p, power level.

2.2.3 k-Factor-aware Discrete Channel grading

We assume that the distance between HAP and MTCD varies slowly, such that path loss can
be treated as constant for many frames and defined as D = (8 (dﬁf}) ~?. Whereas the Rician

(2
fading part of the chanel Z(K) = ‘hgﬁ)‘ , the normalized Rician power with E[Z | K] = 1
and Cumulative Distributive Function (CDF)

Fz(z;K) = 1—Qi(V2k, V2(14k) 2), (2.12)
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where Q1 (-, ) is the Marcum-Q; function.

Therefore, the overall channel is a scaled version of Rician fading with a constant path
loss exponent scaling and power gain: is given as vy, = D - Z(K).

The channel bin used in the RL state will be derived from v, via quantiles that are k-aware
and distance-aware. We start with by fixing the number of channel grades/bins V' € Z>». For
a given r, define the normalized quintiles {z,(x)}"_}" as the solutions of

v
v
Interpretation: for this r, each interval (z,—1(k), z,()] contains exactly 1/V of the prob-
ability mass of Z. This step is independent of distance and produces K -aware, normalized
thresholds.

Conditioned on (D, k), the CDF of 4, is a scaled version of F:

Fy(z0(k); k) = v=1,...,V —1. (2.13)

F.

ynlD k() = Pr(DZ <x|D,k) = Pr(Z <x/D|k) = Fz(x/D;k). (2.14)

The v/V quantile of vy, given (D, k

~—

, denoted r,, (D, k), satisfies

Fips(ro(D,k)) = = <= Fy(ry(D,r)/D;r) = % (2.15)

e

Thus,
tv(D,k) = D zy(k), v=1,...,V -1 (2.16)

Hence, the absolute thresholds for vy, are the k-aware normalized Rician quintiles, scaled by
the current slowly varying distance-dependent path loss D.

Given the measured instantaneous gain -y, (from the pilot) and the MTCD currently ex-
perience CSI with parameters (D, k):

ty(D,k) =V z(K), v=1,...,V -1, (2.17)
V-1

=14+ 1{ym>t(S,r)} € {1,...,V}. (2.18)
v=1

Equivalently, ¢ is the unique index such that r._1(D,k) < v < t,(D, k) satisfying the

condition 1
Pr{r:q}’D7/§}:V7 ’U:].,...,‘/, (219)

2.2.4 Energy Harvesting Model

We assume that MTCDs are uniformly distributed around the HAP in a clustered topology.
During a given frame, the HAP observes each slot as one of the following:

(i) Singleton slot: only one MTCD transmits and is successfully decoded.

(ii) Collision slot: multiple MTCDs transmit; decoding is attempted via SIC following the
IRSA protocol.

(iii) Idle slot: no transmissions occur; the slot is available for WET.

Whenever an idle slot is detected, the HAP broadcasts energy to perform WET. The
MTCDs are always in energy receiving mode whenever they are not transmitting.
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We adopt the nonlinear energy harvesting model from [36]. The energy harvested by
MTCD m is denoted by FE,,, and is given by:
()

aOPhap(;’Ym

B, — (2.20)

041Phap%(r? + oy

where H,p is the transmit power of the HAP, ¢ is the energy transfer duration (equal to the
slot duration), and a9 = 0.826, a; = 0.399 are constants modeling the nonlinear energy
conversion efficiency.

At the beginning of each frame i, each MTCD selects a transmission degree Af}, and
transmit with power P;’fk, hence consuming ngl) P}L’fkd Joules of energy to send &(7? replicas.
Harvested energy from idle slots is added during the frame.

The continuous battery level w%) € {0, wmas } can be defined as at the end of frame i is
updated as:

N
wll) = (Wi = ) PX6) + 3 6 B, (2.21)

n=1
where qﬁgﬁ)n € {0, 1} indicates whether slot n was idle for WET during frame 7. while the
discrete battery state can be defined as

Wmax

(1) — L(ﬁ)BJ € {0,1,..., B} (2.22)

Here wyax is the maximum battery capacity of MTCD.

2.2.5 Age of Information

The primary objective of this work is to ensure timely and fresh data collection from MTCDs.
To quantify data freshness, we employ the Aol metric, which measures the time elapsed since
the most recent successfully received update was generated. The Aol can guide both central-
ized decision-making at the HAP and decentralized policies at individual MTCDs.

We define the instantaneous Aol of the m-th MTCD at slot ¢ of frame ¢ as A%) (t), where
t = 1 — T'is the time horizon under consideration divided into discrete slots of equal length.
At the beginning of the operation, the initial age is set as A%)(O) = 0 for all m. In the
absence of a successful update, the Aol increases linearly with time. The evolution of the age
is described as:

e (2.23)

A (t) = Ap(t—1)+1, if mis not recovered in ¢,
e o — 07(7? + 1, if misrecoveredint,

where O%) denotes the slot in which the first replica of the packet was transmitted in frame

7 (i.e., the generation time), and Rﬁ? denotes the slot in which the packet was successfully
decoded in frame ¢. Note that the second condition can become true only if the policy allows
MTCD m to transmit in frame 7, and in case of no transmission, Aol increases by /N during a
frame. This model adheres to the GT paradigm, where the update is associated with the time
of the first transmission attempt.

Recovery of a packet can occur in three ways: immediately in a singleton slot, through the
capture effect, or subsequently via SIC. We adopt the REARLY-k decoding policy [24], which

prioritizes early recovery using the capture effect before proceeding with SIC.
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The long-term time-averaged Aol for device m is defined as:

A, = lim %Z A (1), (2.24)

A=t Z A (2.25)

At the end of each frame 7, the combined instantaneous Aol across all users is represented
by the vector: ‘ A
AD = [AP(N), AP (N),...., ARV, (2.26)

which captures the final age values of all M devices in that frame.

2.3 Markov Decision Process Formulation

In RA-based mMTC, MTCDs operate in a decentralized manner with coordination from the
HAP. Their access strategy is governed by a probability distribution A(x), which determines
the number of packet replicas each device transmits. We model the packet replication control
problem as a MDP to dynamically optimize this distribution for minimizing the Aol. The
MDP is formalized by the tuple M = (S, A, P;,r), consisting of the state space S, action
space A, transition probability function P;, and reward 7.

State: To enable CSI and battery-aware decision-making, we define the state of the m-
th MTCD at the beginning of frame ¢ updated during the broadcasting phase between frame
1 —1 and ¢. The state remains constant throughout the frame, as we consider block-fading and
energy harvested during the current frame does not affect the decision of replica selection.

At the start of frame ¢, MTCD m observes its Aol, discrete CSI, and battery,

s = (¢, vy, 2.27)

where A"(N) indicate whether the Aol of MTCD violates a threshold 7.

denotes the discrete battery level, and vq(fl) is the channel grade determined using the
method described in Section 2.2.3. The joint state of all MTCDs at frame ¢ is denoted by
S — {s(i) s S(i)}

17589 55831} ‘

Action: The action taken by the m-th MTCD in the i-th frame is defined as a%) =
W(sgﬁ)) € {0, ..., (max}, representing the number of replicas transmitted, and the PD-NOMA
power level subject to available energy. The set of actions for all MTCD in frame ¢ is denoted

by A() = {agi), ag), e agé[)}. Where individual as\i[) = (I, Py).

Masked Q-learning with Feasibility Indicator

Since a threshold 7, must be satisfied while selecting any power level, each MTCD’s Q table
must be updated for every CSI update and given feasible/possible choices of actions. To ensure
that only energy and CSI feasible actions are considered, we introduce an indicator function
for user u:

1, ifl-upp < wy,
1,0,k |s) = (2.28)
0, otherwise,
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tX
u,k

0
where u,, 1, = { o w is the discrete energy cost (in units of Ejy) for transmitting one

replica at power level k.
The feasible action set for state s is then

A(s) = {(t,k) : 1, (0,k | s) = 1}. (2.29)

Reward:
The reward for each device m in frame 7 is defined as

rt = —waAl (N) — wg E! (2.30)

m

where B!, = Eff;) be’fké is the energy cost of the device during the frame, and A%, (N) is
the Aol at the end of the frame ¢. The weights w,, and w, decide how much importance each
objective gets.

2.3.1 Optimization Problem Formulation

We consider a wireless-powered mMTC system with M MTCDs transmitting status updates
over N time slots per frame, across I frames in total. Each device m € {1,..., M} selects
the number of replicas ¢,, to transmit and the corresponding transmission power P*, which
is associated with one of the available PD-NOMA power levels ;. The goal is to minimize
the network-wide average Age of Information (Aol) and total energy consumption while sat-
isfying transmit power and battery constraints.

1 I N M M
min — A (i,n) + E
st px = Hk Vm,
Ym (2.31)
P;:L( S Pmaxa vma
gm emJg S Bm, vm7
1<l <lmax, PZ>0, Vm.

Here, A, (i,n) denotes the instantaneous Aol of device m in slot n of frame 7, and E,, is its
total energy consumption. The transmission power P'* depends on the selected NOMA power
coefficient yi;, and the channel gain -,,,. The constraint £,, €,,, , < By, ensures that the total
transmission energy per frame does not exceed the available battery energy B,,,. The objective
thus minimizes the combined cost of average Aol and energy usage by jointly determining the
optimal number of replicas /,,, and transmit power levels P.

Accordingly, the Q-learning update rule is modified as

Q(s,a) « (1—=n)Q(s,a) + p|r + 7 ,gljgc,)@s’,a’) , (2.32)

where a = (¢, k) is the chosen action, r is the received reward, s’ is the next state, 7 is the
learning rate, and rho is the discount factor. The Q-table Q(s, a) € RV *W-L represents the
Q-values of taking each action. Figure 2.11 shows the complete flow of EE-IL.
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2.4 PD-NOMA SIC with REARLY-K slot-wise decoding

For a fixed target decoding threshold -y, > 0, and design received targets { uk}ﬁzl to realize
the SIC order. A level-k packet in slot n is intra-slot decodable if and only if

(i) cn,j = 0 Vj < k (all stronger levels already removed),

cn € D(k; vin) N (ii) ¢, = 1 (singleton at the target level),
Mk
(iii)

No+ 35 Cnjky

> v, (thresholded weaker-interference budget).

(2.33)
Condition (i)—(ii) match the type-k decodable set in IRSA+NOMA,; (iii) enforces a per-level
SINR threshold so that decodes only occur when the residual mixture is physically admissible.
The classical IRSA+NOMA decodable patterns are recovered as special cases of (2.33) by the
appropriate choice of {z} and 7.

Same-level collisions. If ¢, , > 2, (2.33)(ii) fails; the slot is temporarily undecodable at
level k. Such collisions are resolved only after inter-slot cancellations reduce ¢, j, to 1, at
which point (2.33)(iii) is re-checked.

2.4.1 Slot-wise (REARLY-%) decoding with immediate inter-slot 1C

We decode greedily per slot (earliest slots first for Aol) and propagate cancellations across
the frame in real time.

Algorithm 1 Slot-wise SIC with Cross-slot IC (REARLY-k)
1: Initialize the decoded-user set Uge. < 0; build c,, for all n from buffered observations.
2: forn=1,2,...,Ndo
3 Cancel known users: subtract all u € Uy present in slot n; update c,,.

4: repeat

5

6

if 3k with ¢,, € D(k; ) then
: Decode the unique level-k packet (CRC check); let the user be «*; add u* to
Ugec-

Intra-slot IC: subtract * from slot n.
Inter-slot IC: using replica pointers, subtract «* from all other slots where it

appears; update each affected c,,/.

9: else

10: Stop intra-slot SIC at n (no k passes (2.33)).

11: end if

12: until no k£ satisfies (2.33) in slot n

13: Optional look-back: enqueue any earlier slot that just became decodable after can-

cellations.
14: end for

®

2.5 Results and Discussion

In this section, we analyze the performance of our two algorithms and compare them with
benchmark policies. The hyperparameters of Q-learning and other fixed parameters are given
in Table 2.2. We detail and analyze the learning and performance enhancement through sev-
eral metrics presented in the subsections below.
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Figure 2.3 proves the convergence of Q-learning based EE-IL by showing reward maxi-
mization for different power levels. As one can expect, the lower power level choice of k = 2
provides suboptimal performance, while as power levels increase with k£ = 3,4, 5, we can ob-
serve more efficient reward maximization. However, the gap between maximization becomes
smaller as the energy constraint effect becomes more evident. Even though more power levels
provide more freedom, it also requires a significant transmission power gap to successfully
decode the packet, which becomes challenging to achieve for low-energy sensors.

While the reward maximization proves Aol convergence, Figure 2.4 shows the learning
of EE-IL to optimize its energy consumption during the frame iterations. The figure shows
that lower £ = 2, 3 consume on average 0.045 Joules of energy, while the higher power level
k = 4,5 consume 0.055 Joules on average, while optimized. The energy trend shows as the
reward converges, energy consumption, which was initially increasing trend also converges
to the optimal point.

To further prove the efficient utilization of PD-NOMA, Figure 2.6 provides evidence that
even for higher G > 2, the more levels play a crucial role in reducing the Average Age of In-
formation (AAol). While Figure 2.7 shows the importance of CSI and battery-aware learning
when compared with a random replica, as well as power selection (Random strategy) and an
energy-based greedy policy, which maximizes energy utilization. The superior performance
of the proposed EE-IL is evident here.

The aim of the proposed EE-IL is to find an optimal policy that, under certain traffic load
conditions and under certain available freedom of choice, aims at minimizing Aol and opti-
mizing the energy utilization. We show different optimized access policies for varying traffic
loads m = {10, 12, 15} with fixed N = 5. We can observe that as the power level availability
increases, policies shift towards fewer replicas, aiming to achieve energy efficiency.

TaBLE 2.2: Simulation Parameters

Parameter Value Description

n 0.0001 Learning Rate

p 0.99 Discount Factor

€ 0.2 Initial Prob. of Exploration
T 1000 Number of test episodes

1 25000 Epochs in one test episode
T 10 Update frequency of Eq. ??
d [1, 12] meters | MTCD and HAP distance
K 12 Rician Factor

) 1 ms Time duration single slot
P 46dBm HAP Tx Power

M {10,12,15} | MTCDs
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Chapter 3

A PPO-Based PD-NOMA Scheduling
Methodology for Age of Information
Minimization

The ever-increasing number of devices, particularly for mMTC, demands intelligent resource
allocation designs. In this chapter, each frame schedules a subset of total users and assigns
power levels using the energy-efficient PD-NOMA scheme, maintaining fresh updates to min-
imize Aol. Moreover, we design a Partially Observable Markov Decision Process (POMDP)
slot allocation policy that learns to identify devices with better success probability and sched-
ules accordingly. The combination of both strategies maintains a steady AAol for severe traffic
gain and harsh channel conditions. Particularly, our adopted policy maintains the percentage
of AAol increases to only 12.54% when exposed to a higher traffic load. The proposed PPO
algorithm maintains a steady AAol of 108 slots at 0dB PD-NOMA decoding threshold, which
is only a 4 times increase versus the 20dB increase in PD-NOMA threshold. The proposed
PPO demonstrates that an efficient learning policy, coupled with minimal feedback and partial
observability, can achieve scalable and stable AAol for massive access.

3.1 Introduction

The main contribution of this chapter addresses these gaps with the following key contribu-
tions:

* We propose a lightweight scheduling framework for hybrid energy-information transfer
that explicitly incorporates a sleep-scheduled two-level PD-NOMA setting.

Macro eNodeB (MeNB)

FiGuURE 3.1: Caption
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F1GURE 3.2: Frame structure of slot-based scheduling

* We make distance from the access point groups of devices, which encourages energy
efficiency and enhances the successful decoding probability of distant devices.

* QOur feedback design accounts for the energy-constrained nature of devices and ensures
a minimum-feedback algorithm that guarantees information freshness while also con-
sidering physical layer limitations such as the coverage threshold of the access point,
inter-cell interference, and energy harvesting.

* We integrate RL into the framework to adaptively optimize scheduling policies under
dynamic network conditions, enabling scalable and energy-efficient operation without
requiring explicit system modeling. Our policy further enhances the success probability
of PD-NOMA'’s by intelligently allocating resources and provides the freshest data from
all devices.

3.2 System Model

We consider an mMTC scenario where we divide MTCDs into clusters to retrieve fresh up-
dates. We define a set of K clusters where each cluster & € {1,2,..., K} has a cluster head
node called HAPs which is responsible for WET to sensors in the downlink and WIT in the
uplink transmission. Each cluster k has radius Dp,x and consists of M MTCDs that rely on
energy harvesting from HAP to transmit data. The total A/ MTCDs in a cluster k labeled as
um, i, belong to the set Uy = {1k, ... Umk, - .. us i}, such that [Ug| = M. This set repre-
sents the unique ID assigned to each user, which remains unchanged regardless of whether the
user is active or not. All clusters operate with a frame-based uplink transmission consisting of
N slots where aslotn € {1,...,n,..., N}. We assume that clusters are clock-synchronized
with each other, so that slots start and end simultaneously. All MTCDs have equal priority for
data updates. A broadcast feedback signal is transmitted between the frames. The broadcast
contains information about scheduled users for the next frame. We also assume that during
the broadcast, HAPs transmit a designated pilot, which helps each MTCDs perfectly estimate
their respective CSIs him ;. and distance d,,, 1, € {Dmin, Dmax } from the HAP. The small-scale
fading hfn’ i is modeled as Rician fading give as
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where £ is the Rician factor, and § ~ CN(0, 1) is a complex normal random variable with
zero mean and unit variance. We also model large-scale fading as stretch exponential path loss

Be
(SEPL) [79] which is given as e~ *° dmvk, where . and 3. are small adjustable paramters of
SEPL model. Therefore, each MTCD can compute its combined large and small-scale fading
channel power

j —aed? 110 2
Yo = € k|, 4] (3.2)

Each MTCD transmits in PD-NOMA mode and must be assigned a differentiable power
level v € {vg, vy} necessary for HAP to decode the superimposed signals. Where vy rep-
resents the higher and vy, the lower power level, respectively. The power levels are designed
to satisfy,

v = Y (14 ), (3.3)

and -y, is the SINR threshold the MTCD must satisfy for the successful SIC decoding.
Therefore, u,,  adjust its power as

v
%
’ym,k

7 _
m,k —

34

to match the desired v € {vy, vy }. We assume that users are slowly moving, and there-
fore, their distances are updated at HAP after successful packet transmission and will remain
the same until the next successful update.

The massive nature of mMTC and next-generation ultra-reliable and low-latency commu-
nication (XURLLC) suggests operating in a higher traffic gain M > N regime. Under these
conditions, it is clear that not all users can send their packets in each frame; therefore, the
number of users allowed in each frame must be limited. To facilitate efficient scheduling, the
MTCDs are divided into two groups based on the distance from the HAP. Following [43], we
impose a distance threshold 7 such that a MTCD u,, j, belonging to kth cluster identifies as
near or far device defined as
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U = A{ump | dmp < 7} 3.5

and
U = {wpmp | ding > 7} (3.6)

Here U} is the set containing users which are near and [U‘,;ar contains far users and they
satisfy following conditions:

Ur];ear N Ui];ar =, U‘]lear U [Ugar = Uy. 3.7

AMTCD uy, i, € Ufl’r}far would transmit with power level vy and vy, is assigned to uy, . €

Ufl’nkear. The threshold 7 is chosen to balance groups on average:

EU™) = B ~ ¥, B8

which for uniform placement yields 7 = (Dpin + Dinax)/ V2



3.2. System Model 37

Algorithm 2 Drop-and-Add MTCDs After Each Frame

. y f . f
Require: Allowed user sets [U;’r}:ar/ o not-allowed user sets U5™*"™ and successfully de-

j near/f
coded user sets U427
Ensure: Updated allowed & not-allowed user sets [UZH nearffar pyitLnear/far ong pairing ma-
pair
trix ULy
f j near/f

1o MR e > Number of successful users to drop

o 2 i f
2. if My £ 0 then

i,near/far i,near/far
3: Udrop +— U
4 MR e > Successful users this frame
f £ f
50 Mgy e min ([UR"|, Mo > Replace only what we can add
6 if Mp™™ > 0 then
i,near/far i,near/far __ . i,near/far z near/far .

7: Select Udrop C Ug with |Udmp | = Mrép > e.g., those with

smallest current Aol

j near/f j,near/far . i near/f: £ .

8: Select Uhear/tar — pinear/far o) \Uﬁg“;"“’ M = fegear/ ' b e.g., highest Aol first

(or all if fewer)

H—l near/far 1,near/far 1,near/far %,near/far
9. Ut e (TR Uy G Ul
H—l near/far ) near/far 1,near/far %,near/far
10: Un, « (U; \ Usew ™) U Ugron
11: else
12: Ui—&—kl,near/far IUZ nea.r/far7 U;—l—l,near/far . Uiinear/far
13: end if
14: else
15: Keep Uz—i—l ,near/far _ [Uz ,near/far
1 f: fi
16: Keep U;-j— ,near/far [Uz near/ ar
17: end if

18: Combine updated near and far sets:

Ufjrlg i < pairwise matrix of near—far users

19: if [UL5" nearfir| 7 then

20: Fill vacant entries of U? air 1. With zeros
21: end if

In the ith frame, a MTCD u,, j remains silent unless the scheduler assigns a slot to it,
constituting allowed and not allowed devices in far and near sets. So, the total number of
allowed users in a frame can be defined as M, < 2N and M, < M. Let [UZ T C U a

IU’ ofar Uf“r denote the sets of allowed near-MTCD IDs and allowed far-MTCD IDs in

frame i, respectively, such that |U" PaIEs u” far] < M,. The number of user IDs that are not
allowed to access this frame M,, = M — Ma, are collected in two sets of near and far users,
such that U™ = Uy, \ U™, and Ukl =y, \[Ufl’far; the sets of not allowed far and near

users. A matrix UY," € Z¥*? contains pairs of near and far MTCD, each assigned vy and

vy levels respectively. Eachrow j € 1,...,J, with J = N contains a pair vector u‘;?,ir. The
transmission sequence of each user pair directly influences its Aol. This way ensures that each
slot receives a packet from the two sets of far and near MTCDs. At the end of each frame ¢,
we broadcast the information of allowed users, not allowed users, and their assigned power
levels as a vector of tuples f,f/, € ZMa where each tuple contains a user id U, k- a slot assigned
to that user sinm © €1{0,1,..., N} in current frame 4, with s, ;, = 0 indicating that no slot

is assigned or MTCD considers itself as not allowed user. We can define f}, as

f,L:C = {(u1 k» sik, V), (Um ks sin’k,v), ooy (Ung s s?w’k,v)}. (3.9)
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A received signal in slot sfm ;. of cluster k is subject to interference from the signal transmitted
in the same slot from other clusters V | # k € {1,2,..., K} ie. sm = sm ;» therefore
MTCD’s interference is caused by the user of other clusters which are ass1gned same slot.
Additionally, in a slot sfm j» @ USET Upy, jp € U;nke o assigned vy also receives a signal from a

user Uy k € Ui’fzr with power vy,. We define the desired superimposed signal at slot s,, ;. of
frame ¢, at HAP of cluster &k as

i N [pi i 3 i i
yd(sm,k) = Pﬁmkxm,khm,k =+ an/7kxm/7khm/7k7 (310)
where asjn ;. and xi / i, are signals of users U ks and Uy,  respectively. The interference

experienced by the desired signal is from slot s}, , = =s! from is given as

m,k?

k) = DA P@inatint + D\ P o i 1, G.11)

while the final received signal for decoding at slot s, ;, of HAP k subject to interference
7, and noise wy;, ; is given as

Y k(S ) = (S i) + Ti(Shy ) + W) - (3.12)

We perform SIC following the standard PD-NOMA principle: the user with higher power
is decoded first, subtracted from the combined signal, revealing the lower-power user. Since
U,k is assigned vy, the SINR of the higher-power MTCD is

SINR,,, = ———7——. 3.13
oL+ Tt G149

To achieve successful decoding, the SINR must satisfy SINRﬁn’ i = Y. After decoding,
the higher user’s contribution is canceled, and the SINR of the lower-power MTCD u,,, j, is
expressed as

SINRY, = —= (3.14)

Similarly, successful decoding requires SINan@ x = 7. Once the complete frame is
received and successfully decoded users are identified, the total number of successful user IDs

MERT M from Ul 0 and U k in the particular frame "i" belongs to the sets U5"*"

Ulnear [U;far C Uflffir. We drop all successful MTCDs from the current frame and store
them in U5™, and U5™™ depending on their updated respective distances. Finlay, to satisfy
U’ PaRs U’ far| < M,, sets are updated and MTCDs from previously U;™, and U™ sets

are included in the U5™*, and U5™ to be scheduled in next frame. The newly constituted
sets are paired as far and near users to form a matrix Up"11r € ZN*2, This ensures perfect
SIC decoding in uplink, subject to SINR threshold and battery condition. The scheme also
considers the low-energy nature of far users, who are further away from the harvesting source,
ensuring lower battery outage. Although enough users are available in both groups to make
pairs, in case the number of users in one group falls short of N, UP" ik 18 assigned a zero at
unfulfilled places. Algorithm 2 summarizes the method of user updates Figure 3.3 shows a
complete flow of assigned users and their successful/unsuccessful updates.

3.2.1 Energy Harvesting Model

Define MTCD’s battery in each frame wfm 1-» We recharge each of them using a nonlinear en-
ergy harvesting model [36]. We adopt a WET model [39] where the user harvests energy
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through WET in each slot of duration dye via a dedicated channel, except for their corre-
sponding transmission scheduled slot. Therefore, given the channel gain and the transmission
power of HAP Pyap, the general representation of the non-linear energy harvesting model is
given as

OZOPHAP(Swvemk

i
m,k

(n) = (3.15)

a1PHAP%in,;C +aq’

where aj, g are energy harvesting model parameters. Each user receives energy from
HAP in its dedicated slot before UL transmission. We define indicator functions to define
MTCD’s battery evolution, indicating that it has sufficient energy, and SINR for transmission
as

Mg,k

DA (i) = ]l{n — 50w SINRY > i, why > P;%kcswn}. (3.16)

All MTCDs harvest energy throughout the slots except the slot they are scheduled. Given
that each MTCD has a maximum battery capacity wpax, the energy consumption model can
be given as

: i _pi ) A (1) =
() = mm{w@,k(n) ?m,k5wlt7 wmax}, Dy, (1) =1, (3.17)
' IIllIl{(AJZn_JlC -+ Ein’wwmaxh Dg,k(z) = 07

Where wpax is the maximum battery capacity of MTCD. Figure 3.4 shows the complete
energy harvesting and consumption flow of devices.

3.2.2 Age of Information

We denote the current AOI of the wu,, j user ID in the i-th frame at nth slot as Aim x(n). The
Aol keeps on increasing until the user attempts its uplink transmission and is recovered by
successful SIC while also satisfying the conditions STN Rfm r > 7Y, and wfn?k > an’ 10
Therefore, the Aol indicator function can be defined as

The definition of AOI can be presented as

; 1 it DA (i) =1
m,k(n) = i . A7 . (318)
Al g(n=1)+1, if Dy (i) = 0.

We can define for the total frames I, each with NV slots, and over a time horizon T' = I.N
the AAol of the mth user is given by

_ 1 .
Ak :TIEEOTZZA%”“(”)‘ (3.19)
i=1 n=1
While the system’s average age of information is given by
| M
A= o ZIAW. (3.20)
m=

3.3 Partially Observable Markov Decision Process

Scheduling in large-scale, low-power IoT networks is inherently stochastic due to uncertain
energy availability and dynamic channel conditions. These challenges make model-based
solutions such as Markov Decision Processes (MDPs) difficult to apply, as exact transition
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probabilities are hard to derive. Instead, we model the scheduling problem as a POMDP and
solve it using PPO. POMDP is defined by the tuple

M = (87 ‘A7T?R77)7

where S is the set of states of the current pairs vector UE}EI under consideration for the
decision of slot assignment. The state contains Aol A;’k, the change in Aol A]’k since
the last time users were scheduled, distance d; , last known energy status Ej’k*, and slots
passed since the last time scheduled /; j, T vectors of the considered pair. We also define the
success probability of each user and an overall network success history window to provide
the partial observability for each decision. Let p! , € [0,1] denotes the per-user success-
belief at frame 7 for user u,, . With a smoothing factor as € (0,1) and decoded indicator
xi=1 = 1{user uy, ;. decoded successfully at frame i — 1}. The belief is updated as

P = @sPhy + (1= as) Xy (3.21)

The global success-belief for frame i is the average across all M, users:

1 &
P= > b (322
Mm:l

The state includes the H-length history window W7 = [¢'~!, ¢2 ... ¢*H], which pro-
vides a partial observability context for the decision at frame 7 for the pair. A convenient shift
form is

W! = [¢7h o' 0] (3.23)

We define Wy € R'H as the probability of success history window of the previous H
frames to provide the partial observability to the current action selection.
So the complete states for a pair are defined as

T2 (AR, ATE(), (3.24)

;,k A (Az ,near Az far) (3‘25)

;,k A (dl ,near zfar), (3.26)

E; £ ( ;“’;jr, far) (3.27)

'ej,k AL ( Eledr7 fclr)7 (328)

pix = (P, Pyk) (3.29)

Wi £ [ 1,<z>; %00 ec o . (3.30)

The final state for the user pair at the beginning of frame (i+1) is expressed as:

Sik=1{Alp Al Ak Bjk, Lk, ik, WL (3.31)

*More sophisticated models such as LSTM [80] can be adopted to estimate the energy of each device when
the actual energy is impossible to observe. Nevertheless, the inclusion of previously observed energy does not
directly affect the main objective of Aol minimization.

"The change in Aol and slots passed since the last time device was scheduled are different. For instance, a
user can have change in Aol 50 -10 = 40 for 10 slots passed since the last time it was scheduled.
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At the system level, the joint state at the end of frame 7 is represented as:
S’ =[] S35 kSN (3.32)

A: action space, defined as all valid slot assignment vectors £}, 7 is the transition proba-
bilities P(s’|s, a), unknown to the agent, and R is the reward function.
Given this POMDP, we adopt Proximal Policy Optimization (PPO) to learn a policy

TS —

that maps the current observation (O in frame i to a slot assignment vector f/, which can
maximize the over reward » .~ 7*~1R(t) over time horizon ¢ € [0, T] with discount factor

v.

Finally, we design the reward as an incentive function that encourages the PPO to ensure
each allowed pair of users is updated efficiently in every frame. The reward is given as negative
Aol since we aim to minimize it; therefore, we have

r;k(n) = —7s (wnA;.”Zear(n) + wa;”iar(n)) (3.33)

Here n = s/, . represents the pair’s scheduled slot, and w,, wy are the weights for near
and far users, respectively. A;.’Zear and A;’iar are the Aol of users scheduled for current slot,
while the reward j, = —Ws ana,k further shapes the slot assignment policy. The complete
reward per frame is R' € RV*1. So our problem can be defined as

min A (3.34)

st Cp: U e 22 (3.35)
Co:V Dpy (i) =1 (3.36)
C3:N<M (3.37)
(3.38)

where the constraint C'; ensures devices are in-scheduled while Cs, ensures battery, SINR
threshold, and scheduling conditions are matched. While C3 ensures short sleep cycles and
regular updates of MTCDs, pushing for more efficient decisions.

3.3.1 Proximal Policy Optimization (PPO)

The PPO utilizes a clipped surrogate loss that constrains the policy update to prevent large
deviations from the previous policy:

L (9) = By [min (r(0) Ar, clip(ri(0),1~ e, 1+€) Ar)],  (3.39)

o (at|st)
Thgq (at]st)
the clipping range constant. The policy parameters are updated by maximizing the total PPO

objective:

where 7(0) = is the probability ratio between the new and old policies, and e is

Liotat (9) = LEHP(0) — LYE(0) + S[my], (3.40)
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Algorithm 3 Procedure of the proposed PPO-based Scheduling

1: Input: R, I, M, N, m,vm, v, PPO hyperparameters
2: Inmitialize: User states, PPO policy 7, optimizer

3: for each episode o to O do

4: Initialize rollout buffer B € R

5 for each frame ¢ = 1 to I do

6 Select U™ and Uztzr using Alg. 2

7: Update user pair matrix UE;cir € ZN*?

8 for each user pair u?f’,ir € Uff}ir do

9 Observe S]’ k
10: Select action & assign slot in f}c with policy 7
11: Update S;k to S*

12: end for
13 YV i € Gy Ukt update f;c with 5., 1, = 0
14: Broadcast fﬁg
15: Decode slots and update Aol for users u,, € Uy
16: Compute rewards using Eq. 3.33 and update R € RV*1
17: Update user pool via Algorithm 2
18: Store S*, fi, and R’ in buffer B

19: end for
20: Train PPO: Use GAE and clipped loss over multiple epochs
21: end for

where LVF is the value function loss, S[my] is the policy entropy encouraging exploration.

Each policy update performs the following parameter changes
00 + n VQLtotal(e), (341)

where 7 is the learning rate. Our scheduling algorithm, along with training the PPO for effi-
cient scheduling, is presented in Algorithm 3.

3.4 Numerical Results

For the numerical evaluation, we implement a neural network (NN) architecture within a cus-
tomized PPO framework, described in Algorithm 3. Table 3.1 represents the key simulation
parameters for PPO and physical characteristics that are simulated.

Figure 3.5 represents the convergence of our algorithm for 100 episodes through the sum
of rewards in each episode. We can observe the efficiency of the algorithm through excellent
convergence as the traffic load increases with the number of devices.

In Figure 3.6, acomparison with the different scheduling schemes, specifically the threshold-
based scheme [35], shows a clear advantage of learning the stochastic nature of the channel,
energy harvesting, and battery outage effects. The proposed PPO significantly reduces Aol.
Our results demonstrate the importance of the combination of several key points of AAol re-
duction. It utilizes a sleep-wake schedule cycle, placing the highest Aol devices at the start of
frame, keeping frame length appropriate, and learning to incorporate environmental effects
into scheduling decisions.

The significance of learning non-controllable interference and energy efficiency is further
evident from Figure 3.7. We introduce variation in -y, as it compositely represents the channel
severity and energy efficiency. Results demonstrate that for vy, = —20dB, the best strategy
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FiGURE 3.5: Reward convergence vs. episodes, N = 15, vy, = —5 dB.
TABLE 3.1: Simulation and Training Parameters

Parameter Value Parameter Value

Dinax 20 meter | Dmin 8 meter

Wmax 0.1 Joule PHAP 2W

OWET = OwIT 3e-d4s | T 12

Optimizer Adam vy 0.99

Ui 3e-4 Clip range (€) 0.1

Initial Entropy coeff. 0.03 Batch size 200

Epochs 4 Frames/episode 200

Episodes 100 Wg 0.5

W, 1 wy 0.2

Qe 0.25 Be 0.94

Qg 0.826 ay 0.399

K 3 K 12

proposed PPO learns is to schedule greedily. The optimal performance gap between all com-
pared policies is not significant. However, as the conditions get tough with vy, = —5, 0dB,
the proposed PPO’ superior performance becomes more evident and the gap between policies

widens.
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Chapter 4

Maximizing Entanglement Rate with
Latency Constraint for Global
Quantum Internet using LEO
Satellites

4.1 Introduction

The advent of quantum communication technologies is building the way for the development
of the quantum internet [57], a global quantum network that provides a promising platform
for ground-breaking quantum applications, such as secure communication known for quantum
key distribution [81], distributed quantum computing [82], and high-precision quantum sens-
ing [83]. At the core of the quantum internet is the use of probabilistic quantum bits (qubits),
which enable inherently secure data transmission by leveraging fundamental principles of
quantum mechanics such as entanglement, teleportation, and swapping. These principles
form the foundation for quantum communication, enabling nodes to interact across globally
distributed subnetworks and supporting active quantum information exchange. Motivated by
the limitations of ground-based quantum networks in achieving global scalability, the present
work introduces an extended architecture of the quantum network referred to as the Hybrid
Quantum Information Network (HQIN) which integrates satellite-based quantum commu-
nication to facilitate long-distance entanglement distribution and enhance the reliability of
quantum connectivity [60], [61]. In the presented architecture, satellites act as intermediaries,
connecting globally distributed quantum subnetworks by distributing entangled qubits (ebits)
to their respective head nodes, responsible for establishing and maintaining entangled links
with the satellites. Building on these considerations, the present work prioritizes operations
based on the dominant resource requirements fidelity and latency of each active connection,
addressing their inherent trade-off to improve overall network performance.

However, despite the promising potential of HQINs, achieving an effective balance be-
tween fidelity and latency remains a major challenge. Fidelity defined in terms of how well
a quantum state is preserved in the presence of noise and other disturbances, serving as a
key metric for quantifying the closeness of a mixed state to the intended pure state. On
the other hand, latency refers to the time required to prepare users for quantum information
exchange [84]. In networks comprising multiple quantum nodes, enhancing fidelity relies
heavily on entanglement purification, primarily performed by quantum repeaters (QRs).
Those play a crucial role in maintaining high-quality entanglement over long distances within
ground-based subnetworks by mitigating the effects of noise and decoherence. Prior to exe-
cuting entanglement swapping, QRs enhance the distributed entangled pairs by using other
low-fidelity pairs as sacrificial pairs through entanglement purification, thereby improving
the overall quality of entanglement across the network. This step is crucial, as entanglement
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swapping alone degrades the fidelity due to the accumulation of operational errors. By per-
forming both purification and swapping, quantum repeaters enable the extension of entangled
links over distances [85] that would otherwise be infeasible, overcoming the limitations im-
posed by the no-cloning theorem, which prohibits the direct replication of quantum informa-
tion. Moreover, managing latency instead remains a critical challenge in HQINSs, as dynamic
network conditions such as satellite visibility windows, queuing delays, and synchronization
requirements can substantially hinder communication efficiency. These factors, coupled with
the inherent delays from core operational processes, pose a significant barrier to achieving
reliable, high-throughput quantum communication on a global scale.

The present work focuses on the trade-off between the maximum achievable fidelity and
the minimal attainable latency in a quantum network with a diamond topology, incorporating
satellite communication to extend entanglement distribution over long distances. In pursuit
of this goal, we formulate an optimization problem for computing the maximum achievable
fidelity while satisfying constraints on minimum latency between arbitrary pairs of commu-
nication users within the network. Our design specifically targets the first generation (1G) of
quantum subnetworks, where quantum error correction (QEC) codes are not yet available. In
this context, we consider a subnetwork architecture built with quantum repeaters [86], which
enable entanglement distribution through the process of entanglement swapping. Therefore,
communication relies on imperfectly entangled and purified photon pairs, ultimately intro-
ducing noise to the whole process. Notably, entanglement purification is not equivalent to
quantum error correction (QEC), which involves the active detection and correction of quan-
tum errors such as bit-flip, phase-flip, and depolarizing noise in quantum states. In contrast,
entanglement purification is performed after the transmission of ebits to improve their fidelity.
Furthermore, regarding the connection between different subnetworks, satellite-based quan-
tum links provide a promising opportunity to establish high-fidelity connections over distances
of hundreds of kilometers. This is particularly important because quantum communication
over optical fibers faces significant technological constraints, notably exponential photon loss
with distance, which severely limits the scalability of ground-based quantum networks.

As a result, satellite-based connections emerge as a crucial solution for extending the
communication range since the photon losses in vacuum scale are only polynomial with the
distance compared to the exponential losses in optical fibers, enabling end-to-end quantum
communication between source and destination nodes. Furthermore, for the interconnection
of different subnetworks, we consider satellite constellations, such as Low Earth Orbit (LEO)
systems like Starlink, as a promising opportunity to establish high-fidelity quantum links be-
tween subnetworks separated by hundreds of kilometers. Unlike fiber-optic channels, which
suffer from exponential photon loss over long distances due to attenuation, satellite-based
links experience only polynomial scaling of photon losses with distance. This makes satellite
communication a critical enabler for realizing end-to-end quantum communication across ge-
ographically dispersed nodes. To date, the scientific community has explored satellite-based
quantum networks as a means to extend communication distances [87], [88]. In most of the
aforementioned works, the satellite primarily serves as an ebit quantum source for the pair
of subnetwork head nodes engaged in communication. However, this approach exhibits lim-
itations in achievable distance, as demonstrated by the Micius satellite [60], which verified
entanglement distribution over distances of up to approximately 1,200 km. Consequently,
achieving greater distances between subnetwork head nodes using conventional methods be-
comes impractical.

We propose a model in which a satellite, functioning as a free-space quantum source, dis-
tributes entangled qubits by transmitting one qubit to the head node of each subnetwork while
storing the entangled counterpart in onboard quantum memory. This architecture facilitates
the establishment of entanglement among geographically distributed subnetworks. Entan-
gled photon pairs are generated via Spontaneous Parametric Down-Conversion (SPDC) [89],
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wherein a high-frequency laser interacts with a nonlinear crystal such as beta barium borate
(BBO) to produce pairs suitable for quantum linking over long distances. We employ Low
Earth Orbit (LEO) satellites due to their optimal trade-off between lower latency and broader
ground coverage. However, their rapid orbits (approximately 120 minutes per revolution)
limit continuous connectivity. To address this, we adopt a satellite constellation approach,
inspired by large-scale networks such as Starlink, where multiple synchronized LEO satellites
ensure uninterrupted global coverage and support consistent entanglement delivery across dis-
tributed subnetworks. A significant challenge in this setup is differential latency [90], where
variations in photon transmission times from the satellite to different ground nodes can im-
pede/hinder timely entanglement swapping. Successful entanglement swapping requires that
entangled qubits arrive within a strict coherence window, accounting for delays introduced by
both transmission and memory retrieval. To mitigate this, precise synchronization among
subnetwork nodes is essential. Without coordinated timing, entanglement swapping cannot
proceed, leading to the degradation of both fidelity and latency two core performance metrics
in quantum communication. To maintain timing integrity across the network, our architecture
employs Central Controllers that orchestrate node operations. The main adopted abbreviations
of this paper are summarized in the following table 4.1.

TABLE 4.1: Abbreviations

Abbreviation Full Name

APC Auto Polarization Compensator

CPDC Classical Path Discovery and Coordination
ebits Entangled Qubits

EGL Entanglement Generation Latency

EPR Einstein-Podolsky-Rosen Pair (Entangled Qubits)
ESL Entanglement Swapping Latency

HQIN Hybrid Quantum Information Network
KPI Key Performance Indicator

LEO Low Earth Orbit

QBER Quantum Bit Error Rate

Qbits Quantum Bits

QEC Quantum Error Correction

QKD Quantum Key Distribution

oM Quantum Memory

QR Quantum Repeater

SPDC Spontaneous Parametric Down-Conversion

4.2 BACKGROUND

This section first reviews the fundamental knowledge behind the modeling of the HQIN and
subsequently presents the key assumptions adopted throughout the paper.

4.2.1 Entanglement Generation

The process of distributing entangled pairs between remote quantum nodes is known as en-
tanglement generation. As in other quantum networking paradigms, efficient entanglement
generation is essential for establishing reliable quantum links, which are fundamental for
subsequent quantum information exchange. Multiple entanglement generation schemes have
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FIGURE 4.1: Schematic representation of the ebit distribution protocol.
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been experimentally demonstrated in [91], [92], [93]. Entanglement generation in quantum
networks can be broadly categorized as either bipartite or multipartite [94], depending on
the number of participating subsystems. In this work, we focus exclusively on the former
specifically, Bell states (a.k.a Einstein—Podolsky—Rosen or EPR pairs) which represent max-
imally entangled two-qubit states. These states constitute a foundational resource in quan-
tum communication protocols, including entanglement purification, entanglement swapping,
and quantum teleportation. The Fig. 4.1 shows the quantum distribution model adopted,
a generation-at-midpoint approach/principle, wherein quantum sources are symmetrically
placed between couples of quantum nodes (QNs), as detailed in [95], [96], [97]. The time-
line depicts a sequence of packets, which correspond to the time consumed in successfully
generating an entangled bit (ebit) between adjacent nodes (v; j, v; ). The generation of en-
tangled photon pairs is experimentally realized through the well-known process, Spontaneous
Parametric Down-Conversion (SPDC). The efficiency of this process is influenced by phase-
matching conditions, spatial mode coupling, and transmission losses throughout the optical
setup. As described in [89] the experimental configuration utilizes a pulsed laser source oper-
ating at a wavelength of 404 nm, with a repetition rate of 1 GHz (10° pulses per second). The
pump power ranges from 2.6 mW to 15.5 mW, with optimal performance observed within the
interval of 3.318 mW to 7.291 mW. Entangled photon pairs are produced in a nonlinear beta
barium borate (BBO) crystal with a length of L = 3 mm and an aperture of 5 X 5 mm. So,
the probability of generating an entangled photon pair per pulse is given by

Rpairs
)
Rpulse

Pgen =

where pgen denotes the probability of generating an entangled photon pair per laser pulse. The
quantity Rpairs represents the rate of detected entangled photon pairs per second, which cor-
responds to the total number of registered coincidence counts Ncc otal. While, Rpuise refers
to the laser pulse repetition rate, expressed in pulses per second. This expression charac-
terizes the source efficiency by evaluating the ratio between successfully detected entangled
pairs and the total number of pump pulses. While a higher pge, indicates improved source
performance, its value is fundamentally limited by physical and experimental factors such as
imperfect phase matching, non-ideal mode coupling, and optical channel losses. However, in
practical quantum communication systems, only a fraction of the generated entangled pairs are
ultimately usable due to additional impairments, including decoherence, propagation losses,
and detector inefficiencies. As a result, a post-selection mechanism is typically employed
to filter and retain only high-fidelity entangled bits (ebits), which are essential for executing
quantum teleportation and entanglement swapping protocols. To estimate the entangled pho-
ton yield within a given temporal acquisition window, we perform a probabilistic analysis.
For a generation window of Wee, = 1 ms (0.001s), the number of pump pulses incident on
the crystal is given by:

Nputses = Rputse - Ween = 107 x 0.001 = 10° pulses.

In addition to the probability of successful generation, we also consider the probability
of successful entanglement transmission, which depends on the inter-node distance and the
quality of the quantum communication channel. In fiber-optic links, attenuation is a major
limiting factor and is typically modeled using an exponential decay function:

n dvivj

Pn = (1 —pinit)e_ o, 4.1)

where piie represents the initial qubit loss probability due to hardware imperfections and
coupling inefficiencies, empirically estimated to be approximately 0.2, as reported in [98].
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The parameter 7 denotes the fiber attenuation coefficient, which is typically around 0.2 dB/km
for standard telecom wavelengths. Finally, d,,,; denotes the physical distance between the
entangled photon source and the receiving quantum node.

This exponential expression captures the probabilistic nature of photon survival as a func-
tion of both propagation distance and channel quality. As the transmission distance increases,
the likelihood of an entangled photon arriving unabsorbed or unscattered decreases signif-
icantly. Consequently, the overall probability of generating and successfully delivering an
entangled bit (ebit) is defined as

Pm = Dgen * Pn,

where p,,, encapsulates both the generation and transmission success probabilities. This pro-
vides a critical performance metric for evaluating the feasibility of entanglement-based com-
munication over practical distances. The resulting expression serves as a foundational com-
ponent in link-level modeling for quantum networks, particularly in the context of assessing
throughput and fidelity under realistic physical constraints.

4.2.2 Entanglement Swapping
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FiGURE 4.2: Schematic representation of the parallel swapping proecess.

Entanglement swapping is a fundamental mechanism for establishing long-distance entan-
glement links in quantum networks. Its importance arises from the critical challenge posed
by the exponential decay in the success probability of entanglement generation over long
distances, primarily due to photon loss and decoherence in quantum channels. This decay
severely limits the feasibility of direct entanglement between distant nodes. To address this
limitation, quantum repeaters are introduced between the source and destination nodes. These
devices divide a long communication path into shorter, more manageable segments. Entan-
glement is first established between adjacent nodes and then extended across the network via
successive entanglement swapping operations. This modular approach significantly improves
the scalability and reach of entanglement distribution. Nevertheless, entanglement swapping
is inherently probabilistic and affected by operational imperfections and hardware constraints.
Consequently, failures in the swapping process may occur, potentially reducing the reliability
gains offered by quantum repeaters. Entanglement swapping is a quantum operation that en-
ables two previously unentangled nodes to become entangled by performing a joint Bell-state
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measurement (BSM) on two particles, each of which is entangled with one of the nodes. If
the BSM is successful, the two initially independent nodes are projected into an entangled
state, thereby extending the entanglement reach of the network. The probabilistic nature of
entanglement swapping highlights the need for designing efficient swapping protocols that
maximize the likelihood of achieving end-to-end entanglement. Different strategies offer
trade-offs between success probability, operational complexity, and resource consumption.
Among these, two fundamental entanglement swapping protocols are commonly studied:

Sequential method: In a chain topology with n intermediate nodes, swapping operations
are performed in sequence from the source to the destination. If the entanglement generation
probability is pgen and the success probability of a swapping operation is pgwap, then the overall
success rate becomes pgen - Piyap, Where n is the number of swapping stages. Moreover, the
total latency accumulates as each stage must wait for the previous to succeed.

Parallel method: Alternatively, in the parallel (or nested) scheme, entanglement swap-
ping is performed simultaneously across nonoverlapping segments of the network. As illus-
trated in Fig. 4.2, in the case of an even number of quantum repeaters (QRs), the first round
may involve quantum nodes v, v3, and v; performing swapping operations in parallel. This
occurs after quantum memories have been activated and synchronized via the central con-
troller. In the second round, swapping is carried out by quantum nodes vo and vg, followed
by a third round involving the central node v4. This hierarchical strategy reduces the number
of sequential operations, thereby improving the overall success probability to p- piﬁg and de-
creasing latency. As shown in [53], the choice of protocol significantly affects both the fidelity
and the latency of remote entanglement. The proposed segment-based approach in that study,
for example, minimizes stop-and-wait delays by enabling concurrent entanglement generation
and segmented parallel swapping, effectively balancing these trade-offs. More generally, im-
perfect swapping operations due to hardware limitations (e.g., non-ideal joint measurements)
and memory decoherence further degrade performance [99]. Hence, robust entanglement
swapping protocols not only attempt to maximize success probability but also integrate fail-
ure detection, recovery mechanisms, and optimal path or segment selection strategies.

4.2.3 Noise

In a bipartite system typically composed of two qubits, entanglement manifests as strong
non-classical correlations that cannot be explained by separable (unentangled) states. In an
hypothetic scenario, these maximally entangled two-qubit states would maintain perfect non-
classical correlations across long distances. However, in real-world implementations, envi-
ronmental noise and quantum decoherence degrade entanglement quality, leading to mixed
states. To model entanglement degradation, we incorporate the concept of Werner states [100],
[101], which characterize a quantum system as a mixture of a maximally entangled Bell state
and a completely mixed state. Specifically, the density matrix p represents the quantum system
— in our case, the entangled pair initially prepared in the Bell state |®T) = % (|00) 4 |11)).

The initial pure state is described by the density matrix pj = |®*) (®|, which, after trans-
mission through a noisy channel, evolves into a mixed Werner state.

An ebit shared between any two adjacent quantum nodes v; j, and v; ; within the same
subnetwork k is represented as a Werner state p(w(; ;)) [95], where p with an initial weight
coeflicient w(; j) € [0, 1] determining the entanglement strength which it can be associated to
quantifing the degree of entanglement. Higher values of wy; ;) correspond to greater fidelity
and improved resilience to decoherence. A Werner state is defined as follows

1
p(wi ) = w. )| @FNET| + 1w )l (4.2)
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with Iy = |00)(00] 4 [01)(01] + |10)(10| 4 |11)(11] the identity matrix on the space spanned
by the Bell states, and F' = L3

This model allows us to quantify fidelity loss in entanglement distribution due to deco-
herence, which is a critical factor in designing entanglement purification protocols. When the
operation of entanglement swapping is successfully performed on two Werner states p(w;, j))
and p(wy; 1) it will be generated a new Werner state expressed as

(2%))

p(wiigy) = p(Wei 5) - Wik ) (4.3)

where the fidelity of the resulting state depends on the Werner parameters of the input states.
The degree of information concordance between a Werner state p(w(um)) and the Bell state
&7 is given by the fidelity [91]

F = (@* (g )|e*) = ——

4.4)
We assume that entangled pairs shared by the same pair of adjacent quantum nodes show
identical fidelity after generation. However, entangled pairs shared between different pairs
of nodes are not necessarily identical due to physical device imperfections [97]. In practical
quantum networks, Werner states degrade over time due to interaction with a noisy environ-
ment, so does also the associated fidelity. After a storage time At in an imperfect quantum
memory (QM), the Werner parameter w; ;) evolves as [102]:

wzi,j) =w(j) e~ A Teon 4.5)
where T, is the coherence time of two quantum memory units holding a pair of entangled
photons and is a constant determined by the physical medium [95]. We justify the use of
Werner states [103] to define a fidelity threshold for initiating entanglement purification and
distillation. Considering that our entanglement source is based on SPDC, Werner states pro-
vide a useful abstraction to quantify fidelity loss and establish when purification or distillation
is required. Werner states effectively describe the transition from a maximally entangled Bell
state to a partially mixed state, allowing us to model the degradation of entanglement fidelity
due to environmental noise. By setting a fidelity threshold based on the Werner state param-
eter w(; j), we determine at what point purification or distillation must be applied to restore
high-quality entangled pairs. By leveraging entanglement purification, we aim to extract high-
fidelity Bell pairs from noisy Werner states, thereby improving overall network performance.
The fidelity F; ;) of a Werner state with respect to the ideal Bell state is given by (4.4). This
allows us to establish several important thresholds. First, the entanglement threshold in-
dicates that the state remains entangled if w; j) > %; below this value, the state becomes
separable and can no longer be purified. Second, the distillability threshold is defined by
w5y > % meaning that high-fidelity Bell pairs can be extracted directly. When w; j) < %
purification is necessary to enhance the fidelity before distillation becomes feasible. Finally,
the fidelity condition dictates that purification is triggered when the fidelity F{; ;) of the entan-
gled pairs falls below an acceptable threshold, which is mathematically related to the Werner
parameter w; ;) through Eq. (4.4). Given our protocol assumptions, multiple entangled qubit
pairs (ebits) must be available to enable successive purification rounds. In the best-case sce-
nario, where all three purification rounds succeed this requirement naturally translates into
a minimum resource threshold. Beyond this point, additional purification rounds yield min-
imal improvements, resulting in a fidelity saturation phase, as detailed in [104]. To model
entanglement generation, we adopt a probabilistic framework grounded in the binomial dis-
tribution. Specifically, each entanglement generation attempt is modeled as a Bernoulli trial,
where an ebit is successfully created with probability peen, leading to a stochastic number of
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entangled pairs available in each time slot [101], [105]

T
P(g=a) = <a>p?(1 —pe) 7, (4.6)

given that T is the total number of trials, the Binomial distribution is expressed as follows.
Let &, denote the probability that exactly « ebits are successfully generated on the k-th link.
The variable « represents the number of successfully generated, swapped, or purified ebits,
constrained within « € [0, T']. The probability of success for each individual attempt is given
by pe, where p. € [0, 1], while 1 — p. denotes the probability of failure in a single trial. The
term (Z) is the Binomial coefficient, representing the number of ways to achieve exactly o
successes in " independent trials.

4.2.4 Fidelity Management and Purification-Swapping Model

In HQINS, fidelity F{; ;) is a key performance metric that quantifies the similarity between an
entangled pair and an ideal Bell state. Maintaining high-fidelity ebits is essential for preserv-
ing quantum coherence and ensuring the reliable execution of critical quantum operations, in-
cluding teleportation and entanglement swapping. Due to the inevitable effects of noise, deco-
herence, and transmission losses, the fidelity of entangled states degrades over time and with
increasing distance. To mitigate this, HQINs employ entanglement purification a technique
that enhances the fidelity of a target entangled pair by consuming additional lower-quality
distributed ebits, commonly referred to as "sacrificial" pairs. This process is conceptually
analogous to denoising in classical communication systems, helping reduce noise introduced
by imperfections in hardware and the transmission medium. To counteract fidelity degrada-
tion, various entanglement purification protocols have been proposed in the literature, each
offering distinct trade-offs in terms of resource efficiency, fidelity improvement, and opera-
tional complexity [106], [107]. Among the most prominent strategies we have:

* Symmetric purification is a structured strategy in which entangled pairs are purified
only with other pairs of the same fidelity and matching history. The process follows a
recursive pattern, with each round consuming one sacrificial ebit to boost the fidelity
of a target pair, alternating between base-level pair generation and purification steps.
While this method enables steady fidelity improvement across rounds, it is inherently
rigid. The requirement for fidelity-matched partners leads to idle waiting and inefficient
resource usage. Moreover, due to the probabilistic nature of purification, many base-
level pairs must be consumed to produce a single high-fidelity pair. Over time, memory
decoherence further disrupts fidelity symmetry, making it increasingly impractical to
maintain perfect pairing, especially in dynamic or large-scale quantum networks.

» Pumping purification is a strategy that increases the fidelity of a single Bell pair by
repeatedly purifying it with freshly generated base-level pairs. It operates with minimal
hardware requirements, only two qubits per station, making it highly memory efficient.
However, it provides only incremental fidelity improvement with each round, especially
when the starting fidelity is low. As a result, pumping becomes ineffective when the
fidelity gap between the base-level pairs and the desired target is large. It performs best
when base fidelities are already high (e.g., above 0.75), but scales poorly in high-loss
or long-distance scenarios.

* Greedy purification is an approach that purifies all available Bell pairs immediately
at each time step, without deferring any action in favor of potentially better pairings
later. While this strategy maximizes short-term resource usage and minimizes idle
time, it often leads to the combination of mismatched fidelities, e.g., high-fidelity pairs
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with significantly lower quality ones. This results in a lower probability of success
and minimal fidelity improvement, especially when the fidelity variance across pairs is
high. Greedy purification is simple to implement but sacrifices long-term fidelity gain
for immediate progress.

* Banded purification is designed to balance efficiency and fidelity gain; this strategy
divides the fidelity space into discrete bands. Only Bell pairs within the same band are
allowed to purify with each other, preventing the mixing of low- and high-fidelity pairs.
This structure preserves high-fidelity resources for more meaningful improvements and
avoids inefficient pairings. Although banded purification introduces scheduling com-
plexity and potential deadlock if too many bands are used, it significantly improves
fidelity scaling by allowing the system to wait for better matches. It is particularly suit-
able for dynamic environments where fidelity varies across links and time.

In our framework, we adopt a recursive purification model inspired by [104], [108], where
the fidelity after the ¢-th purification round for a link €;; € &, is given by:

fei]- . é‘(fj_l)
(t—1) (t—1)
Feij - €ij +(1*]: )'(1*]:52']' )

€ij Eij

F) —

Eij

, “.7

where ]-'5(?].) = JFe,, is the initial fidelity of the entangled link. Each purification round con-

sumes one sacrificial ebit to enhance the fidelity of the target link, assuming successful pu-
rification. The success probability for a given purification attempt is expressed as:

ppur(Fﬂj) - ]:822] + (1 - ‘FEij)2' (48)

Figure 4.3 illustrates the purification trade-offs: as purification rounds increase, fidelity
improves, but the probability of success declines, especially for lower initial fidelities.
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FIGURE 4.3: (a) Resulting fidelity vs. purification rounds. (b) Purification
success probability vs. initial fidelity.

We employ a Banded Purification strategy, where purification is allowed only between
entangled pairs pgg with fidelities within the same predefined fidelity band. This prevents
inefficient mixing of disparate-quality ebits and promotes resource efficiency. The protocol
adapts to dynamic link quality fluctuations, a critical feature for HQINs operating under noise
and decoherence. Maintaining high fidelity over long-distance entangled paths requires inte-
grating purification with fidelity-aware entanglement swapping. Suppose nodes v; x and v;
share an ebit represented by the Werner parameter w; ), and nodes v; j, and v; ; share w; ;).
After entanglement swapping at v; i, the resulting Werner parameter w; ;) is:

Weil) = W(ig) T @3> (4.9)
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and the resulting fidelity F.,, is given by:

1 + 3w, l
= Gl (4.10)
More generally, when accounting for imperfect local operations at nodes, the swapping
fidelity is modified as:
Wod) = “ig) " WGD T Wi (4.11)

where w,, , accounts for local operation imperfections and is given by:
- 09,(402 — 1)
01,0 * 02 v\ 3Oy,

Way = 3 , (4.12)

with 01, and o2, denoting the one- and two-qubit gate reliabilities, and ., the Bell State
Measurement (BSM) accuracy at node v.

However, in this work, we omit these explicit gate error models and assume ideal local
operations (i.e., wy, , = 1), focusing primarily on fidelity degradation due to channel noise
and swapping.

The cumulative fidelity along an end-to-end path Pg égpath between source S and destina-
tion D can thus be expressed as:

1
Fae=7(1+3 I win I @l (4.13)

€ij 67?5717 Yk ERUS
where:
* w(; ;) is the Werner parameter associated with link £;;;

* wy, , would represent local gate and measurement imperfections, set to 1 under our
ideal operations assumption.

This model reflects the exponential decay of fidelity as the number of hops increases
and highlights the critical role of purification. In our architecture, all purification operations
are executed within the coherence time of quantum memories, ensuring minimal storage-
induced decoherence. The combination of recursive, banded purification with fidelity-aware
entanglement swapping ensures scalable and robust high-fidelity quantum communication
across both intra- and inter-subnetwork domains of the HQIN.

4.2.5 Assumptions

To focus on the fundamental performance limits of Hybrid Quantum Information Networks
(HQINs) and enable tractable analytical modeling, the following idealized assumptions are
adopted:

* Quantum Memory: Each quantum node is equipped with unlimited, perfect quantum
memory capable of storing an arbitrary number of entangled pairs without decoherence
or fidelity loss over time.

* Classical Communication: Heralding signals for successful entanglement generation
and coordination are transmitted over idealized classical channels assumed to be loss-
less, noiseless, and delay-free.
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* Quantum Channel Noise: Decoherence during photon propagation in both optical
fiber and free-space links is neglected. Fidelity degradation is attributed solely to net-
work operations such as imperfect entanglement generation, purification, and swap-

ping.

» Entanglement Sources: Bell states are assumed to be generated without preparation
errors. The entanglement generation process succeeds probabilistically, but success-
fully generated ebits are characterized by Werner states with associated fidelity param-
eters.

* Quantum Operations: All quantum operations (including measurements, gate op-
erations, and Bell State Measurements) are considered perfect. Explicit modeling of
operational errors, such as gate infidelities and imperfect BSM outcomes, is omitted
for analytical clarity.

* Purification and Swapping Timing: All purification and swapping procedures are
completed well within the coherence time of quantum memories, ensuring that temporal
storage-induced fidelity decay is negligible.

* Repeater and Satellite Capabilities: Quantum repeaters and satellites are assumed to
operate without hardware limitations other than the fidelity constraints already captured
by Werner parameters associated with entangled links.

These assumptions isolate the intrinsic stochastic behavior of entanglement distribution
processes while excluding secondary impairments such as storage decoherence, communica-
tion delays, and operational imperfections. This abstraction enables the derivation of clean
analytical models to benchmark entanglement throughput, purification efficiency, and fidelity
evolution across hybrid terrestrial-space quantum networks. Furthermore, it provides a tractable
foundation for performance evaluation, serving as an upper-bound reference for future studies
incorporating non-ideal, device-level noise sources and practical implementation constraints.
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4.3 SYSTEM MODEL
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FIGURE 4.4: Quantum Intra-Subnetwork

To aid the clarity of the model, the notations and their definitions are summarized in Ta-
ble 4.2. This work focuses on the coordinated management of quantum processes such as
entanglement generation, purification, and swapping to establish end-to-end links between
quantum nodes within the network. We envision a quantum network of multiple real sub-
networks, interconnected via a constellation of Starlink satellites positioned in Low Earth
Orbit (LEO). Each subnetwork is represented as an undirected graph G, = (Vg, &), where
k €{0,1,..., K} denotes the subnetwork index within the overall system model. The vertex
set V), is defined as

Vk = {hk‘yvo,ka 'Ul,ka o 7vi,k7 o 7’Unk7k}7

where each node v;;, € R3 represents a quantum node(QN) such as a quantum computer,
repeater, or relay positioned in three-dimensional space. The vector is given by

)
Vik = Al

a
where ¢ is longitude, X is latitude and « is altitude. The parameter n* denotes the total
number of nodes in the k-th subnetwork. The superscript k& on the expression n* indicate
that each subnetwork contains different number of nodes. We indicate with V the set of all
the quantum nodes within the network, such that V.= {Vy,V1,..., Vi, ..., Vi }. The set
of optical communication links between two arbitrary nodes v; ., v; ;. belonging to the same
subnetwork k is given by

&k = {eijr | 1.5={0,1,.nF}; ij )
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TABLE 4.2: Notation Summary
Symbol Description
Gk Undirected graph representing the k-th subnetwork
Vi Set of quantum nodes in the k-th subnetwork
nk Number of nodes in the k-th subnetwork
U,k Position of the nF-th node in subnetwork k
\Y Global set of all quantum nodes in the network
Ex Set of optical links in the k-th subnetwork
Eij k Optical link between nodes v; ;. and v,
Qijk Quantum source at the midpoint of edge &;;
H Set of head nodes from all subnetworks
hp. Head node of the k-th subnetwork
S Set of satellites in the Starlink constellation
sm(t)  Satellite m at time ¢, enabling inter-subnetwork communication
Uy, Set of end-user quantum nodes in the £-th subnetwork
X Full node set: Y UH U S
PEB Density matrix of an entangled bit (ebit)
F Fidelity of an entangled quantum state
Tede End-to-end communication latency
Psuce Probability of successful entanglement distribution
Tgen Time required for entanglement generation
Eswap Time required for entanglement swapping
tpur Time required for entanglement purification
tq Propagation delay of the quantum channel
Dswap Probability of successful entanglement swapping
Dpur Probability of successful purification
Dgen Probability of successful entanglement generation
Lgin Distance between satellite and ground station
Natm Atmospheric transmittance coeflicient
c Propagation speed in the fiber
Meft Effective quantum channel transmission efficiency
Oenith  Zenith angle of satellite transmission
Qelevation  Elevation angle of satellite transmission
Ween Time window of the ebit generation

Each edge ¢;; 1, equidistant from both adjacent nodes has a quantum source (QS) g;; . This
geneartion strategy is referred to as mid-point entanglement generation, as detailed in [95].
The QS is responsible for generating Einstein-Podolsky-Rosen (EPR) pairs along the edge,
which we refer to as link-level entanglement. These entangled qubits are denoted as ebits
or virtual links. Each subnetwork contains a designated head node hj € Vi, which serves
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as a central coordination point. The head node in each subnetwork maintains direct connec-
tions with a limited subset of quantum nodes (QNs) within the same subnetwork, rather than
forming links with all nodes in V. The set of all head nodes across the k-subnetworks is
denoted by H = {hg, h1,...,hg,...,hx} C V, and represents the union of node sets from
all subnetworks in the global network. Which is responsible for establishing communication
with other subnetworks located in different cities via a backbone network composed of a con-
stallation of satellites S = {so(t), s1(¢), ..., sm(t),...,sa(t)} where M denotes the total
number of satellites present in the constallation. A satellite s,,, € S responsible for estab-
lishing entangled links between pairs of head nodes {h;, h, | 1,r=0,1,...,K; 1#r}. Each satellite
functions both as an entanglement generator and as a quantum repeater, performing entan-
glement swapping operations to enable long-distance quantum communication. Within each
subnetwork, nodes serve different roles: some are end-user nodes responsible for quantum
processing and communication, while others act solely as repeaters to extend communication
range, as shown in Fig. 4.4. We denote the set of available entangled states on link &;;  as
R’gij’ also referred to as the resource set of d-dimensional maximally entangled states shared
between nodes (v; j, v; ) through the physical link ;; . This set is defined as

Rl;j = {W}O>7 WJ1>7 W2>7 R |¢g—1>}7

where g denotes the total number of distributed entangled pairs on link ¢;; . following the
entanglement distribution phase. Each link in the network maintains its own collection of
entangled pairs, and purification is subsequently applied to enhance their fidelity.

In the first round of symmetric purification, entangled pairs are grouped in pairs within
a certain range of initial fidelity (e.g., [1)0) with |¢1), |[t2) with |1)3), etc) to produce a new
purified set

T, = {[V01), [¥23),Yas)s - [g-2,4-1)},

where |1); ;) denotes the purified state resulting from the pair (|v;), [1;)), conditioned on the
success of the purification process. Purification is inherently a probabilistic operation and
succeeds with a probability ppyr, which typically depends on the fidelity F' of the input states.
For many standard protocols (e.g., DEJMPS or BBPSSW), the success probability can be
expressed as ppur = F? + (1 — F)?, assuming identical fidelity for both input pairs. This
probabilistic nature leads to a progressive reduction in the number of available states across
rounds. In the second purification round, the output of the first round is again grouped into
pairs to further enhance fidelity:
r2, = {lYo1,23)s [agse)s- -},

where [1); j ;) represents the purified result from combining the previously purified states
|1i ;) and |1k ;), again conditioned on successful purification. This iterative process con-
tinues until the desired fidelity threshold is reached or the available resource pool becomes
insufficient to support further purification. The set of end-user nodes is denoted by U}, C &,
where the overall node set is given by X = &/ UH U S. The edges in the graph represent
physical quantum channels, which may be implemented as optical fibers in the wired segment
of the network or as free-space optical links in the wireless segment. We assume that when a
repeater is deployed at a node with degree greater than two, it operates as a quantum switch;
however, for consistency we refer to all such devices as Quantum Repeaters (QRs).

Coordinating quantum operations requires a significant amount of classical information
exchange between quantum nodes. This is primarily due to the need for precise synchro-
nization, as quantum operations such as entanglement swapping and purification depend on
time-sensitive measurements and classical feedback. To reduce the complexity of establishing
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end-to-end entangled connections between source and destination nodes, we adopt a central-
ized controller (CC). This controller is responsible for managing synchronization across the
network, ensuring that all quantum operations proceed in a coordinated and timely manner.

4.3.1 Latency Considerations

In HQINS latency quantifies the total time required to establish end-to-end entanglement be-
tween a source node .S and a destination node D. To maintain consistency with the system-
wide notation, latency is decomposed into modular components reflecting distinct quantum
and classical operations including quantum state preparation, classical coordination, and satellite-
mediated distribution. We define the following latency components:

S,D
P

* Tfind: Time required to compute the optimal entanglement path Pyl p. -

* Tgen: Aggregate time spent on link-level entanglement generation, accounting for pho-
ton transmission, source alignment, and initialization delays.

* Tpur: Cumulative time associated with local purification rounds to boost entanglement
fidelity.

* Tswap: Latency introduced by entanglement swapping operations, including Bell state
measurements and associated control logic.

* Taist: Time required for satellite-assisted free-space distribution of entanglement across
subnetworks.

* Tcomm: Classical communication delay for coordination, signaling, and acknowledg-
ment exchange.

The per-link entanglement generation time depends on the underlying physical medium. For

dv O er
fiber-based links, the generation delay is modeled as tgen(£45) = tproc + %ﬂﬁb, where dy,y;

is the fiber length in kilometers, ngper /= 1.44 is the refractive index of the fiber medium, and
¢ = 3 x 108 m/s is the speed of light in vacuum. The term #,c = 0.1 X 1079 s denotes
the processing delay introduced by the quantum source for generating an entangled photon
pair. In contrast, for satellite-based free-space links, the entanglement generation delay is
affected by the geometric path and atmospheric conditions. It is expressed as tggf(@(t)) =

tproc + m, where d(6(t)) is the slant distance from the satellite to the ground station as
a function of the zenith angle 6(t), and 7y, is the atmospheric transmission factor accounting
for signal delay due to air density and turbulence. These models capture both the constant
setup overhead such as entangled photon pair initialization and the variable propagation delay,
enabling accurate latency estimation across heterogeneous link types within HQINS.
We distinguish two primary network configurations for latency evaluation, beginning with the
intra-subnetwork case.

(1) Intra-Subnet Latency: When both the source node S and destination node D reside
within the same subnetwork Gy, the total end-to-end latency is given by:

int
Lere" = Thind + Tgen T Tpur + Tswap 1+ Tcomm;, (4.14)

where each term corresponds to a distinct quantum operation class along the selected path

S,D
PBestPath .

As previously discussed, entanglement generation is modeled as a binomial process occurring
within a fixed time window Wee,, driven by a high-repetition-rate pulsed laser source based on

SPDC mechanisms operating at the GHz scale. Each trial succeeds with probability péizl), and
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a successful pair introduces a propagation delay based on the physical medium. The expected
entanglement generation latency in the worst-case scenario is:

Tgen == tproc + Wgen + max(tprop(gij))7 (415)

where tprop(€i5) is time need to disribute the entangled pairs generated a the last instance
of the W, and is computed as:

dvivj “Tfiber

%0 (eig) = {d(@(t»n

c

(fiber link)
(free-space link)

and tproc is the entangled pair processing time at the quantum source.

The purification latency is modeled under the assumption of a banded purification strategy,
where entangled pairs are purified only if their fidelities lie within the same predefined band.
Sacrificial ebits may incur additional waiting time until a compatible partner becomes avail-
able. As each purification round succeeds with a certain probability, the overall delay accu-
mulates across permitted rounds according to the fidelity—latency trade-off.

= max Y [P (4.16)

opS:D () (.
€ij € Phesipatn =1 ppur(EU

where rr(flﬁ,); denotes the maximum number of purification rounds allowed on link ;; based

on the number of ebits previously distributed, and 6, € {0, 1} is an activation indicator deter-

mined by fidelity-latency trade-off constraints. The term tp(,ﬁ)r(eij) represents the time required

for a single purification attempt at round r, and péﬁ)r(sij) is the success probability of that at-
tempt, typically modeled as F? + (1 — F)? based on the input fidelity. This formulation
accounts for both the probabilistic nature of purification and its recursive structure under a
banded strategy.

Entanglement swapping latency introduces additional latency due to the execution of Bell-
state measurements and the associated classical coordination overhead. In our model, swap-
ping proceeds through [logsy(pr — 1)] recursive rounds, where py, is the number of quantum
repeater nodes along the intra-subnet path Pg égPath' During each round r, adjacent node pairs
attempt Bell-state measurements to extend the entangled link. Due to the probabilistic nature
of quantum operations, each swap may require multiple attempts to succeed. The expected
latency for entanglement swapping is thus expressed as:

[logy (pr—1)] ( +(r)

ooy S(jf;P> , (@.17)

r=1 Pswap

where tgv)ap denotes the time to perform a Bell-state measurement and transmit classical re-

sults during round r, and pgcv)ap is the corresponding success probability. This formulation
captures both the hierarchical structure of swapping and the delay incurred by probabilistic
retries, enabling realistic latency estimation in practical quantum repeater chains.

CPDC: The latency components Tfng and Teomm account for classical pathfinding Pﬁgégpath
used to compute optimal entanglement routes, acknowledgment signaling between nodes, and
the classical communication delays required for coordinating purification and entanglement
swapping operations.

All quantum operations are assumed to be executed within the coherence time of quantum
memory, ensuring that storage-induced decoherence is negligible. This modular latency frame-

work enables accurate timing analysis of intra-subnet quantum communication in HQINSs.
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(2) Inter-Subnet Latency: For cross-subnetwork communication, where the source and
destination nodes belong to distinct subnetworks (S € Gg, D € Gp), the total end-to-end
latency is composed of two main parts: the maximum intra-subnet delay and the inter-subnet
satellite distribution latency. This is formally defined as:

inter
Tede — MaX (Tsubnetga 7-subnetD) + Tdist, (418)

where the intra-subnetwork latency Tgybnet, for each z € {S, D} is given by:

) (z) )

Tsubnet, — Tf(lf(; + Tégn) + T;Slafr + 7—svagap + 7—c(gcmm- (4.19)

The entanglement generation process relies on a probabilistic SPDC source, driven by
a pulsed laser operating at a repetition rate Rpyise (€.g., 1 GHz). Within a fixed generation
window Ween, a total of T' = Weep, - Rpuise Bernoulli trials are conducted, each with a pair-
generation probability pégl) for the optical link €;;. Once a pair is successfully generated,
a photon propagation delay follows, determined by the physical properties of the transmis-
sion medium. Therefore, the expected entanglement generation latency for subnetwork x is
given by eq.4.15 indiacted with Tg(fg , where tprop(ez-j) denotes the propagation delay across
the link whether fiber-based or free-space and ¢pc accounts for local ebit processing time at
the receiver (typically on the order of 0.1 microseconds).
The purification latency reflects bounded, probabilistic purification modeled as a recursive
process ad is expressed as eq.4.16 indicated as Téffr).
Entanglement swapping latency is structured in [logy(n,)]| recursive rounds, where each
round attempts Bell-state measurements between adjacent nodes. The probabilistic delay per
round is presented in eq.4.17 and is inidcated as Ts(ﬁgp.
The inter-subnet distribution latency 7g4;x models the satellite-based entanglement delivery

between the head nodes hg € Vg and hp € Vp:

d(hs, s*(t)) + d(hp, s*(t))
¢+ Puce

Tdist = + 2lretrieval + Tsync (4.20)
where s*(t) € S is the selected satellite at time ¢, d(h, s) is the slant range from head node to
satellite, Py, is the probability of successful satellite entanglement delivery, ¢ erieval denotes
memory readout time, and Ty, represents classical synchronization latency.

This latency formulation captures the full probabilistic behavior of entanglement operations in
HQINSs, combining parallel binomially-modeled generation, bounded recursive purification,
iterative entanglement swapping, and satellite-ground transfer dynamics.

This latency formulation supports fidelity-aware protocol design in HQINs by accounting
for the interplay between entanglement distribution over mixed media (fiber and free space),
quantum memory coherence constraints, and classical coordination delays. As such, it pro-
vides a modular and scalable foundation for performance optimization under realistic operat-
ing conditions.

4.4 Segment-Aware Entanglement Distribution Protocol

This section presents a segment-aware entanglement generation protocol designed to enable
scalable and high-fidelity remote entanglement distribution in Hybrid Quantum Information
Networks (HQINs). The protocol explicitly integrates system-level latency 7, fidelity degra-
dation dynamics, and satellite-ground transmission constraints, ensuring efficient orchestra-
tion across intra- and inter-subnet paths.
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4.4.1 Segment-Aware Method Description

We adopt a segment-based strategy [53], wherein each subnetwork Gy, is partitioned into log-
ical segments to support concurrent entanglement generation and purification. A centralized
controller (CC) coordinates quantum operations—including generation, fidelity estimation,
banded purification, and entanglement swapping—across these segments. This parallelized
orchestration improves throughput and bounds end-to-end latency 7ep., which encapsulates
both quantum and classical delays.

Model Overview: The ebit generation model is based on bipartite entanglement distri-
bution via photon-pair sources [94]. Entangled photons are generated at midpoint sources
and distributed to endpoint nodes over either fiber or free-space links. Fidelity degrades due
to noise, decoherence, and optical losses. As such, banded purification [107] is applied to
restore high-fidelity ebits prior to entanglement swapping.

The full protocol is organized into the following phases:

1. Entanglement Generation and Path Selection: Each segment initiates local ebit gen-
eration using Type-II SPDC [109], where a GHz-rate laser is pumped through a BBO
crystal. For a generation window of Wee, = 1 ms, approximately 10° pulses are emit-
ted. The number of successful entangled pairs follows a binomial distribution with
success probability pgen, and resulting ebits are stored in quantum memory.

2. Latency Modeling: Segment-level latency is modeled using the modular framework:
Te2e = Tfind T Tgen + Tpur + Tswap + Tdist + Tcomm;, (4.21)

where each term quantifies the time for path computation, entanglement generation,
purification, swapping, inter-subnet distribution, and classical coordination. Per-link
entanglement generation is given by:

dij * Nfiber

tgen(gij) = tproc + f, (422)

for fiber links, and
d(6(t)) -
taes (0(t)) = tproc + d(6(t)) - )2 Mot 4.23)
for satellite-ground free-space links, where ?p0c = 0.1 us is the photon generation and
initialization delay.

3. Memory Allocation and Routing: The CC identifies the optimal fidelity-aware path
PBSégPath and allocates quantum memory resources along intermediate repeater nodes

and head nodes to support subsequent operations.

4. Fidelity—Latency Trade-off Evaluation (Phase 2): For each request {v,,, vy, Frarget, Tmax J's
the CC checks whether direct fidelity is sufficient. If the fidelity 7, for any link falls
below the threshold, purification is invoked within allowed latency bounds.

5. Banded Purification: Fidelity enhancement is performed using a recursive purification
model [104], [108]. The banded strategy permits purification only between ebits of
comparable fidelity, reducing waste and improving success probability. Each round
consumes a sacrificial ebit and incurs latency ?py, contributing to total purification

time Ty = Zréﬁ]r) tpur (€i)-

6. Entanglement Swapping (Phase 3): Once high-fidelity links are established, the CC
triggers entanglement swapping at repeater and satellite nodes. Bell state measurements
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are performed, extending the entangled path across segments. This final phase com-
pletes the E2E entanglement link, ready for quantum communication or teleportation.

4.5 Protocol Design Insights

To fulfill a request of the form d(v,,v,, F,[,d), the network must establish an entangled
connection between nodes v,,, and v,, while meeting a minimum fidelity 7, a latency threshold
[, and additional constraints 0 (e.g., reliability, visibility, or path length). We adopt an advance
entanglement generation model [110], where ebits are produced prior to path confirmation to
reduce on-demand delays.

Entangled photon pairs are generated using Type-II SPDC [109], in which a GHz-rate
laser interacts with a nonlinear BBO crystal. These photons are distributed across fiber or
free-space links, depending on the segment topology. At the receiving quantum nodes, trans-
ducers convert photonic qubits into long-lived matter qubits for memory storage [57], [111].
Due to the inherently low probability of pair generation via SPDC [112], only a small sub-
set of trials yields usable ebits. Fidelity further degrades due to environmental factors such
as noise, photon loss, and channel imperfections. To maintain high-quality links, fidelity is
evaluated at regular intervals. If the fidelity of a link drops below an operational threshold, pu-
rification is performed using sacrificial ebits, following the banded strategy described earlier.
Builder links intermediate connections with known fidelity are maintained as reusable quan-
tum resources to support routing decisions and reduce repeated generation costs. The central-
ized controller (CC) evaluates viable routing paths from the source to destination, identifying
satellite-visible head nodes when inter-subnet entanglement is required. If a line-of-sight to a
satellite is available, half of the entangled pair is transmitted via free-space to the remote head
node, while the other half is stored locally in quantum memory [90]. If no viable end-to-end
route exists (due to lack of satellite alignment or insufficient fidelity), the system restarts the
entanglement generation process for the affected links. Stored ebits degrade over time, follow-
ing an exponential decay model F(t) = Fy - e~ t/Teon where Teoh 1S the coherence time of the
quantum memory. To minimize fidelity loss, routing decisions prioritize paths that maximize
coherence longevity and minimize operational delay [113].

LEO satellites function as both entanglement distributors and quantum repeaters, enabling
long-distance connectivity between subnetworks. The CC dynamically adapts routing to ac-
commodate satellite motion, evolving link quality, and entanglement expiration [114]. The
distribution latency 7g4;sr depends on the slant range between satellite and ground node, suc-
cess probability of photon transmission, and memory synchronization constraints. Additional
physical constraints such as atmospheric attenuation caused by scattering, turbulence, or beam
misalignment further influence entanglement viability and latency [112], [115]. Once a high-
fidelity link is successfully formed via satellite-mediated transmission, quantum teleportation
is executed to complete secure end-to-end communication.

The proposed protocol supports fidelity—latency trade-offs through dynamic purification
depth tuning. While deeper purification improves end-to-end fidelity, it also increases the
overall latency Tepe, especially for segments involving satellite-based communication [108].
The segment-aware structure and centralized orchestration ensure that these trade-offs are
optimized on a per-request basis, balancing resource usage and quality of service.

* F.,.: Initial fidelity of the entangled pair over link (3, 5)

* ri;: Number of purification rounds executed on the active link (7, j) where r < %
where ¢;; indicates the capacity of the links meaning how many ebits has been dis-

tributed
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* Dgen: Probability of successfully generating an entangled pair on link (7, j) per pulse is
equal for all the links once we have established the type of source and its parameters

* Ween: Global generation window valid for all the subnetworks &

* Rpuise: Pulse rate of the entanglement source (e.g., 10? pulses/s)

* L: Number of entanglement swapping levels required along the path P,y
* \: Trade-off parameter to balance latency and fidelity

* ~: Weight for the optional penalty based on overall success probability

This formulation inherently penalizes paths that incur high latency per unit of fidelity
and rewards those that deliver high fidelity with minimal time. The Central Controller (CC)
dynamically adapts A based on application requirements:

« High-fidelity services: lower \, emphasis on improving F(*),

* Delay-sensitive tasks: higher A, favoring low 7.

4.5.1 Link-Level Fidelity After Purification

The fidelity of a link (4, j) after r;; purification rounds is given recursively by

(r=1)
() ) J , (0) E] (424)

R 2 N S [( e o) "t

The corresponding Werner parameter is then calculated as:

4.5.2 Purification Success Probability and Generation Requirements

The probability that a purification round succeeds at fidelity f is:

ppur(F) = F? + (1 - F)? (4.26)
Then, the number of ebits required to perform 7;; purification rounds is:

NJ® = 27] (4.27)
Ppur(Faij)r”

Thus, the minimum required generation window must satisfy:

N!I:lll’l
Ween > max i;] - (4.28)
(&)EP \ Rpulse * Pgen * Dejig (0)

4.5.3 Cumulative End-to-End Success Probability

The total success probability of establishing a high-fidelity end-to-end link is:

Puce = | JI Pn-pia(0) - Bour(Pe) | - (Powap)” (4.29)
(i,9)€P
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4.6 System Model and Problem Formulation

This section presents the physical and mathematical framework of the satellite-based quantum
communication network and its coupling with the Proximal Policy Optimization (PPO) agent.
The aim is to maximize long-term entanglement generation while respecting communication,
energy, and time constraints. We also ensure that the learning framework satisfies the Markov
property by restricting each training episode to a consistent satellite-visibility window.

4.6.1 Geometric and Channel Model

Consider a low Earth orbit (LEO) satellite at altitude /I communicating simultaneously with
two quantum ground stations (QGSs), denoted as QGSg and QGS+. The geometric config-
uration of the link is defined by the slant range, which represents the line-of-sight distance
between the satellite and a ground terminal as a function of its elevation angle 6:

L(6) = \/HQ_|_2HRE+RJ2E—QRE(H+RE)COS(7T—9), (4.30)

where R is the Earth’s radius. The elevation angle 6 varies dynamically with satellite motion
and determines both the atmospheric attenuation and free-space loss of the link.

The probability of successful photon transmission from the satellite to each ground station
is modeled as:

Hink(e) = MxThx Tatm(e) eXP(—aL(Q)), (4.31)

where 7 and 7 denote the transmitter and receiver efficiencies, Tym(6) captures atmo-
spheric transmittance, and « is the attenuation coefficient.

4.6.2 Entanglement Generation and Swapping

The satellite simultaneously generates entangled photon pairs directed toward both ground
stations. The individual link success probabilities s 4 and sp correspond to QGSg and QGSr,
respectively:

s4 = Plink(04), sp = Pink(0B)- (4.32)

The end-to-end probability of producing an entangled pair is governed by the joint success
of both links and the Bell-state measurement (BSM) efficiency:

Pent = 54 8B PBSM Nmem Fhair, (4.33)

where Pggy is the BSM success probability, mem is the quantum memory survival factor,
and Fy;; is the fidelity of the generated pair. The memory efficiency term is computed as:

(4.34)

2max(La, LB)>
| Thet,
CTcoh

Tlmem = €XP (

where c is the speed of light, 7ch is the coherence lifetime of the quantum memory, and 7
denotes its retrieval efficiency.

Each successful end-to-end BSM swap contributes one entangled pair to the communica-
tion network. The PPO agent’s goal is to schedule satellite—ground link selections to maximize
this rate under realistic constraints.
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d(B(t)) .- Satellite
QGS -1~
horizon- - ~—e$=¢ :

Earth (Rg)

FIGURE 4.6: Slantrange d(3(t)) with respect to the elevation angle, zenith an-
gle 6(t), and local horizon at a Quantum Ground Station (QGS) for satellite-
based entanglement distribution.

4.6.3 Markov Decision Process Definition

The satellite network and the agent form a Markov Decision Process (MDP) defined by the
tuple
M = (87*A7P7R7’7)7

where each element is defined as follows:

State s;: The observable environment variables at time ¢ are represented as:
St = [LA (t), LB (t)7 GA (t), eB (t)a })link(eA)a Plink(HB)a Ebata 75step] ) (435)

where Ejp, denotes the residual energy of the satellite, and Zgep, is the local time index. To
ensure the Markov property, each training episode is constrained to a consistent visibility
window where orbital dynamics evolve smoothly and previous state histories are not required.

Action a;: The PPO agent selects one satellite—pair combination from the visible set, i.e.,
a; € {available satellite—pair links at time ¢ }.

This action defines which satellite will be used to perform the next BSM swap operation.

Normalized reward. For a target of Nyage pairs in a time window of duration 7, if the
target is achieved after At seconds, then the reward is

Niuccess < At)
ro= oD gy ALY (436)
! Ntarget P T

where («, 3) balance the accuracy and timeliness of success. If only poor satellites are visible
(e.g., low elevation), the reward is normalized by the expected achievable rate under those
conditions.
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4.6.4 Optimization Objective

The PPO agent aims to maximize the long-term cumulative reward under time and energy

constraints: -
t
rr}r%x J(mg) = Eqg, Z ~ Tt]

=0 (4.37)
s.t.  Tachieved < Tmax,
Eused < Emax~
The PPO algorithm optimizes the following clipped surrogate objective:
LPPO(g) = Et{min(rt(e)flt, clip(r¢(6),1 — e, 1+ e)flt)} , (4.38)

where A, is the estimated advantage function derived from the Generalized Advantage Esti-
mation (GAE) and ¢ controls the policy update trust region.

4.6.5 Discussion

The proposed formulation integrates the physical dynamics of quantum satellite communica-
tion with reinforcement learning. Each episode corresponds to a fixed-duration satellite vis-
ibility window, ensuring that the state transitions obey the Markov property. The PPO agent
continuously observes physical states (e.g., elevation, range, memory decay) and learns to
maximize entanglement yield within the available time and energy budget, effectively bridg-
ing the physics-based model with adaptive decision-making under uncertainty.

4.7 Scheduling Implications

Because Rent(0) grows sharply with elevation, passes near zenith yield the highest entangle-
ment rates. Below roughly 15°-20° elevation, link losses (atmospheric + turbulence) become
prohibitive. This model thus provides the quantitative basis for satellite—GS scheduling, adap-
tive power allocation, and entanglement-rate prediction in quantum network simulations.

Time and Horizon. We discretize time with step At (e.g., At = 1ms). Each episode is a
consistent visibility window of duration T' = H At, ensuring Markovian dynamics within the
window.

4.8 Flow of PPO-Based Entanglement Scheduling

Figure shows the fundamentals of PPO algorithm, where for each window of communication,
PPO receives a request to connect two ground stations. PPO initializes the protocol and se-
lects the best currently available satellite among all available satellites which are visible to
both ground stations. The selected satellite produces entangled photons and simultaneously
transmits them toward both ground stations. The entanglement is achieved probabilistically
at both ends. The process repeats until the window of communication, and for each discrete
time, a decision is made with the aim to maximize entangled photons at both ground stations
during the complete communication window. PPO stores each interaction. Once the buffer
is full, the training starts to optimize the selection policy. For each communication window,
different ground station pair requests are handled.
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4.9 Results and Discussion

Figure 4.8, and 4.9 show the reward convergence for a single pair request, i.e., when the PPO
has to make decisions for satellite selection for one ground station pair for the whole training
time. The total available satellite varies during the training time since the movement of the
satellite changes the number of available satellites during the communication window. This
creates fluctuation in the reward.

Figures 4.10 and 4.11 show the reward convergence as the PPO scheduling deals with
multiple requests coming from multiple ground station pairs. The variation in available satel-
lites, angles, slant range, and probabilistic nature of entanglement pair generation play a huge
role in reward convergence. Nevertheless, the algorithm learns and aims to maximize the
objective.

Finally, Figure 4.12 shows the reward maximization from a physical point of view, as it is
known that the maximum engagement is produced when zenith is maximized. The algorithm
learns and aims to choose satellites with maximum zenith angle, which ultimately maximizes
the reward.
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Start Episode
Select QGS Pair Window

Compute Satellite States
(LA7 LB7 9147 QB)

4

[ Build State Tensor }

for PPO Input

Actor—Critic Policy

Select Satellite

A
[ Simulate Physical Step )
Compute Py,
Swapped Pairs

Compute Nor-
malized Reward

(Eq. (4.36))

|

Target Achieved No

No

f Append Transition to
t Rollout Accumulator

|

Buffer > Threshold?

or Window End?

Yes

PPO Update
(Actor & Critic)

Store Episode
Interactions

{ End Episode }

Ficure 4.7: PPO update is triggered only when the rollout buffer reaches
a threshold; per-step Experience is always accumulated, independent of the
target/window condition.
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Conclusions and Future Works

The thesis establishes a comprehensive framework for designing efficient, data-driven schedul-
ing and random access policies across two distinct communication paradigms: low-energy
sensor networks and highly dynamic quantum satellite networks. The research demonstrates
that providing sufficient information for decision-making is vital for system adaptability and
performance. It further establishes that adopting adaptive, data-informed strategies—rather
than static or fixed policies—is fundamentally important to cope with the dynamic and het-
erogeneous nature of modern communication environments.

Chapter 1 contributes by presenting a decentralized random access mechanism that signif-
icantly reduces energy consumption without compromising data freshness. This design repre-
sents a crucial advancement toward achieving massive connectivity among energy-constrained
sensor nodes while maintaining timely information updates.

Chapter 3 extends this analysis to centralized decision-making, showing that global net-
work awareness can further optimize system performance. The findings reveal that even lim-
ited feedback is sufficient to preserve information freshness in low-energy devices. Moreover,
the division of users into near and far groups enhances energy efficiency, particularly when
devices rely on wireless energy harvesting, thereby maximizing network lifetime and sustain-
ability.

Finally, Chapter 4 demonstrates that the proposed adaptive scheduling approach is equally
effective in managing highly volatile quantum satellite networks. The results indicate that,
when additional resources are available, dynamically selecting the optimal configuration at
each scheduling instance—rather than adhering to a fixed selection—Ileads to improved sta-
bility, resource utilization, and overall network performance.
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