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To my friends and family



A good life is one inspired by love and guided by knowledge.
–Bertrand Russell



Abstract
5G and beyond networks are driven by the vision of the Internet of

Things and mission-critical communications that have time-sensitive
applications requiring low latency. These new, related to the previ-
ous network generations, requirements are challenging and they have
a technical impact on the design of communication networks and clas-
sical networks cannot support such requirements. To fulfill those re-
quirements, we need to design technologies and techniques across all
the layers of the network. Moreover, time-sensitive applications, e.g.,
a cyber-physical system with sensors, may require fresh data. The
traditional notion of latency is not sufficient to characterize the fresh-
ness of the data. However, a new metric has been proposed that
captures the freshness of the data and it is called Age of Information
(AoI). AoI takes into account not only the packet delivery delay but
also the times between the generation of the information.

Besides the time-critical applications, communication networks
have to support the classical Mobile Broadband (MBB) users that
usually have throughput requirements. Time-critical applications to-
gether with MBB users create a network with heterogeneous traffic.
Therefore, 5G and beyond networks will be characterized also by the
heterogeneity of the traffic. The goal of thesis is to study the perfor-
mance of networks with heterogeneous traffic including time-sensitive
applications and provide solutions for optimizing it.

In the first paper, we provide a dynamic algorithm with low com-
plexity that schedules users with heterogeneous traffic. In particular,
we consider a wireless network with two sets of users; i) users with
deadline-constrained traffic, ii) users with minimum throughput re-
quirements. In addition, the users have a limited power budget. This
work aims at the minimization of the packet drop rate while achieving
the minimum throughput requirements, and average power below a
threshold. In order to achieve our goal, we cast a stochastic optimiza-
tion problem and use the Lyapunov optimization framework to solve
it. We propose a dynamic power control algorithm that is proven to
provide a solution arbitrarily close to the optimal one.

The second paper investigates the impact of sampling cost in a
wireless network with AoI-oriented users that sample and transmit
their information over an erasure wireless channel to a receiver. The
users can decide to sample and transmit a new status update or to
send an old one. Our goal is to study the impact of storing non-fresh



packets on the total system cost when the sampling and transmis-
sion costs are not negligible. We formulate a stochastic optimization
problem for minimizing the average total cost while providing fresh
enough data to the receiver. Three scheduling policies are provided,
as well as their performances through simulation results. We observe
that having the option to send an old packet can significantly improve
the total system cost.

In the third and fourth papers, we consider a wireless network con-
sisting of an Age of Information (AoI)-oriented user and a deadline-
constrained user. More specifically, in the fourth paper, we study
the interplay between packet drop rate and the average AoI of users
in a multi-access channel. We provide analytical expressions for the
average AoI by modeling the evolution of the AoI as a Discrete-Time
Markov Chain (DTMC). Furthermore, we model the remaining time
of the packet with the deadline as a DTMC, and by utilizing its
steady-state distribution, we provide the analytical expression of the
packet drop rate. Inspiring by the third paper, the fourth paper
considers the AoI minimization with timely-throughput constraints.
Both time-correlated and independent identically distributed channel
models are considered. The problem is formulated as a Constrained
Markov Decision Process (CMDP) and is relaxed by utilizing tools
from Lyapunov optimization theory. The relaxed problem is a finite
horizon Markov Decision Process (MDP) problem which is solved by
applying backward dynamic programming.

In the fifth paper, we study the performance of a network that
consists of Virtual Network Functions (VNF) and Multi-access Edge
Computing (MEC) servers. The tasks that are transmitted by a user
to the base station have to be processed by two VNFs. The VNFs are
located both at the MEC and core server. A MEC server is co-located
with the base station, and another is close to the base station. We aim
to study the impact of offloading traffic to the MEC acting as a helper
to the end-to-end delay, throughput, and task drop rate. We provide
a methodology for deriving analytical expressions for the metrics of
our interest. This methodology can be applied to larger and more
general systems. Simulation results show the interplay between those
metrics under different network set-ups.

In the sixth paper, we consider an Unmanned Aerial Vehicle (UAV)
that flies over multiple mobile areas for serving users within a specific
time horizon. Our goal is to maximize the number of served users. We
formulate an optimization problem for maximizing the served users



under a time constraint, i.e., a deadline. The problem is proved to
be NP-hard. We provide a greedy low complexity algorithm that
can solve the problem in real-time. Simulation results show that our
algorithm approximates well the optimal solution, and it is efficient
regarding the running time even for large networks.





Populärvetenskaplig
sammanfattning

5G och bortom nätverk drivs av visionen att stödja applikationer
som kräver l̊ag latens, dvs. mycket snabbt svar fr̊an nätverket. Visio-
nen för framtida kommunikationsnät är att stödja industriell automa-
tisering, Virtual Reality (VR) och Augmented Reality (AR), medicin-
ska applikationer och intelligenta transportsystem.

I industriell automatisering kan kommunikation mellan människor
och robotar öka säkerheten och tillförlitligheten i produktionen av-
sevärt.

VR beskriver människans förmåga att interagera med virtuella en-
heter i en avlägsen miljö för att uppn̊a interaktion med fysiska föremål
i ett avlägset omr̊ade. VR kan erbjuda användarna extraordinära up-
plevelser om live konserter, sportmatcher, interaktiva spel etc. Musikin-
strumentindustrin banar väg för internet av musikinstrument där
musiker fr̊an hela världen kan utföra, i realtid, en live konsert. AR
är en direkt eller indirekt vy i realtid av en fysisk verklig miljö som
har förbättratss/utökats genom att lägga till virtuell datorgenererad
information till den. AR kan möjliggöra bättre lärande och utbild-
ning. Till exempel, i ett naturmuseum ovanp̊a ett exemplar av en
dinosaurie, ger ett 3D-dinosaurieprojekt mer information om varje
del av exemplaret.

I medicinska applikationer kan nya applikationer ha en betydande
inverkan p̊a samhället och människors välbefinnande. I många lands-
bygdsomr̊aden har människor inte snabb tillg̊ang till läkare för diagnos
och behandling. Vanligtvis finns sjukhus med komplett utrustning i
stora städer som ligger l̊angt ifr̊an små landsbygdsomr̊aden. Det kan
kosta betydligt fördröjning av behandling och diagnos. En snabb di-
agnos och behandling kan rädda en människas liv och det är viktigt att
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hitta en lösning för människor i avlägsna omr̊aden. Telediagnos och
telekirurgi är lovande lösningar för medicinsk v̊ard utan geografiska
begränsningar. Erfarna kirurger och läkare kommer att kunna diag-
nostisera eller till och med utföra operationer med hjälp av en kamera
och en robot.

Dessutom kan kommunikationen mellan fordon avsevärt minska
antalet olyckor. Föreställ dig en värld där bilar kan kommunicera
med varandra. Föreställ dig nu ett scenario där bilar har skapat en
kö. Plötsligt korsar en fotgängare gatan framför den första bilen.
Den första bilen identifierar fotgängaren med hjälp av sensorer och
g̊ar sönder direkt. Samtidigt skickar den ett meddelande till de andra
bilarna för dessa åtgärder, och resten av bilarna g̊ar ocks̊a sönder.

För att stödja dessa applikationer bör vi utveckla nya tr̊adlösa
och tr̊adbundna nätverk som skiljer sig fr̊an de klassiska (4G). Klas-
siska Mobile BroadBand-användare måste dock betjänas av samma
nätverk. Därför kännetecknas nya generationens nätverk av hetero-
geniteten i trafiken. I denna avhandling tillhandah̊aller vi tekniker
och teknologier som kan förbättra prestanda för nätverk vad gäller
nätverkens latens. Dessutom studerar en stor del av avhandlingarna
tekniker som kan användas för att hantera 5G-nätverkets heterogen-
itet och därefter. Vi använder matematiska verktyg för att studera
och optimera nätverkens prestanda och vi utvecklar simulatorer för
att se potentialen i v̊ara lösningar i den verkliga världen.
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Chapter 1

Introduction

1.1 Motivation
Recently, the deployments of the Fifth Generation of Communication
Networks (5G) have gained great momentum around the world. This
new technology paves the way for reliable communications between
anything that can be connected [1], such as humans to humans, hu-
mans to machines, and machines to machines. The new generation
is driven by the vision of the Internet of Things (IoT) and mission-
critical communications that require latency in the order of millisec-
onds. In particular, 5G and beyond networks are expected to ensure
end-to-end latencies below 1 ms [2]. In this thesis, we use the formal
and widely used definition of the latency; Latency is defined as the
time duration between the generation of a packet and its correct re-
ception at the destination [2]. Below, we discuss some of time-critical
use cases.

Industrial Automation
The forthcoming Industry 4.0 paradigm is expected to significantly
improve the manufacturing process by enabling humans and machines
to interact with each other. Communication between sensors, robots,
and humans will be a crucial part of Industry 4.0. Industrial manu-
facturing requires low latency and high reliability for safe production.
The latency requirements depend on the application, and they can
vary from 1 ms to 1 s. For example, factory automation includes time-
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Chapter 1. Introduction

constrained operational applications, such as motion control, which
requires latency between 1 ms and 10 ms [3]. In some cases, ethernet-
based solutions are considered promising due to their ability to guar-
antee low latency. However, in scenarios with harsh environments,
wireless connectivity is the only solution. In those cases, to ensure
low latency and ultra-reliability is challenging due to the fluctuation
of the wireless channels.

Medical Applications
In many areas, people do not have the opportunity to get fast di-
agnosis and treatment because their villages or towns may have not
a specialized doctor for emergencies and specific diseases. Usually,
hospitals with complete equipment are located in large cities that are
far away from small rural areas. As a consequence, the process of
treatment and diagnosis can be performed with a significant delay. A
prompt diagnosis and treatment can save lives thus, it is vital to find
a solution for remote areas.

Telediagnosis and telesurgery are promising solutions for medi-
cal care without geographical constraints. Experienced surgeons and
doctors will be able to diagnose or even perform surgery by using
audio-visual haptic feedback by a robot [4, 5]. In addition, telemon-
itoring is another promising direction that enables an experienced
surgeon to monitor and give real-time guidance during a surgery in
a remote area. Furthermore, telemonitoring can be extremely useful
for the education of young doctors that can be guided by an experi-
enced doctor from the other side of the world. The aforementioned
applications can require stringent latencies of a few milliseconds and
very low packet loss rate [5].

Virtual Reality and Augmented Reality
Virtual Reality (VR) describes the ability of a human to interact with
virtual entities in a virtual environment in order to achieve interaction
with physical objects in a remote area [5]. Augmented Reality (AR)
is a real-time direct or indirect view of a the physical real-world
environment that has been enhanced/augmented by adding virtual
computer-generated information to it [6].

VR can provide extraordinary experiences to the users regarding
live concerts, sports matches, interactive games, etc. In the musical
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1.1. Motivation

instruments industry, VR paves the way for the internet of musical
instruments where musicians from all around the world can perform,
in real-time, a live concert. This vision requires latency around 5
ms [7,8]. Moreover, AR can enable better learning and education. For
example, in a natural museum, on top of a specimen of a dinosaur,
a 3D dinosaur project provides more information about each part of
the specimen. All the aforementioned applications are time-sensitive
applications that only the guarantee of low latency can make them
operate in real life.

Intelligent Transport Systems
Communications between vehicles can improve driving safety, reduce
traffic congestion, and improve the consumption efficiency by traffic
information sharing and cooperation between the vehicles [9], [10].
Vehicular communications will allow drivers to acquire information
about the nearby environment. For example, a vehicle is moving
behind another one, and suddenly, a pedestrian is crossing the road
in front of the first car. The camera of the first vehicle detects the
pedestrian and breaks instantaneously. If the second vehicle is very
close to the first one, it is quite probable to have a collision. Consider
now that the first and second vehicles communicate with each other.
When the first car detects the pedestrian, it can share the information
with other cars around it and avoid the accident. To support all these
applications, communication networks have to support latencies that
are around 5 ms, as well as very low packet losses.

Tactile Internet
The aforementioned time-critical use cases can go under the umbrella
of the Tactile Internet (TI). The vision of TI is to connect humans
with humans with an equipment in the middle, humans with ma-
chines, and machines with machines that will be able to exchange
information and control messages. People or machines will able to
control remotely real or virtual objects in real-time. In such applica-
tions, latency is a critical issue opening new research questions [5].
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Actuation/Control
VR/AR

Tactile Internet

eMBB

eMBB

AoI-oriented Users

Intelligent Transport
System

Mobile areas

Figure 1.1: General network architecture. The end-devices are
connected to the base-stations, which further communicate with
one another by wired or wireless connections.

Age of Information
In many applications, latency itself is not considered an efficient met-
ric for guaranteeing “fresh” data at the end users. For example, con-
sider a cyber-physical system with sensors that sample and transmit
information to a remote destination. For reliable monitoring of a
system, it is vital to have frequently updated or “fresh” data at the
receiver. The metric that can capture the freshness of the data is
called AoI [11–13]. It was first introduced in [14], and it is defined
as the time elapsed since the generation of the status update that was
most recently received by a destination. AoI is a promising tool that
can be used in time-sensitive applications for reliable monitoring and
updating.

For fulfilling the requirements for all the aforementioned applica-
tions, information may have to travel several layers of the networks.
In Fig. 1.1, we show an example of a general network architecture,
where users communicate with each other within the same cell or
different cells. As a consequence, the latency, as well as the fresh-
ness of the data, can be affected by the connection and the distance
between the users. Sometimes, a message may pass through several
networks as shown in Fig. 1.1, and it is difficult to pre-define the
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latency. Moreover, there are cases where the connection between a
mobile area with the rest of the world is lost, and we should find a
fast solution in order to deliver the required data in an emergency
situation within a specific time duration.

As shown in Fig. 1.1, users with heterogeneous traffic have to be
served by the same network and sharing the same resources. There-
fore, resource allocation techniques should take into account the pri-
ority of the users and the available resources. For example, a user
with packets with deadlines should be prioritized in a network be-
cause after a certain time its information is useless. At the same
time, the information should remain fresh to the users with such
requirements, and also the system throughput requirements should
be satisfied. As a consequence, we have to cope with an important
trade-off between the system throughput and the service of users with
packets with latency requirements. Optimization and analysis of the
AoI have been shown to be a promising direction for users with data
“freshness” requirements. Therefore, AoI-oriented users have added
a new dimension in the users’ requirements that belong to a network.

1.2 Purpose and Scope
The purpose of this thesis is to study wireless networks with het-
erogeneous traffic. The three main metrics that are studied are; i)
throughput, ii) packet drop rate (that is connected to latency), iii)
AoI. We mainly focus on Medium Access Control (MAC)-layer, and
our goal is to provide stochastic models for analyzing the performance
of the system, and scheduling techniques to optimize the performance
of networks in which the three aforementioned metrics play an impor-
tant role.

More specifically, we focus on the optimization and analysis of
the performance of scheduling techniques for users with packets with
deadlines, users with throughput requirements, and AoI-oriented users,
that share the same wireless channel. In many cases, wireless devices
have a limited power budget. Therefore, power consumption is a very
important aspect that is taken into account in many set-ups in this
thesis. Moreover, we analyze and optimize networks that utilize tech-
nologies such Unmanned Aerial Vehicle (UAV) and Virtual Network
Function (VNF) in order to satisfy the requirements of their users.

7





Chapter 2

Solutions and
Technologies

In this chapter, we describe the technologies and techniques that are
studied in this thesis. As mentioned in the previous chapter, the
heterogeneous nature of the traffic, that will characterize 5G and
beyond communication systems, raise the need for developement of
new technologies and techniques that can improve the performance
of the sytem and fullfil the requirements of the users.

2.1 Resource Allocation Techniques and Per-
formance Analysis

5G networks and beyond will be characterized by two main types
of users: i) time-sensitive users, ii) users with throughput require-
ments. Two of the basic timely delivery requirements that time-
sensitive users can require are low latency and freshness of data, i.e.,
small value of AoI. AoI is a more general timing metric than latency
because it does not take into account only the delay between the gen-
eration and the successful transmission, but also the time between
the generations. AoI metric captures the freshness of the data which
can be relevant to some applications.
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Chapter 2. Solutions and Technologies

2.1.1 Delay Constrained Traffic Optimization
In time-critical networking, a basic category of applications is required
to deliver their demand within a specific time duration, i.e., before a
deadline [15]. Packets with deadlines are connected with the notion of
timely throughput. Timely throughput measures the average number of
successful deliveries before the deadline expiration, [16, 17]. Further-
more, mobile devices with applications that require low latency have
limited power consumption capabilities. Therefore, energy-efficient
communications remain a very important topic.

Delay-constrained network optimization is considered a quite chal-
lenging topic and it has been extensively investigated over the years
[18]. A plethora of approaches that tackle the problem of delay-
constrained traffic has been proposed. There is a line of works that
their goal is to optimally control the number of retransmissions of
packets before their deadline expiration [19–21]. As mentioned above,
energy and power-efficient scheduling has been attracted a lot of at-
tention over the last years [22–28]. In these works, the authors con-
sider the minimization of the packet drop rate while satisfying the
low power consumption constraints of the users and vice versa. MDP
and Lyapunov optimization theory is widely used for these types of
optimization problems.

Moreover, users with throughput requirements such as Mobile
Broadband (MBB) users, will co-exist with time-sensitive users in
5G and beyond communication systems. Throughput maximization
is a well-studied problem. After the pioneer work [29], many re-
searchers investigated this research direction. With the high need for
developing 5G networks, scheduling users with mixed traffic has been
attracted a lot of attention [30–39]. In [30], the authors consider the
power control problem for scheduling users with and without hard
deadlines. In [31], the authors consider the drop rate minimization
for users with packets with deadlines while guaranteeing stability for
users without deadlines. They develop a novel drift-plus-penalty al-
gorithm based on renewal theory. In [32, 33], the authors consider
flexible Transmission Time Interval (TTI) for serving users with het-
erogeneous traffic. In [35], the authors propose an algorithm that
jointly schedules Ultrareliable Low-latency Communication (URLLC)
and MBB traffic. They consider a slotted time system in which the
slots are divided into mini-slots. In [35,36], the authors propose algo-
rithms for scheduling URLLC users. In [37], the authors consider the

10



2.1.2 AoI Analysis and Optimization

throughput maximization for URLLC users with Hybrid Automatic
Repeat Request (HARQ). In [38], the authors consider the reliabil-
ity maximization problem. They formulate the problem as an MDP
problem and they provide a low complexity algorithm. In [39], the
authors consider users with heterogeneous traffic and limited power
budget. An optimization problem is formulated for minimizing the
drop rate for time-sensitive users while guaranteeing a throughput
threshold for the users with minimum throughput requirements.

2.1.2 AoI Analysis and Optimization
AoI is a metric that captures the timeliness or freshness of the data
[11–13]. AoI can play an important role in time-sensitive applications
with freshness-sensitive data. For example, environment monitoring,
smart agriculture, sensor networks, etc. Average and peak AoI anal-
ysis has been extensively studied over the last few years, [40–44]. In
these works, the authors consider different systems, and they provide
mathematical analysis for the peak and average AoI.

Moreover, optimization and control in wireless networks with AoI-
oriented users has been attracted a lot of attention [45–58]. The
authors, in [45–47], study wireless networks with stochastic arrivals.
Updates arrive randomly to the queues of the users and wait for being
transmitted to the destination. The goal is to develop max-weight and
stationary randomized policies to minimize the average AoI. There
are also cases where the generate-at-will policies are utilized [49–56].
Such policies allow the users to control the sampling frequency and
the specific sampling time in case of dynamic approaches. These poli-
cies increase the degrees of freedom for improving AoI and utilizing
efficiently the resources. In [56], the authors consider a wireless net-
work where users sample and transmit fresh information over a share
wireless channel. An optimization problem is formulated for the min-
imization of AoI with throughput constraints. The authors provide
a lower bound for the average AoI, and several scheduling policies
for minimizing the AoI are proposed. Furthermore, the AoI mini-
mization problem with heterogeneous traffic has been studied in [49],
and the power minimization under AoI constraints in [50]. There
is also a line of works that consider jointly sampling and transmis-
sion of status updates [54, 57–60]. In [57], the authors consider the
AoI minimization in multi-source systems where the sampling and
scheduling decisions are optimized jointly. In [58], the authors con-
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Chapter 2. Solutions and Technologies

sider the AoI minimization problem with average energy consumption
constraints. The optimal policy is shown to be a randomized mixture
of two stationary deterministic policies. In [54] the authors consider
the problem of jointly sampling and transmission for an IoT device.
The authors formulate the AoI minimization problem with energy
constraints as a CMDP, and they propose a structural-aware optimal
policy for solving the CMDP problem. In [59], the authors consider a
wireless network where users sample and transmit fresh information
over a wireless fading channel. The goal is to minimize the transmis-
sion and sampling cost while keeping average AoI below a threshold.
In [60], the authors consider the optimization of joint scheduling and
sampling in radio frequency-powered communication systems.

Research attention has been attracted for optimization of AoI in
IoT and energy harvesting communication systems [52–55]. In [52,53],
the authors consider a wireless network with energy-harvesting nodes
having finite battery capacity. An optimization problem is formulated
for minimizing the average AoI and it is solved by using a dynamic
programming approach. In [54, 55], the authors consider the AoI
minimization in scenarios in which IoT devices with heterogeneous
traffic and limited energy budget, respectively, sample and transmit
fresh information.

Furthermore, there is a line of works that studies the interplay
between AoI-oriented users and delay-constrained users [61–63]. In
[61], the authors consider the interplay between packet drop rate and
average AoI in a multi-access channel. In [62], the authors provide
expressions for the average AoI and the delay violation probability in
a system with two users. The work in [63] considers a AoI-oriented
user and a user with packets with deadlines. Both users share the
same channel. The goal is to find a scheduling policy that minimizes
the average AoI while providing a drop rate below a threshold.

Moreover, AoI has been considered a proxy towards semantics-
aware communications [64, 65]. The semantics of information, i.e.,
the significance and the usefulness of messages, enables the goal-
oriented of information generation, information transmission, and us-
age. Semantics-aware communications seems a promising direction
for supporting the needs of emerging networked intelligent systems
and machine-type communications.
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2.2 Performance Analysis of VNF and MEC
Technologies

The heterogeneity requirements of the users raise the need for im-
provement of the current network in terms of flexibility and elastic-
ity. In conventional networks, network functions perform on dedicated
hardware over the areas. Although dedicated hardware can provide
high performance, it can decrease the flexibility of the network which
works only for a specific type of application. Network Function Virtu-
alization (NFV) can improve the performance of the future networks
by improving their flexibility [66]. The idea of NFV is to decouple
the software from the hardware. High-performance computers can
be installed along with the areas which can operate different network
functions at the same time. This idea can provide an easy installa-
tion of network functions very quickly, and the network functions can
be replaced by others of different type according to the requirements
of the users. Furthermore, users with low latency requirements may
have to process their information in a remote powerful server with
possibly large propagation delay. In order for the requirements to
be fulfilled, the processing should be done in a location that is close
to the end-users. Multi-access Edge Computing (MEC) has been a
key solution, where servers are located close to the users for data
processing [67].

Recently, many researchers have started analyzing and optimizing
the performance of VNF/Software Defined Network (SDN) environ-
ment, [68–75]. In [68], the authors analyze the end-to-end delay for
embedded VNF chains. Two types of services are considered. The
services traverse different VNF chains and the delay analysis for each
different chain is provided. In [70], the authors provide an analytical
model based on Stochastic Network Caclulus (SNC) to provide upper
and lower delay bounds of a VNF chain. In static environment, the
work in [69] provides a performance analysis for the end-to-end delay
of service function chaining.

Authors in [71–75], apply tools from queueing theory to evalu-
ate the performance of SDN systems. In particular, in [73], the au-
thors study the performance of the OpenFlow architecture, where the
switch is modeled as an M/M/1 queue and the controller as a feed-
back system of the delay-loss type M/M/1/S queue. Along a similar
line, in [74], the authors analyze a simple OpenFlow-based switch
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in an SDN environment, however, they distinguish traffic from the
controller and exogenous traffic. Moreover, some works consider the
modeling of connected VNF as a sequence of queues. The goal is to
ensure system stability. A well-known and widely used mathematical
tool for stabilizing dynamic systems is the Lyapunov optimization the-
ory. The works in [76–81] provide dynamic algorithms that are based
on the Lyapunov optimization theory to guarantee system stability
and fulfill additional service requirements. In particular, in [76, 79]
flows traverse VNF chains and each node decides the resource alloca-
tion to each VNF and routes the flow to the next node.

In [81], the authors develop a dynamic distributed algorithm that
controls the flow and rate at each node. In this work, the objective
is to achieve fairness between the services and maximize the network
utility while providing system stability. In [80], the authors consider
the problem where VNF are installed in Virtual Machines (VMs).
Each VM can be located in the same or different data center. In this
work, each VM decides which functions to install or uninstall and
which services to serve.

Under a static and known environment, researchers investigate
the VNF placement and resource allocation problems [82–86]. In
the aforementioned works, the authors formulate the VNF placement
problem as a Mixed Integer Linear Problem (MILP) under the as-
sumption of known traffic demand. In addition, approximation algo-
rithms have been developed to provide a solution to the VNF place-
ment problem, see for example [87, 88].

Furthermore, MEC technology promises a significant improve-
ment in the performance of the network. In particular, the MEC
technology can improve the system in terms of latency reduction.
Task offloading from mobile devices to MECs has attracted consid-
erable attention. For example, the authors in [70, 89–91] address the
trade-off between the power consumption and the task processing de-
lay. As VNF and MEC are two strongly connected technologies, the
research evolution of the one affects the evolution of the other.

2.3 UAV Helpers for Emergency Situations
Applications that require operations in remote areas without infras-
tructure, called tactical field operations, raise the need for reliable
communications in such areas. In such situations, we need helpers to
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offload traffic or deliver specific content [92,93]. UAVs are able to fly
and serve areas that urgently require information. Such areas may be
not connected with any Base Station (BS) or being overloaded. UAV
helpers have many advantages, including easy and fast deployment,
reliable channel, coverage, etc. In addition, UAVs can act as a relay
for connection between two disconnected areas that need urgently to
communicate [93].

Recently, research that considers UAVs that act as caching helpers
or small BSs has been attracted a lot of attention [94–99]. In [94],
the authors consider a UAV that flies to different locations and ac-
complishes a certain amount of computation tasks. The authors for-
mulate an optimization problem for minimizing the UAV’s mission
completion time. In [95], the authors optimize the cache hit ratio
by selecting the placement of the UAVs, and the context of their
caches. It is proved that the problem is NP-hard, and an approxima-
tion algorithm is provided. Furthermore, UAV have limited energy
capacity. In [96], the authors consider UAV caching helpers with lim-
ited energy capacity. They provide placement strategies for caching
and UAV placement by taking into account also the energy limita-
tions of the UAVs. Authors in [96] consider a UAV that flies and
transmits information to a group of users that can share the content
based on device-to-device communications. In [97], the maximization
of Quality of Service (QoS) is considered by utilizing the help of a
UAV. In [98], the authors consider the UAV deployment for data
delivery in vehicular networks. In [99], the authors consider a UAV
that acts as a helper and delivers content to a group of users in a
specific time frame. In other words, the UAV has to serve as many
users as possible before a deadline. The authors formulate an opti-
mization problem for maximizing the served users in a specific and
given time duration. The problem is proved to be NP-hard, and a
low complexity approximation algorithm is proposed.
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Chapter 3

Mathematical
Background

In this chapter, we discuss the basic mathematical theory of the tools
used in this thesis. The main tools that are used in this thesis come
from queueing theory and stochastic network optimization. Queue-
ing theory is used for modeling stochastic systems and studying the
average performance of such systems. The performance metrics of
our interest are the average AoI, throughput, and packet drop rate.
Stochastic network optimization is used to optimize the performance
metrics of our interests for finite or infinite time horizon and guar-
antee the stability of the system in cases with queues with infinite
buffers.

3.1 Queueing Theory
Queueing theory is the mathematical study of queues or waiting lines.
Nearly all of us experience waiting lines in our everyday life, indirectly
or directly. For example, we wait in a queue at the supermarket or we
wait for a print job in the printer buffer queue. A typical example of
systems that employs different types of queueing models for their effi-
ciency running is the communication systems. In the communication
systems, packets travel between several sources and destinations and
they have to compete with other packets getting transmitted from
other sources to other destinations. Therefore, queueing delays are
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created as a natural consequence.

3.1.1 Queueing Systems

Figure 3.1: A single-queue system with multiple servers.

In a queueing system, items arrive randomly with an average rate
λ. In communication systems, the items are the packets. Upon ar-
rival, the packets are served if there is available server, or queued
until it is their turn to be served. An example is shown in Fig. 3.1. A
queueing system is described by three components: i) the arrival pro-
cess, ii) the service process, iii) the service discipline. The queueing
systems are divided into two categories: i) discrete-time, ii) continu-
ous time. In this thesis, we consider only discrete-time cases. Below,
we present briefly some basic elements of discrete-time queueing the-
ory.

3.1.2 Markov Chains
Almost every queueing system can be modeled as a Markov Chain
(MC). However, some of them may end up with a huge state space. In
the discrete time case, we use Discrete-Time Markov Chain (DTMC),
and in the continouous time case, we use Continuous-Time Markov
Chain (CTMC). We focus on the discrete time case. Below, we
provide some basic defitions of the DTMCs that are taken from [100].

Definition 1. A DTMC is a stochastic process {Xn, n = 0, 1, 2, . . .},
where Xn denotes the state at time step n and such that, ∀n ≥ 0, ∀i, j,
and ∀i0, . . . , in−1,

P {Xn+1 = j|Xn = i,Xn−1 = in−1 = in−1, . . . , X0 = i0}
= P {Xn+1 = j|Xn = i}
= Pij,
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where Pij is independent of the time step and of past history.

The first equality in the difinition of a DTMC indicates the ap-
plication of the Markovian property.

Definition 2. The Markovian Property states that the conditional
distribution of any future state Xn+1, given past states X0, X1, . . . , Xn−1,
and given the present state Xn, is independent of past states and de-
pends only on the present state Xn.

The second equality in the definition of a DTMC follows from the
“stationary” property, which indicates that the transition probability
is independent of time.

Definition 3. The transition probability matrix associated with
any DTMC is a matrix, P, whose (i, j)th entry, Pij, represents the
probability of moving to state j on the next transition, given that the
current state is i.

3.1.3 The discrete time Birth-Death (BD) process
BD processes are processes in which a single birth and a single death
can occur at anytime [101]. As a consequence, a BD process can
only increase or decrease the population, at most, one unit at a time.
Therefore, the transition matrix of its MC is of the tri-diagonal type.

In the discrete time version, it is assumed that the birth-process
is state dependent Bernoulli process and the death process follows a
state dependent geometric distribution. We formally state the prob-
lem as a MC. Let Xn be the number of units in the system, including
the one being processed, at time n. Note that Xn ∈ Z+. Let D(Xn)
be the number of service completions at time n when there are Xn in
the system, where D(Xn) = 0, 1 and let A(Xn) be the number of ar-
rivals at time n, when there areXn in the system, where A(Xn) = 0, 1.
Then, the evolution of process Xn is described below

Xn+1 = max(Xn −D(Xn), 0) +A(Xn). (3.1)

DTMC of the BD process

Let ai be the probability that a birth (or packet arrival) occurs when
there are i ≥ 0 customers (or packets) in the system with āi = 1− ai.
Also, let bi be the probability that a death (or a packet departure)
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occurs when there are i ≥ 1 customers (or packets) in the system with
b̄i = 1 − bi. We define a DTMC with state space {Xn, n ≥ 0}. The
transition matrix of this chain is described below

P =

⎡
⎢⎢⎢⎣

ā0 a0
ā1b1 ā1b̄1 + a1b1 a1b̄1

ā2b2 ā2b̄2 + a2b2 a2b̄2
. . .

. . .
. . .

⎤
⎥⎥⎥⎦ . (3.2)

If we define x
(n)
i = Pr {Xn = i} as the probability that there are i

customers in the sytem n, and letting x(n) =
[
x
(n)
0 , x

(n)
1 , . . .

]
, then we

have

x(n+1) = x(n)P, or x(n+1) = x(0)Pn+1. (3.3)

If P is irreducible and positive reccurent, then there exists an in-
variant vector which is also equivalent to the limiting distribution,
x = x(n)

∣∣
n→∞ and given as

xP = x, 1x = 1. (3.4)

3.2 Stochastic Network Optimization
In this section, we provide the basic definitions and theorems that are
used through this thesis for control and stability of queueing sytems.
To begin with, define a discrete time system with K queues. Time is
slotted and let t ∈ Z+ be the tth slot. The length of each queue, k, is
denoted by qk(t) and q(t) = {qk}Kk=1.

3.2.1 Stability of Queueing Systems
Stability is a very important aspect of queueing system. There are
several forms of the stability defitions. The formal definition of strong
stability is shown below, [102].

Definition 4. (Strong Stability). A system is said to be strongly
stable if

lim
T→∞

sup
1

T

T−1∑
t=0

E {qk(t)} ≤ ∞, ∀k ∈ {1, . . . ,K} . (3.5)
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Intuitevely, stability means that the length of every queue in the
system is finite. As a consequence, the delay of the system is also
finite. Furthermore, there are alternative forms of stability such rate
stability and mean rate stability.

Definition 5. (Rate Stable). A discrete time process qk(t) is rate
stable if

lim
t→∞

qk(t)

t
= 0, with probability 1. (3.6)

Definition 6. (Mean Rate Stable). A discrete time process qk(t) is
mean rate stable if

lim
t→∞

E {|qk(t)|}
t

= 0. (3.7)

Note that strong stability implies all the forms of the stability.
One basic mathematical tool that is widely used for proving sta-

bility comes from the theory of the stability of the stochastic sys-
tems, [103]. It is based on methods that use Lyapunov functions.
Below, we define the Lyapunov function and Lyapunov drift.

Definition 7. (Lyapunov Function). A function L : RK → R is said
to be a Lyapunov function if it is has the following properties

• L(x) ≥ 0, ∀x ∈ R
K

• It is non-decreasing in any of its arguments
• L(x) → ∞, ||x|| → ∞

Definition 8. (Lyapunov Drift). The (one-step) drift of a Lyapunov
function L for the system q(t) is defined as

Δ(L(q(t))) = E {L(q(t+ 1))− L(q(t))|q(t)} . (3.8)

In our context, the expecation is with respect to the channel
process, the arrival proccess, and the possible randomization of the
scheduling policy. A main result of stochastic stability theory is the
so-called Foster-Lyapunov criterion which connects the stability of
the system with the drift of a Lyapunov function.

Theorem 1. (Foster-Lyapunov Criterion). Assume there exists a
Lyapunov function V (x) and a bounded set B ⊂ R

K
+ such that

Δ(L(x)) ≤ ∞, ∀x ∈ B,
Δ(L(x)) < 0, ∀x /∈ B.

Then the sytem is stable.
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In practice, a Lyapunov function that is often used is the quadrac-

tic function, i.e., L(x) = 1
2

K∑
k=1

x2. The following theorem follows from

the Foster-Lyapunov criterion.

Theorem 2. (Lyapunov Drift) [102]. If there exists positive values B

and ε such that for all time slots we have Δ(L(q(t)) ≤ B−ε
K∑
k=1

qk(t),

then the system q(t) is strongly stable.

The intuition behind Theorem 1 is that if we have a queueing
system and we provide an algorithm for which the Lyapunov drift
becomes negative for large queue sizes, then the Lyapunov function
decreases and subsequently the queue sizes as well. As a consequence,
the queues remain bounded and the overall system is stable.

This sufficient condition was used to prove the stability of the
popular and widely-used MaxWeight algorithm in [104]. Also, it is
widely used in general optimization and control problems in wireless
networks with queues, starting with the works of [105] and [106]. The
reader is encouraged to refer to [102] for a comprehensive treatment
of the techniques based on Lyapunov functions for stochastic network
optimization.
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Chapter 4

Contributions of the
Thesis

This thesis aims to analyze and optimize the performance of hetero-
geneous networks. The works are not limited to one specific mathe-
matical tool. We utilize a variety of mathematical theories depending
on each different scenario. Our goal is to study the packet drop rate,
throughput, and AoI under different network set-ups. We focus on
the optimization and analysis of the aforementioned metrics and the
interplay between them. The heterogeneity of the data traffic is cap-
tured in two ways. First, by considering delay-constrained users and
users with throughput requirements. Second, by considering delay-
constrained users and AoI-oriented users.

The thesis consists of six papers. The main ideas are the result
of discussion among all authors. The author of this dissertation has
contributed to all the papers as the first author working on mathe-
matical modeling, theoretical analysis, algorithms development and
simulations, and writing. The papers and the scientific contribution
are summarized below.
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4.1 Publications Included in the Thesis
Paper I: Dynamic Power Control for Time-Critical Network-
ing with Heterogeneous Traffic, co-authored with N. Pappas, and
A. Ephremides. This paper has been published in ITU Journal on
Future and Evolving Technologies, vol 2, March 2021.

We consider a wireless network with two sets of users transmitting
their information over a wireless fading channel to a receiver. The first
set consists of users with packets with deadlines. Packets arrive at the
queues of the users and they must be transmitted within a time frame.
Otherwise, they are dropped and removed from the system. The
second set consists of users with minimum throughput requirements.
All the users have a limited power budget. Our goal is to minimize the
packet drop rate while providing throughput above a given threshold
for the users with minimum throughput requirements by developing
a power-efficient scheduling algorithm.

In order to achieve our goal, we cast a stochastic optimization
problem for minimizing the packet drop rate under throughput con-
straints and average power consumption constraints. We provide a
dynamic algorithm that solves the scheduling problem in real-time.
Due to the fluctuation of the wireless channels, we may have errors
in the transmissions. In order to ensure reliable communication, we
adjust the transmission power. The scheduler decides at every time
slot: i) which user will be scheduled, ii) the power transmission level.
We prove that our algorithm can give a solution arbitrarily close to
the optimal one. We compare the performance of our algorithm with
that of the largest-debt-first (LDF) algorithm [16]. Simulation re-
sults show that our algorithm outperforms the LDF algorithm both
in terms of convergence and performance. In particular, simulation
results show that the proposed algorithm outperforms the LDF algo-
rithm in terms of packet drop rate for small values of the deadlines.
The reason is that the proposed algorithm has a faster convergence
than the LDF algorithm. Since the LDF allocates power to the user
with the largest throughput debt, it ignores the remaining deadlines
of the users. Therefore, for small values of deadlines, the deadlines of
the packets expire before the convergence of the algorithm.

Paper II: Joint Sampling and Transmission Policies for
Minimizing Cost under AoI Constraints, co-authored with M.
Codreanu, A. Ephremides, and N. Pappas. This paper has been sub-
mitted and it is under review in IEEE/ACM Transactions on Net-
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working.
In this work, we consider a set of users that sample and transmit

fresh information over a wireless channel to a receiver. The users
share the same wireless channel, and transmission errors may occur.
This work aims to study the benefits of having the option to send
a cached outdated status update. In some cases, the sampling cost
is not negligible because the devices that sample fresh information
can perform more sophisticated than a simple sampling. Moreover,
in mobile devices with a limited power budget, the transmission cost
should also be taken into account. In this work, we consider a total
cost that consists of both sampling and transmission costs. Our goal is
to find scheduling policies that minimize the total cost while providing
fresh enough data to the receiver.

In order to find an approximate solution, we propose three dif-
ferent policies; i) a dynamic policy that takes decisions slot-by-slot
and it requires complete knowledge of the system, ii) two stationary
randomized policies that probabilistically take decisions at every slot
without requiring complete knowledge. For developing the dynamic
policy, we utilize tools from Lyapunov optimization theory, and we
prove that its solution is arbitrarily close to the optimal one. For
developing the stationary policy, we utilize DTMC. We first model
the system and derive analytical expressions for the average AoI and
average cost. Based on this analysis, we get insights into the opti-
mal probabilistic decisions for the randomized policies. Simulation
results show the importance of having the option to transmit an old
packet when the sampling cost is considerable. In particular, for the
cases where the sampling cost is larger than the transmission cost,
we see that the option of transmitting an old packet can significantly
increase the performance of the system in terms of the total cost.

Part of the work has been published and presented in the following
conference:

• E. Fountoulakis, N. Pappas, M. Codreanu, A. Ephremides,
“Optimal Sampling Cost in Wireless Networks with Age of In-
formation Constraints”, in Proc. IEEE Conference on Com-
puter Communications (INFOCOM), AoI workshop, virtual con-
ference, July 2020.

Paper III: Information Freshness and Packet Drop Rate
Interplay in a Two-User Multi-Access Channel, co-authored
with T. Charalambous, N. Nomikos, A. Ephremides, N. Pappas. This
paper has been submitted in Journal of Communications and Net-
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works, August, 2021.
In this work, we consider two users transmitting information over a

wireless channel to a receiver. The users have different types of traffic.
More specifically, the first user is deadline-constrained with a queue
in which packets with deadlines arrive stochastically. The second user
is AoI-oriented user who samples and transmits fresh information to
the receiver. Both users attempt for transmission with some access
probabilities. We consider that the channel is a wireless multiple-
access channel with Multi-Packet Reception (MPR) capabilities. This
work aims to study the interplay between the packet drop rate of the
first user and the average AoI.

To achieve that, we model the system by utilizing DTMC. In
particular, we derive analytical expressions for the average AoI and
its distribution. In addition, we model the remaining time of a packet
that is in the head of the queue of the first user, with a novel way as a
Markov chain. Then, based on the steady-state distribution, we derive
the analytical expression for the packet drop rate. We validate the
performance of our model through simulation results which show that
our model performs well. Furthermore, simulation results show how
the access probability of accessing the channel affects the performance
of individual users, as well as, the overall system performance.

Part of this work has been published and presented in the following
conference:

• E. Fountoulakis, T. Charalambous, N. Nomikos, A. Ephremides,
N. Pappas, “Information Freshness and Packet Drop Rate In-
terplay in a Two-User Multi-Access Channel”, in Proc. IEEE
Information Theory Workshop (ITW), April, 2021.

Paper IV: A Dynamic Scheduling Policy for a Network
with Heterogeneous Time-Sensitive Traffic, co-authored with
T. Charalambous, A. Ephremides, N. Pappas. This work is under
review.

In this work, we consider an AoI-oriented user and a deadline-
constrained user that send their information to a common receiver
over a wireless error-prone channel. Two channel models are consid-
ered: i) time-correlated, ii) independent and indentically distributed
(i.i.d.). We consider that a batch of packets arrives every a specific
time period at the queue of the deadline-constrained user. The time
between the arrivals is called frame. The packets have to be trans-
mitted before the end of the frame, otherwise, they are dropped and
removed from the system. Our goal is to minimize the average AoI
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while satisfying the timely throughput constraints for the deadline-
constrained user.

To this end, we cast a stochastic optimization problem as a CMDP
problem. In order to find an approximate solution to the initial prob-
lem, we relax the constraint problem into an unconstrained MDP
problem by utilizing tools from Lyapunov optimization theory. We
prove that an approximate solution to the initial problem can be
found by solving a finite-time MDP while ensuring that the timely
throughput constraints are satisfied. The finite problem is solved
by implementing backward dynamic programming for both the time-
correlated and i.i.d. channels. Note that in this work, we consider
that the value of AoI is bounded by a threshold. However, simula-
tion results show that, in practice, the value of AoI never reaches its
bound, in the cases where the weight factor is at least 1. Therefore,
the assumption of the threshold does not affect the performance of
the system, as well as the insights we obtain. Furthermore, simulation
results show that it is not optimal to schedule the AoI user only in
specific time slots within a frame, e.g., at the beginning of the frame.
Instead, it is more beneficial to spread the scheduling time within the
frame.

Paper V: An End-to-End Performance Analysis for Ser-
vice Chaining in a Virtualized Network, co-authored with Q.
Liao and N. Pappas. This paper has been published in IEEE Open
Journal of the Communications Society, vol. 1, pp. 148–163, January
2020.

In this work, we consider a network that consists of both MEC
servers at the edge and a cloud server at the core network. The servers
host different types of VNF. A user sends its task to the base station
over a wireless channel for processing through two VNFs. There are
two MEC servers; one at the base station, and another one that is
close to the base station and acts as a helper. A flow controller decides
probabilistically which of the servers will process the task of the user.
Finally, the task flows to the server at the core for processing from
the second VNF.

Our goal is to investigate the cooperation between the MEC server
and derive expressions for the end-to-end delay and throughput of the
system. We develop a queueing model for the performance analysis
of the system consisting of both transmission and processing flows.
In addition, we propose a method, based on tandem queues, that can
be applied in such networks for obtaining approximate analytical ex-
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pressions of the end-to-end delay, throughput, and drop rate. First,
we consider a simple model and derive approximate analytical expres-
sions. Then, we generalize our methodology, based on the analysis
of the simple model, for larger networks. As shown in the simula-
tion results, our model is accurate and indicates a robust behavior
even for a larger number of servers. Furthermore, the simulation re-
sults show the trade-off between the end-to-end delay, throughput,
and drop rate, for different capabilities of the servers and different
decisions of the flow controller. This work can be considered as a first
step that gives insights for resource allocation and control of such
systems.

Part of the work has been published and presented in the following
conference:

• E. Fountoulakis, Q. Liao, M. Stein, N. Pappas, “Traversing vir-
tual network functions from the edge to the core: An end-to-
end performance analysis”, International Symposium on Wire-
less Communication Systems (ISWCS), Oulu, Finland, August
2019.

Paper VI: UAV Trajectory Optimization for Time Con-
strained Applications, co-authored with G. S. Paschos, and N.
Pappas. This paper is published in IEEE Networking Letters, vol. 2,
no. 3, pp. 136–139, July 2020.

In this work, we consider a UAV that flies over multiple mobile
areas to serve as many users as possible in certain time duration. Due
to the limited power capabilities of the UAV and the time-sensitive
applications, we need to optimize the trajectory of the UAV to serve
as many as possible users. Each served user corresponds to a “score”.

In order to achieve our goal, we formulate an optimization prob-
lem to maximize the total score under deadline constraints. We show
that the formulated problem is equivalent to the orienteering prob-
lem from operation research. Moreover, we prove that the problem is
NP-hard. For large instances of the problem, the trajectory options
are prohibitively large. To solve large instances of the problem, we
propose a greedy algorithm with low complexity. Simulation results
show that the performance of our algorithm is quite close to the opti-
mal solution. Also, we compare the execution time for providing the
optimal solution with the solution provided by the algorithm. We see
the difference in execution time is significant.
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4.2 Papers Not Included in the Thesis
• E. Fountoulakis, N. Pappas, Q. Liao, V. Suryaprakash, D. Yuan,

“An Examination of the Benefits of Scalable TTI for Hetero-
geneous Traffic Management in 5G Networks”, in Proc. Inter-
national Symposium on Modeling and Optimization in Mobile,
Ad Hoc, and Wireless Networks (WiOpt), Paris, France, May
2017.

• N. Pappas, E. Fountoulakis, C. Tatino, V. Angelakis, D. Yuan,
“Pursuing the potential of new mechanisms for performance
engineering of 5G”, in Proc. IEEE Computer Aided Modeling
and Design of Communication Links and Networks (CAMAD)
Lund, Sweden, June, 2017.

• E. Fountoulakis, N. Pappas, Q. Liao, A. Ephremides, V. An-
gelakis, “Dynamic Power Control For Packets with Deadlines”,
in Proc. IEEE Global Communications Conference (GLOBE-
COM), pp. 1–6, Abu Dhabi, UAE, December 2018.
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