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Abstract

In fifth-generation mobile communications (5G), heterogeneous networks (HetNets) are
a pivotal technology for augmenting network capacity through dense deployment. Nev-
ertheless, these devices also introduce complications to the handover process of user
equipment (UE), resulting in significant challenges, including deterioration in commu-
nication quality. This thesis posits that these challenges emanate from inherent flaws
in the three critical phases of the handover decision-making algorithm (HDMA): In the
measurement phase, the widely used reference signal received power (RSRP) fluctuates
significantly due to channel fading, leading to inaccurate handover trigger timing within
the HDMA. This, in turn, is the fundamental cause of frequent handovers and handover
failures. In the decision phase, traditional algorithms cannot identify the target cell
type, often causing high-speed UE to handover to an inappropriate small cell. Addition-
ally, these algorithms lack consideration of the handover direction between two different
type cells. In the resource acquisition phase, the frequent handover triggered by the first
two defects ultimately leads to resource congestion and handover blocking in the target

cell.

To address these, the objective of this thesis is to construct a comprehensive handover
decision-making algorithm. This will be achieved by conducting systematic theoretical
analysis and algorithm optimization of the measurement, decision, and resource acquisi-
tion phases. The primary contributions of this study are as follows: In the measurement
phase, a HDMA is proposed that is based on a more stable channel quality indicator
(CQI). The purpose of this HDMA is to enhance the robustness of handover triggering.
In the decision phase, a theoretical framework was developed that integrated stochastic
Petri nets (SPN) and Poisson point processes (PPP) analytical model (Do-SPN-PPP)
is constructed. This model is capable of analyzing different handover directions in Het-
Nets. In addition, a decision algorithm is designed. This HDMA is based on NR cell
identifier (NCI). The purpose of this HDMA is to identify the target cell type. In the
context of the resource acquisition phase, the theoretical framework of integrated SPN
and PPP is used to quantitatively elucidate the resource blocking that is precipitated
by handover.

In summary, this thesis proposes a multi-stage solution for enhancing the handover

performance and communication reliability of 5G HetNets through theoretical modeling

iii



and simulation verification.
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Chapter 1

Introduction

1.1 Background on the technology of handover in 5G het-

erogeneous networks

Mobile communication networks play an integral role in our daily lives, including the fa-
cilitation of cellular voice calls, high-definition video calls, and mobile office applications.
These applications are inherently dependent on the mobile communication networks.

The number of user equipment (UE) in mobile communication network is increasing
exponentially in our daily lives, as shown in Fig. 1.1.

Fig. 1.1 illustrate the impact of mobile device technology on the market, both in
the past and in the future. It is clear that wireless technology research plays a pivotal
role in today’s world and it is apparent that there has been a notable increase in the
demand for mobile devices and the consumption of associated content. For the mobile
communication market to be successful, the services it offers must be connected to the
outside world (i.e., the Internet).

Over the years, a variety of radio access technologies (RATSs) have been developed
in order to achieve this objective. Examples include cellular networks, and satellite net-
works, to name a few. Nowadays, UEs are equipped with multiple network interfaces,
including Fifth Generation Mobile Communication System (5G), Long-term evolution
(LTE), Bluetooth, and Wi-Fi. These technologies facilitate internet connectivity, obvi-
ating the need to resolve connectivity issues through a single network. UEs anticipate
uninterrupted connectivity across these network technologies, irrespective of the specific
technology in use or the device’s movement between them.

Mobile communication networks have evolved from the first generation mobile com-
munication system at 10-year intervals to the current widespread commercialization of

the 5G.

The fifth generation communication system are required,

o Higher data rate
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Figure 1.1: Global mobile network data traffic

o Latency in the order of 1ms

o High reliability

e Low-cost UEs with very long battery life
o Network energy efficiency

Therefore, 5G deploys more small cellular base stations (SBS) in a macro cellular
base station (MBS), e.g. micro cell, pico cell, femto cell with low output power base
station, such as on street light poles and building walls, and while having a large capacity
that can accommodate more UE compare with long term evolution (LTE) to fulfill the
requirements. Such a mobile communication networks including different output powers
base stations is called a heterogeneous networks (HetNet), as shown in Fig.y 1.2.

Since the coverage area of each cellular base station is limited. As a result, the UE is
accompanied by the occurrence of a communication switching, also known as handover
at some time point when the UE is continuously moving in a direction away from the
currently connected cellular base station.

Handover refers to the wireless link between a UE and one cellular base station being
switched to another cellular base station, as shown in Fig. 1.2. Usually, handover is
considered as a positive approach that the UE can take to improve their communication

environment quality during mobility [1].



1.2. Research objectives and composition of the thesis

(D)

Macro Cell

)3

mmWave Cell

Figure 1.2: 5G heterogeneous networks

However, the problems such as load unbalancing, communication blocking, as well as
dramatic fluctuations in the signal propagation within mobile communication networks,
cause the handover performance of UEs to exhibit low reliability such as handover failure
(HoF) and ping-pong handover (PPHO).

Therefore, it is important and necessary work to analyze and quantify the impact on
the performance of handover due to communication blocking due to lack of resources,
signal fluctuation, as well as improvement of handover to enhance the reliability of

handover in 5G.

1.2 Research objectives and composition of the thesis

This study focuses on the development of a framework for evaluating handover decision
algorithms based on the consideration of low time cost, as well as aiming to improve the
performance of handover decision algorithms from the signal propagation level.

Chapter 1: An overview of the technical background of 5G heterogeneous networks
and the topic of this thesis.

Chapter 2: Introduction to the topic of handover in 5G heterogeneous networks.

Chapter 3: Presentation of the network resource insufficiency situation and the
theoretical modeling and analysis of handover.

Chapter 4: Presentation of the signal fluctuation situation and the theoretical
modeling and analysis of handover.

Chapter 5: Presentation of an improvement approach for handover within signal
fluctuation situation.

Chapter 6: Summarizes the results of this thesis.

3
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Fig. 1.3 shows the guideline diagram of the research object corresponding to each

chapter in this thesis.
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Chapter 2

5G heterogeneous networks and

challenges in handover

2.1 Characterization of 5G heterogeneous networks

5G has been driven by the increasing demand for data, the need for ultra-reliable low-
latency communication (URLLC), and the requirement to support the connectivity of a
large number of Internet of Things (IoT) devices [2] [3]. To achieve this objective, net-
work architectures are evolving toward heterogeneous networks (HetNets) that integrate
multiple low-power base stations (e.g., micro, pico, millimeter-wave, etc.) [4]. HetNets
enhance system capacity and spectrum efficiency by overlaying small cells within the
coverage area of macrocells, thereby providing users with higher data rates. However,
the increased density and complexity of this network topology present challenges for

mobility management, particularly handover management [5].

In HetNets, UE frequently traverses the boundaries of various cell types, each with
distinct coverage ranges. A poorly designed handover mechanism can result in several is-
sues, including the failure to ensure seamless service continuity and frequent degradation
of communication quality, and even complete disconnection [6]. Conventional handover
mechanisms principally depend on indicators of signal strength, which are insufficient for
addressing the intricate interference environments and varied cell characteristics present
in HetNets [7]. In order to achieve a fundamental enhancement in handover performance
within HetNets, this paper utilizes an analysis of handover decision-making processes.
The three core stages of this process—namely, “measurement”, “decision-making”, and
“resource acquisition” are examined in order to systematically identify and address the
challenges currently encountered by handover management. This chapter will detail
the challenges faced by each of these three stages, which collectively form the research

background and core issues addressed in this thesis.

7



Chapter 2. 5G heterogeneous networks and challenges in handover

2.1.1 Challenges in the resource acquisition phase: frequent handover

request causes blocking

The final stage of the handover process involves the acquisition of communication re-
sources from the target cell. The compounded effects of unstable measurements and
uninformed decisions result in abnormally high handover frequency, particularly in Het-
Nets with dense small cell deployments [8]. This high frequency of handovers signif-
icantly burdens the limited radio resources—such as physical resource blocks (PRBs)
available at T-cells [9].

When numerous UEs simultaneously request access to the same T-cell within a short
time frame, resource contention is likely to occur. This is especially problematic in
small cells, where the resource pool is inherently limited. The consequence is handover
blocking, where some handover requests are denied due to the unavailability of resources.
This not only disrupts the continuity of user sessions but also undermines the network’s
Quality of Service (QoS) [10].

Furthermore, in HetNet architectures modeled using stochastic geometry (e.g., Pois-
son Point Processes), accurately quantifying the blocking probability associated with
frequent handovers remains a complex analytical challenge. Developing a tractable and
realistic analytical framework to evaluate how handover behavior impacts network-level

blocking performance is thus the third critical challenge, addressed in Chapter 3.

2.1.2 Challenges in the decision phase: traditional algorithms lack
awareness of cell heterogeneity

Following the measurement phase, the handover process transitions into the decision
phase. Conventional HDMA such as the A3-based RSRP algorithm typically compare
the RSRP of the T-cell and S-cell. A handover is triggered once the RSRP of the T-
cell exceeds that of the S-cell by a predefined handover margin (HOM) for a sustained
time-to-trigger (TTT) duration.

However, this generalized, threshold-based approach performs poorly in heteroge-
neous network (HetNet) environments. Critically, it lacks the ability to discern the type
of the target cell—whether it is a macrocell, a Sub-6GHz small cell, or a millimeter-wave
(mmWayve) cell [11]. As a result, the algorithm may mistakenly trigger a handover from
a macrocell to a small or mmWave cell, despite the latter’ s limited coverage and sus-
ceptibility to blockage. This often leads to frequent re-handover or handover failures,
especially for high-mobility UEs such as those in vehicles or trains [12][13].

Moreover, the inherent asymmetry between macrocells and small cells—in terms
of transmit power and coverage—means that handovers from macrocells to small cells
(M2S) and from small cells to macrocells (S2M) exhibit fundamentally different dynam-
ics. Traditional HDMAs, which treat both directions identically, fail to capture this

asymmetry, leading to low performance handover decisions. Hence, the ability to model
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handover behavior accurately and to design decision logic that intelligently recognizes
cell types is the second major challenge in handover optimization, discussed in detail in
Chapter 4.

2.1.3 Challenges in the measurement phase: unstable indicator de-

crease reliable handover performance

The handover process in 5G networks begins with the measurement of radio link qual-
ity. Currently, most handover decision-making algorithms (HDMA) rely on the reference
signal received power (RSRP) as the primary indicator. However, as a physical-layer
metric, RSRP is highly susceptible to multi-path propagation, shadow fading, and other
stochastic fluctuations inherent in mobile environments [14]. Even after applying filter-
ing techniques, the RSRP signal exhibits persistent volatility, making it an unreliable
basis for triggering handover decisions. This instability can lead to erroneous outcomes.
On one hand, signal jitter may cause the source cell (S-cell) to prematurely initiate
a handover based on inaccurate measurement reports, resulting in Too-Early Failure
(TEF)—a condition where the target cell (T-cell) does not yet offer superior link qual-
ity, thereby degrading post-handover communication [15], [16].

On the other hand, fluctuations may also cause the UE to oscillate between the S-cell
and T-cell in a phenomenon known as ping-pong handover, which increases signaling
overhead and service interruptions [14]. This issue is particularly severe in low-mobility
scenarios such as pedestrian users, where small-scale fading is more pronounced. There-
fore, identifying a more stable and representative metric than RSRP—one that can
reflect long-term link quality—is a critical challenge in improving handover reliability

and constitutes a key research focus in Chapter 5.






Chapter 3

Quantitative analysis of blocking

caused by handover request

3.1 Overview of insufficient resource block in 5G

As outlined in Chapter 2, frequent handovers—resulting from unstable signal measure-
ments and limitations in traditional decision-making logic—intensify resource contention
in the target cell, ultimately increasing the likelihood of UE blocking because it is nec-
essary to acquit the PRBs within in the HDMA and the PRB is limited within a cell,
as shown in Fig. 3.1.

Therefore, before proposing any advanced optimization algorithms aimed at mitigat-
ing unnecessary handovers, it is essential to conduct a rigorous theoretical and quantita-
tive analysis of how frequent handovers degrade network resource availability. Such an
analysis serves a key purpose: It provides a theoretical foundation to support network
operators in designing more efficient resource allocation and admission control policies.

However, conventional blocking analyses often rely on simplified assumptions, such
as fixed-grid network topology. In contrast, real-world HetNets exhibit highly irregular
and stochastic spatial distributions of base stations, particularly in scenarios involving
dense small-cell deployments. These irregularities must be captured to ensure realistic
performance evaluation.

To address this limitation, this chapter focuses on the resource acquisition phase of
the handover process and investigates the following core research question: How can
we quantitatively assess the impact of frequent handovers on blocking probability in
randomly deployed HetNets? To answer this, we introduce a novel model-based analyt-
ical framework that combines stochastic geometry with stochastic Petri Nets (SPNs).
Specifically: A Poisson point process (PPP) is used to represent the spatial randomness
of macro and small cells in HetNet deployments. SPNs are employed to model the dy-
namic behavior of UEs, including cell association, service request processing, resource

occupation, and handover events. This integrated SPN-PPP framework allows us to
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Figure 3.1: Insufficient resource within 5G.

simulate and analyze the impact of the presence or absence of handover request on the
UE’s blocking probability. The findings from this chapter provide quantitative insights
into the interplay between handover dynamics and network resource constraints, offer-
ing a robust analytical basis for understanding and mitigating resource contention in

next-generation heterogeneous networks.

3.1.1 Overview of A2A4RSRQ HDMA

Handover is primarily designed to maintain stable connectivity and good quality of
service (QoS) while the user equipment (UE) is on the move. In 5G networks, the
handover process determines whether to handover the UE’s connection from one cell to
another through specific trigger conditions. Due to the complex network environment of
5G HetNet, which introduces a higher cell density structure, the complexity of handover
is greatly increased and the frequency of handover is significantly higher compared to
previous mobile communication networks.

In the handover process, the commonly considered triggering conditions include ref-
erence signal received power (RSRP) and reference signal received quality (RSRQ) indi-
cators. The A2A4RSRQ HDMA is one of handover policy based on the indicator of the
RSRQ, which is usually used for handover when the RSRQ of the T-cell is sufficiently
high than a threshold and the RSRQ of the S-cell is poor than a threshold, and these

thresholds of RSRQs are certainly value, as shown in

o A2 event trigger: when the UE detects that the RSRQ of the current service cell
is lower than the preset A2 threshold, it triggers the A2 event.

e A4 event trigger: when the RSRQ of a neighboring cell is found to be higher than
the A4 threshold, the A4 event is triggered after the A2 event is triggered, the UE
continues to monitor the signal quality of neighboring cells, which indicates that

the signal quality of the neighboring cell is better than that of the current cell.

The specific process of A2A4RSRQ HDMA is that the UE firstly sends the mea-
surement report of the A2 event to the S-cell when the RSRQ received by the UE from
the S-cell is less than a certain threshold. After that, the UE device will send the mea-
surement report of the A4 event to the S-cell when the RSRQ received by the UE from
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Figure 3.2: A2A4RSRQ handover decision-making algorithm

the T-cell is greater than a certain threshold. Finally, the S-cell will send a handover
command to the UE based on the A2 and A4 measurement reports from the UE.

3.2 Design of handover and queue framework based on

probabilistic modeling

In 5G networks, there are a large number of UEs, which can be existing UE, new
UE trying to access the network, and handover UE switching from neighboring cells.
Meanwhile, the behaviors of these different types of UEs in the network are concurrent,
and they compete with each other for resources.

Therefore, it is necessary to establish a suitable mathematical model to describe
this concurrency relationship and the accurate description of this concurrent UE behav-
ior. This not only helps us to better understand the network load characteristics, but
also provides an important theoretical basis for the subsequent resource scheduling and
quality of service assurance.

PPP exhibits unique advantages when describing a large-scale network distribution.
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Figure 3.3: Arriving UEs and occupying resources (like a seat) in the network.

As a spatial stochastic process, it can effectively capture the random distribution char-
acteristics of cells and UEs within a large-scale networks. Especially, it can capture the
average characteristics of RSRQ and RSRP received by UEs in large-scale networks.
Furthermore, Petri Net provides a powerful modeling framework to characterize the
concurrent behavior of user equipment. The most significant advantage of Petri Net
as a graphical, mathematical modeling tool is its ability to intuitively and critically
characterize state changes and resource competition in concurrent systems, including
the arrival process of a new UE, the process of a UE receiving service from a cell, and
the UE experiencing a handover, and these different types of UEs concurrently request

network resources, service queues are often formed, as shown in Fig. 3.3

3.2.1 Theoretical foundations of probabilistic models

Propose the mathematical expressions used to model the switching failure probability
and explain in detail the meaning of each variable and parameter. Explain how to
integrate network conditions, resource block allocation, user mobility and other factors

in the model to accurately assess the switching failure probability.

3.2.2 Poisson point process

In this section,we will first introduce the knowledge about Poisson distribution, which
is discussed in the fundamentals of probability theory before introducing the PPP.

In probability theory and statistics, Poisson distribution represents a discrete prob-
ability distribution, in a certainly period of time or space interval if the mean density
of events occurring given then the probability of the number of events occurring in the
certainly interval can be found, and these events occurring independently of each other,
the distribution of random events following this type of description is called the Poisson

distribution. The Poisson distribution is expressed by the equation as follows,

(AAL)™ A

Pr(N(t,t + At) =n) = i

., n=0,1,2,.., (3.1)

where A denotes the intensity of event occurrences, At denotes a fixed time interval,
and n denotes the number of event occurrences. Meanwhile, the Poisson distribution

as a kind of exponential distribution its time interval between each event occurrence is
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occurred events during At

a8 2 28 2 >

»

0 At
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Figure 3.5: The Poisson distribution in the two-dimensional.

following the exponential distribution. If the occurrence of these events are visualized,
the following figure can be obtained,
where the points in Fig. 3.4 represent the occurrence of events, and the interval between
points represents the time interval between the occurrence of each event, which is follow-
ing the exponential distribution as we mentioned above. The Poisson and exponential
distributions and the relationship between them can be studied through Eq. (3.1) and
Fig. 3.4. However, at also, we know through Eq. (3.1) and Fig. 3.4 that they represent
the probability of the occurrence of an event based on the length of a one-dimensional
time line, so this is also understood as a one-dimensional interpretation of the Poisson
point process.

In this thesis, what we need is to model and analyze the distribution of cell, but the
distribution of realistic cells is based on a 3D spatial distribution and not necessarily just
based on a straight line between cell for deployment. Therefore, the one-dimensional

Poisson Point Process (Poisson distribution) only cannot satisfy our requirements. Al-
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Figure 3.6: Before the system state change (left); after the system state change
(right).

though the distribution of cell in realistic networks is 3D spatially based, in this thesis
we only discuss the distribution of cells based on the 2D plane.

The 2D PPP is the explanation of the Poisson distribution in the 2D plane. It
represents a probability distribution of the number of events occurring in a certainly

area, and the mathematical expression can be obtained as follows,

Pr(®(B;(Ar)) =n) = (ABJ:T(I'AT))neABI(AT), n=0,1,2,.., (3.2)
where ®(-) denotes the measure of the random point process, B, (Ar) denotes a circle
centered at x and x + Ar as the radius in the 2D plane, n denotes the number of points
in the area of B,(Ar), and A denotes the density parameter of the point occurrence. It
can be seen by Eq. (3.2) that, different from the 2D PPP from the one-dimensional one
is that the random variable about the defined given interval changes from a measure of
one-dimensional length to a measure of 2D area, and similarly, if also the 2D PPP can
be represented graphically, the following figure can be obtained.

The PPP in Figure 1.5 indicates that if the intensity parameter of the event is A,
then the probability of the event occurring k£ times randomly in the area of the circle
with x as the center has x + Ar as the radius is W@ABZ(A”, k=1(0,1,2,...). Tt
can be seen that the Poisson point process based on the 2D plane can help us analyze

and discuss the characteristics of cell based on random distribution in 2D space.

3.2.3 Stochastic Petri Net

In this section, we introduce the mathematical formal model, Petri Net, that was mainly
used in this section, including transaction processing submodel, servicing submodel and
capacity control submodel in the case of considering handover.

A Petri net is a mathematical formal model, which includes three components, place,
transition and directed arc. Place and transition are represented by circles and rect-
angles, respectively. Petri nets represent the dynamics of a system or network by the
dynamics of token distributed in places, as shown in Fig. 3.6.

Define the state of the token distribution in the left place as (1,0) before the system
change in Fig. 3.6, and define the state of the token distribution in the right place as
(0,1) after the system change in Fig. 3.6, and the time consumed from state (1,0) to
state (0,1) follows exponential distribution, which the transition is represented by a

white rectangle. Such the notation to represent the system state in Petri Net is called
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marking. The marking of an Petri Net is given by a vector that represents the number
of tokens for all the places, providing the state of a target system. In addition, there is
the following form of describing the dynamics of the system in Petri Nets,

Therefore, in Petri Net, there can exist the following types of transitions [17][18],
o IMM transition (Immediate, i.e., they fire in zero time),

o EXP transition (Timed with exponentially distributed firing time),

o GEN transition (Timed with generally distributed firing time).

In general, the IMM transition, EXP transition and GEN transition are often ex-
pressed by a thin black bar, a white rectangle, a white rectangle, respectively. The IMM
transitions have priority to fire over timed transitions. There is at most one transition
which is enabled in a marking. When two or more transitions are enabled at the same
time, the enabling functions, also called guard functions (GFs), are added to these tran-
sitions to control the firing sequence. GFs determine the enabled timing and are given
by the interrelationships between the transition and the corresponding places. A tran-
sition with a guard function occurs when the value of the guard function is evaluated
to be true. For a stochastic Petri Net (SPN) is defined as a Petri net with exponential

distribution of firing times for transitions.

3.3 SINR and RSRQ assumption by Poisson point process

3.3.1 SINR-based cell association

In this section, we describe how the UE associates cells based on the SINR within two-
tier HetNet, indicating that the UE associates with the cell that has a better SINR by
comparing the SINR of two-tier cells, instead of associating cells by comparing a given
threshold with the SINR of each cell tier, because if the condition is not satisfied, the

UE cannot associate cells. The SINR model we considered is given below,

PSGaiD;in
L+ L+ 0%

PyGy, Dy

SINRg = M
S I+ Iy + 0?2’

SINRy = (3.3)
where SIN Ry and SIN Rg are the SINR when the UE is associated with macro and
small cells, respectively; Ps and Py are the reference power of small and macro cell,
respectively; G, is the channel gain of the UE associated with small cells, which follows
an exponential G ~ (f,,) distribution; Gy, is the channel gain of a UE associated with
macro cells, which also follows an exponential G ~ (up,) distribution; D,, and Dy,
are the random variables of UE distance from small and macro cell, respectively, while

satisfying the exponential distribution property, the parameter n is the path loss with
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value as 4 in this paper; the expressions of interference I; and Iy in SINRg are as

follows,

L+T=) PuG,Dy"+ > PsGaD;"+0" (3.4)
b;ePo a;€P1\RHO,

Since we assumed that macro cells and small cells were in the same frequency, Iy
implied that if the UE was associated with a small cell, it will be subject to interference
from other surrounding macro cells, and the UE will also be subject to interference
from other surrounding small cells that use the same frequency. In addition, we con-
sidered interference cancellation in intra servicing cell, so the UE would suffer from the
interference I» from other small cells in the same frequency outside the interference
cancellation range RHO,. Similarly, if the UE was associated with a macro cell after

measuring two-tier, the interference received will be in the form of I3 and I4, as follows,

Is+I= Y PGaD;"+ Y PuGyD"+0” (3.5)
a; Py biG‘I)Q\RHOb

By allowing the UE to compare the SINR of two-tier cells to be associated with
the better cell for transmission, we considered the association model as in Eq. (3.6) at
the bottom of this page, where T2 denotes the threshold of SINR,;, and its detailed

derivation procedures we give in the Appendix.

¢ =Pr{SINRs > SINR\}

°° fa PiT?2 D/t
=1- / 2w Aa D, exp —/\a7rD§ — Abtz Fa” V2 2 arctan | — 425
0 b Ps

RHO?Z

D2, /talul2 VT2 + (1 + T2) arctan (\/T2>
—)\aﬂ'Da VT2 arctan W dDa . R
i 20V/T2 (1 +T2) [1 + /T2 arctan <\/T2>]
(3.6)

3.3.2 A2-A4RSRQ-based handover

A2-A4RSRQ handover is one of the many handover algorithms, based on the handover
algorithm we described in Fig. 3.2. It is an HDMA by combining the A2 events and A4
of the handover events published by 3GPP, with the purpose of reducing the UE fre-
quent occurrence of handover in Het-Net. The signal indicator used in the A2-A4RSRQ
handover algorithm is RSRQ, which is an indicator of the signal quality received by the
UE from the cell. Different from the signal strength indicator RSRP, RSRQ includes the

investigation of the number of available resource blocks (RBs) from the cell in the sig-
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nal strength indicator RSRP, the relationship between them was given in the following

equation,

N - RSRP

RSRQ = —pos

(3.7)

where N denotes the number of resource blocks available in the cell, and RSS in here
denotes the signal strength in the full frequency band, which includes the signal strength
of the source cell and also includes the interference signal from other cells. In addition,
in A2-A4RSRQ algorithm, the steps of UE from triggering handover to completing
handover can be divided into three phases: handover preparation, handover execution
judgment and handover completion, where in this paper we called handover preparation
as handover enable and handover execution judgment as celloffset. The specific process

is shown in the Fig. 3.2,

3.3.3 Handover enable

We consider the first condition branch in Fig. 3.2, source cell RSRQ < threshold, as
handover enable. In the composite event A2-A4RSRQ handover algorithm, as the UE
gradually moves away from the source cell, the received signal strength from the source
cell will gradually weaken, and the event A2 will be triggered when the signal strength of
the source cell is lower than a threshold. However, the UE will not immediately trigger
handover after event A2, but will change the handover status to enable, and then perform
the judgment of event A4 or repeat this step again, as shown in Fig. 3.2. In addition, the
UE trigger event A2 is not instantaneous but cumulative in time, therefore, we assume
that the time of small cell UE trigger event A2 is following exponential distribution
with the intensity parameter Tssery HOoccur, the time of macro cell UE trigger event A2
also following exponential distribution with the intensity parameter Ty,serv  HOoccur, 88

equation in the below,

F($) —1— e_TsscrviHOoccurI’ F(x) =1 e_TmscrviHOoccurx' (38)

3.3.4 Cell offset

The second condition branch we considered target cell RSRQ) — source cell RSRQ) <
cellof fset. The UE that has triggered event A2 will continue to judge event A4, whether
the RSRQ of the target cell is greater than the RSRQ of the source cell, and if the
condition is satisfied then the process of handover of the UE will succeed. Conversely,
it will be failed and return to the initial step again. In this paper we consider that the

triggering of event A4 was immediate and a probability event.
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The assumed RSRQ model were shown in Eq. (3.9) and Eq. (3.10) as follow,

NsPs, G, D"
RSRQs = e T (3.9)
Zaietbl NSPSkGaiDai + Zbie‘bg NMPMk GbiDbi + O noise
Ny P, Gy, DI
RSRQw = M D b . (3.10)

Y aed, NsPs,Ga, Do + 370 o, NP, G, Dy + 05 e

where Pg, and Py, are the output power of the small and macro cells, respectively, at
the kth RB, the other parameter is same as Eq. (3.6). Eq. (3.9) denotes the RSRQ of
UE in small cell and Eq. (3.10) denotes the RSRQ of UE in large cell. Eq. (3.9) and
Eq.( 3.10) were assumed based on Eq. (3.7) of the definition of RSRQ. Therefore, the
definition of event A4 we given the following Eq. (3.11),

Coffsete, = Pr{RSRQyn — RSRQg > Cp}
Aam/p1 (Co + T3) + A/ + T3 A (AVT3 + A VT3)

pr— 2 .
2Xa + AamV/Co + T3 + My /p1 (Co + T'3) [(2—!—7‘(\/1—173) +)\b77\/m} (T3)
(3.11)

where Coffset,,, denotes the successful probability of UE handover from a small to macro
cell, T'3 denotes the threshold value for triggering the A2 event during handover from
a small to a macro cell, p; = NN;illeka’ py = ijl\gi?;i’“, Cy is the assumed the cell offset
value. It denotes the model of celloffset when UE is handover from small cell to macro
cell, meaning that the probability of successful handover when UE is handover from
small cell to macro cell was (offset,,,- 1he same applies during handover from macro to
small cell. The equation when UE handover from macro to small cell can be derived as

Eq. (3.12).
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Figure 3.7: SPN for transaction processing submodel without handover.

Coffsetrm, = Pr{RSRQs — RSRQm > C1}

Vi (Co T T3) + Mr/Co+ T3 AaTm (Aa\/ﬁ n )\b\/ﬁ)
2)\a + )\aﬂ'm + )\bﬂ'\/m [(2 + W\/ﬁ) i )\bﬂ_\/m} 2 (T3)
(3.12)

Eq. (3.12) denotes the model of celloffset when the UE handover from macro cell to
small cell, which means the probability of successful handover when the UE handover
from macro cell to small cell was (offset,, .- Lhe detailed derivation process was given in

the Appendix.

3.4 Proposed composite stochastic Petri Nets

3.4.1 Composite SPN without handover

In this section, we first introduce the model for SPN without considering UE handover,
which includes transaction processing submodel, servicing submodel and capacity con-

trol submodel.

3.4.1.1 Transaction processing submodel

This subsection describes the Transaction processing submodel without handover. As
shown in Figure 3.7, the white rectangle T,,iva1 represents the arrival of UEs, and the

arrival time distribution of UEs follows an exponential distribution. UEs arriving at
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Table 3.1: The description of places in transaction processing submodel.

Place Description

Pelect Associated cell

P serv Waiting for service in small cell
P serv Waiting for service in macro cell

Pigepart_count | Complete the service and depart small cell
Pidepart_count | Complete the service and depart macro cell
Piserv_count Pass signals to tserv1_in and tsconsume, N0 meaning
Rnservicount Pass Signals to tsev“anin and tmconsumea no mcaning

Table 3.2: The description of transitions in transaction processing submodel.

Transition Description Attribute
Tarrival UEs arrivals based on exponential distribution EXP
ts1 Fires whenever a UE associates small cell with probability p;. IMM
ts2 Fires whenever a UE associates macro cell with probability 1 —p; | IMM
ts depart Complete the service and depart small cell IMM
tm_depart Complete the service and depart small cell IMM
tsdepart_count | Receive signals from Pygery depart IMM
tmdepart_count | Receive signals from Ppserv depart IMM
tsservicount Receive Signals from Psconsicount and Pstransicount IMM
tmserv_count Receive signals from Pmcons_count a1d Prtrans_ count IMM

Het-Net enter the state of cell association, which is represented by place Piglect- The
probabilities of UE associating with small and macro cell, ps; and 1 — pg1, respectively,

are derived from Eq. (3.6).

Let tg1 and ts2 denote control UEs associating with small and macro cell, respectively.
ts1 fires with probability ps; when there is capacity available for allocation to UE in small
cell, and tg fires with probability 1 — ps; when there is capacity available for allocation
to UE in macro cell. When UE enters the small cells P; gerv Or the macro cell Py serv,
the UE begins to receive the service from cell, and UE departs the cell when finishes
the service. tsqepart fires when the UE finishes the service in the small cell, and tndepart

fires when the UE finishes the service in the macro cell.

Let Pisserv count and Prserv count Used to pass signals to fservi in in Figure 3.8 and
tsconsume in Figure 3.10, respectively; Pidepart count @1d Prdepart count Were used to pass

signals to fsserv depart in Figure 3.8 and tyserv depart in Figure 3.13, respectively.

On the other hand, tsserv count and tmserv count Were to fire by receiving signals from
Picons count in Figure 3.8 and Prcons count in Figure 3.13, respectively, fsdepart count
and tmdepart count Were to fire by receiving signals from Piserv count in Figure 3.8 and
Prserv count in Figure 3.13, respectively, and both of them were immediate fire. We
summarize the relevant places and transitions in Figure 3.7 as Table 3.1 and Table 3.2,

respectively.
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Figure 3.8: SPN for small cell servicing submodel without handover.

3.4.1.2 Servicing submodel

This section describes the Servicing submodel when without handover. As shown in Fig-
ure 3.8, tservi in is briefly described in the previous subsection. When tgev1 in receives
a signal from Pierv count, it fires, indicating that a UE enters the queue to wait for
service from the cell, denoted by place Piransi- Bs waitingl, £s_waiting2, and Ps waitingN
denote the N queues that the small cell can provide to the UE, and the waiting UE who
receives service enters the corresponding queue to receive service through the firing of
tscl, tsc2 and tgeNn. The firing probabilities of tgc1, tseco and tgen are equal and sum to 1.
In this paper, we assumed that the time that a UE receives service in a cell follows an
exponential distribution, and that the UE departs the cell after receiving service.

Therefore, the firing times of Ty servi, Ts serv2 and T seryN Were based on exponen-
tial distribution. Pstrans count Was used to pass signals to fsgerv count i Fig. 3.7. Let
Piserv depart Was used to pass signals to ts gepart in Fig. 3.7 and tincreaser in Fig. 3.10, both
of them have no meaning in describing UEs behavior. tstrans count fires by receiving sig-
nals from Psserv count 10 Fig. 3.7, tssery depart fires by receiving signals from Psgepart count
in Fig. 3.7 and Pysiner count in Fig. 3.10, and both fgtrans count and tssery depart Were im-
mediate fires.

Similarly, the process of UE receiving service in a macro cell is the same as in a small
cell as shown in Fig. 3.9, but since the communication environments of small and macro
cells are completely different, which means that the time consumed by UE receiving

service in a macro cell is different from that in a small cell. Therefore, the cumulative
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Figure 3.9: SPN for macro cell servicing submodel without handover.
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Figure 3.10: SPN for macro cell capacity control submodel without handover.

firing times of Ty servi, Im serv2 and Ty gervMm are different from those of Ty gervi,

Ts serv2 and T gervn in Fig. 3.8, but they also followed the exponential distribution of

firing time. We summarize the relevant places and transitions in Fig. 3.8 and Fig. 3.9

as Table 3.3 and Table 3.4, respectively.

3.4.1.3 Capacity control submodel

This section describes the capacity control submodel when without handover. As shown

in Fig. 3.10. Let Picap denotes the number of available capacity of the small cell Ng.

Whenever a UE enters the small cell, tsconsume receives a signal from place Pigerv count

in Fig. 3.7 to decrease the available capacity by one time, while #jcrease1 receives a

signal from place Pssery depart in Fig. 3.8 to increase the available capacity by one time
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Table 3.3: The description of places in small and macro cell servicing submodel.

Place Description

Piranst Receive the signals from Pyserv count, N0 meaning
Pitrans_count | Restrict repeated firing of teervi in

By aiting1 Waiting for service in the 1 queue of small cell
By yaiting2 Waiting for service in the 2 queue of small cell
P waitingN Waiting for service in the N queue of small cell
Pyserv_depars | Complete the service and depart small cell
Pirans2 Receive the signals from Prserv_count, 10 meaning
Prtrans_count | Restrict repeated firing of teerva in

P waitingl Waiting for service in the 1 queue of macro cell
P waiting? Waiting for service in the 2 queue of macro cell
P waitingm | Waiting for service in the M queue of macro cell
Prserv_depart | Complete the service and depart macro cell

Table 3.4: The description of transitions in small and macro cell servicing submodel.

Transition Description Attribute
tservl_in Fires when a UE is associated with small cell IMM
tstrans_count | Receive the signals from Pigerv count IMM
tscl Fires when the queue P, yaiting1 has available capacity IMM
tse2 Fires when the queue P waiting2 has available capacity IMM
tseN Fires when the queue P waitingy has available capacity IMM
T servi Fires whenever a UE completes service in the queue Py waitingl EXP
15 serv2 Fires whenever a UE completes service in the queue Ps_waiting2 EXP
Ts servN Fires whenever a UE completes service in the queue Ps waitingN EXP
tsservidepart Receive Signa'ls from Psincrfcount and Psdeparticount EXP
tserv2_in Fires when a UE is associated with macro cell IMM
tmtrans_count | Receive the signals from Ppgerv count IMM
tmel Fires when the queue Py ywaiting1 has available capacity IMM
tme2 Fires when the queue Py waiting2 has available capacity IMM
tmeN Fires when the queue P, waitingm has available capacity IMM
T servi Fires whenever a UE completes service in the queue Py, waitingt | EXP
T serv2 Fires whenever a UE completes service in the queue Py, waiting2 | EXP
T servM Fires whenever a UE completes service in the queue Py waitingyt | EXP
tmscrvidcpart Receive Signals from Pmincricount and P, mdepart__count EXP

whenever a UE departs the small cell after receiving the service, achieving dynamic
control of the dynamic increase or decrease of the available capacity in the small cell.

Let Piiner count and Piscons count Used to restrict the repeated firings of tincreasel
and fsconsume, respectively, and have no meaning in describing UE behavior. Besides,
tsiner count fires by receiving signals from Pigerv depart, tscons count fires by receiving sig-
nals from Pierv count-

Similarly, the dynamic capacity model of macro cell was shown in Fig. 3.11, and
its capacity dynamic control process was exactly the same as that of the small cell
model, but the capacity of macro cell was N,,. We summarize the relevant places
and transitions in Fig. 3.10 as Table 3.5 and Table 3.6, respectively. Finally, we also
summarize the definitions of GF of all places and all transitions for models transaction

processing submodel, servicing submodel and capacity control submodel in Table 3.7.
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Figure 3.11: SPN for small cell capacity control submodel without handover.

I mcap

Table 3.5: The places description of capacity control SPN in this section.

Place Description
Psiner count Restrict the repeated firings of tincreasel, N0 meaning

Picap Available capacity Ny of small cell
Pycons_count | Restrict the repeated firings of tsconsume

Phiner_count | Restrict the repeated firings of tincrease2, N0 meaning
Prcap Available capacity Ny, of macro cell
Prycons_count | Restrict the repeated firings of tmconsume

Table 3.6: The transitions description of capacity control SPN in this section.

Transition Description Attribute
tincreasel Control the increase of small cell capacity | IMM
tsiner count Receives the signals from Piserv depart IMM
tsconsume Control the decrease of small cell capacity | IMM
tsconsume_count | Receives the signals from Piserv count IMM
tincrease2 Control the increase of macro cell capacity | IMM
tminer_count Receives the signals from Pserv depart IMM
tmconsume Control the decrease of macro cell capacity | IMM
tmeonsume_count | Receives the signals from Ppserv count IMM
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3.4. Proposed composite stochastic Petri Nets

Table 3.7: Guard functions of SPN without handover.

Guard Guar function

Js1 #(Pscap) >0

gs2 P mcap) >0

Js_depart Psservidepart) == 1&&#(Psdepart7count) ==0
9m__depart Pmserv depart) == 1&&#(Pmdepart count) ==0

Jsserv__count
9mserv__count
Gsdepart__count
g mdepart__count
Jservl

Gserv2

Jsserv_ depart
YJmserv__depart
Jstrans__count
g mtrans__count
Gscl

Ysc2

Gsc3

9mcl

Gme2

9me3

Jinerl

Jincr2

Geonl

Gcon2
Jsincr__count
9mincr__count
gsconsicount

Jmcons__count

I

'ConstOUHt) = 1&&#(Pstransfcount) ==0
mconsﬁcount) == 1&&#(Pmtransfcount) ==

el

Psservidepart) ==0
Pmscrvideart) ==0

A

Servicount) == 1&&#(Pstransicount) ==0
mserv_count) == 1&&#(Putrans_count) == 0
Sincr_count) == 1&&#(Psdepart7count) ==1
mincrfcount) - 1&&#(Pmdepart7count) ==1

serv count) ==0

v liav e aviine
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m_waitingl < mCap/]\/[

m_waitingl < mcap/M

m_waitingl < mCap/M

‘SCTVdeP‘th) == 1&&#(Psincr7count) ==0
mservfdepart) == 1&&#(Puiner_count) == 0
serv_count) == 1&&# (Pscons_count) == 0
mscrvfcount) - 1&&#(Pmconsicount) ==

v liae Jiav a v lne Binfine Biae!

FeF e F IR
e
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Psservidepart) ==0
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Pmservicount) ==0
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Figure 3.12: SPN for transaction processing submodel with handover.

3.4.2 Composite SPN with handover

In this section, we continue to introduce the SPN model of considering the UE handover,
also including transaction processing submodel, servicing submodel and capacity control

submodel.

3.4.2.1 Transaction processing submodel

In this section, we introduce about the transaction processing model considering the UE
handover, as shown in Fig. 3.12.

Similarly, the arrival transition T,,iva1 of the UE follows the exponential distribution.
The arriving UEs also enter the association cell state Piglect, associated with a small cell
with probability ps; and a macro cell with probability 1 — ps1. The associated UEs also
wait for service in the cell, corresponding to Ps gery for small cell and Py, gery for macro
cell, and depart from the cell when the UE has received the service. Different from the
considered in Model 1, the UEs associated with a cell may handover due to mobility
or degradation of the communication environment. Therefore, the handover state of
the UE in which handover occurs will first change to enable, denoted by Psy, init When
handover from a small cell to a macro cell and Ppys init Wwhen handover from a macro

cell to a small cell, respectively. As we described in Chapter 2, a UE whose handover
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Figure 3.13: SPN for small cell servicing submodel with handover.

state changes to enable does not necessarily complete the handover successfully, but has
to determine the RSRQ of the target cell first.

Therefore, a UE handover from a small cell Ps ¢v to a macro cell Py gery will
complete the handover successfully with probability psmpo, enter the handover success
state PsHOsuce count, failed with probability 1 — psmpo, and return to the Pigect State.
Similarly, a UE handover from a macro cell Py gery to a small cell Py gopy will com-
plete the handover successfully with probability pmsmo, enter the handover success state

PrHOsuce count, failed with probability 1 — pyspo, and return to the Peelect state.

3.4.2.2 Servicing submodel

This section introduces the model when considering UE handover, as shown in Fig. 3.13.
Similarly, teervi in fires when it receives a signal from Pigerv count, indicating that the
UE enters the queue to receive the service and can enter any of the queues, denoted by
Py waitingl, Ps_waiting2 and Ps_aitingN for the different queues. #sc1, tse2 and tsen, which
control the entering queues, also fire with equal probability and sum to 1. The UE that
has received the service also departs the cell, denoted by Piseryv depart- Different from
the model in Fig. 3.8, we consider UE handover in this Servicing submodel, which may
occur in any of the queues Ps waitingl, Ps waiting2 and Ps waitingN While receiving service
due to the change in signal quality RSRQ.

Therefore, each queue has a transition that controls UE handover, denoted by
Tisserv_HOoccurls Tssserv_HOoccur2 and Tissery. HOoceurN, and their firing time follows the

exponential distribution as well as the state of UE handover becomes enable after firing.
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Figure 3.14: SPN for macro cell servicing submodel with handover.

Table 3.8: The description of places in small and macro cell Servicing submodel.

Place Description

PiHOservin_count | Restrict repeated firing of tsHOserv_in, NO meaning

PsHO depart Triggered event A2 in the small cell and depart the queue and cell
PmHOservinicount Restrict repeated ﬁring of thOserviin

PO depart Triggered event A2 in the macro cell and depart the queue and cell, no meaning

Assume that the cumulative time of service and event A2 firing is the same for the UE
in the cellular. Let tsHoserv in fires whenever a UE successfully handovers from a macro
cell to a small cell, and this process is finished by receiving signals from Piyosuce count
in Fig. 3.12. Let PiHOservin count @0d Pstrans count Used to limit the repeated firings of
tsHOservin count @0d fstrans count, respectively, and have no meaning.

Similarly, the service process of the UE in a macro cell is the same as in a small
cell, as shown in Fig. 3.7. However, the communication environment of the UE in a
macro cell is different from that in a small cell, thus the average firing times of 17, servi,
T serve and Ty, serym are different from the average times of Ty gervi, s serve and
Ts servN firings in Fig. 3.13. Summarizing the places and the transitions in Fig. 3.13
and Fig. 3.14 into Table 3.8 and Table 3.9, respectively.
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Table 3.9: The description of transitions in small and macro cell Servicing submodel.

Transition Description Attribute
lsHOserv_in Receive the signals from Pyrosuce count | IMM
tsHOservin_count | Receive the signals from Pmuaosuce count | IMM
tsHO_ depart Receive the signals from Psm_ init IMM
Tsserv HOoccurl Trigger event A2 in the small cell EXP
Tsserv._HOoccur2 | Trigger event A2 in the small cell EXP
Tsserv_HOoceurs | Trigger event A2 in the small cell EXP
tmHOserv_in Receive the signals from PsHosuce count | EXP
tmHOservin_count | Receive the signals from PiHosuce count | IMM
tmHO_ depart Receive the signals from Prs_init IMM
Tinserv HOoceurl | Trigger event A2 in the macro cell EXP
Tinserv_HOoccur2 | Trigger event A2 in the macro cell EXP
Tinserv_HOoccur | Trigger event A2 in the macro cell EXP
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Figure 3.15: SPN for capacity control submodel with handover, small (left) and
macro (right) cell.

3.4.2.3 Capacity control submodel

This section introduces the capacity control model with considering handover, as shown
in Fig. 3.15 (left). Similarly, Picap and Ppcap denote the small cell and macro cell
capacity, respectively. tsconsume fires whenever a UE enters the small cell, which decreases

the small cell capacity Picap by one.

Different from Fig. 3.11 and Fig. 3.10, because UE handover is considered, the ca-
pacity increase or decrease of small cells is not only caused by arrived UEs and UEs
completing service, but also by UEs that successfully complete handover. Therefore,
tsHO increase 1S the transition that controls the UEs that successfully handover from the
small cell to a macro cell, and fires once to increase the small cell capacity by one if a
UE successfully handovers, while ¢,HO consume fires to decrease the macro cell capacity

by one.

Similarly, tsHO consume fires to decrease the small cell capacity by one and t,HO increase
fires to increase the macro cell capacity by one when a UE successfully handovers
from the macro cell to a small cell. Let Pscons count and PsHOcons count Pass signals to
tsservcount aNd tmHOsuce count i Fig. 3.15, respectively, and have no meaning. Piiner count
and PsHOiner count are used to restrict the repeated firing of teserv increase and tsHO increase-
BeSid687 tsincrfcounta tsconsum tsHOiconsumea tsconsurnefcount and 75sHOconsicount are to accept

Slgnals from P, sserv__depart P, sserv__counts P, sserv__count P mHOsucc_ count and P, mHOsucc_ counts

respectively.

Similarly, the dynamic Capacity control for macro cell is the same as that for small
cell, as shown in Fig. 3.15 (right), and the places and transitions in Fig. 3.15 are sum-
marized in Table 3.10 and Table 3.11, respectively. Finally, the GFs of transaction
processing submodel, servicing submodel, and capacity control submodel with handover

are also summarized in Table 3.12.
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3.5. Numerical experiment

Table 3.10: The description of places in Servicing submodel of small and macro cell.

Place

Description

PsHOin(‘,ricount
PsHOconsicount
PmHOincricount
PmHOconsicount

Restrict repeated firing of tsHO increase

Restrict repeated firing of tsHO consume
Restrict repeated firing of ¢mHO increase
Restrict repeated firing of t,HO consume

Table 3.11: The description of transitions in small and macro cell Servicing submodel.

Transition Description Attribute
tsHO increase Receive the signals from Psgo depart IMM
tsHOiner_count | Receive the signals from PsHo depart IMM
tsHOfconsume Receive the signals from PmHOsuccicount IMM
tsHOcons_count | Receive the signals from PraOsuce count | IMM
tmHO_increase Receive the signals from Ppnio depart IMM
tmHOiner_count | Receive the signals from PyHO depart IMM
tmHO consume | Receive the signals from PsHosuce count | IMM
tmHOcons_count | RReceive the signals from Psgosuce count | IMM

3.4.2.4 Underlying CTMC

Regarding the analysis of SPN models, there are marking-based analysis methods and
Markov chain-based analysis methods. Since the marking-based analysis methods usu-
ally consume time. Therefore, in this paper, we used the Markov chain-based method to
analyze the assumed SPN, and the transitions in the assumed SPN model all followed
immediate or exponential distribution firing, so the assumed SPN could be analyzed by
continous-time Markov chain (CTMC) [19]. Based on basic methodology of the Markov
chain, define @ be the infinitesimal generator matrix of the underlying CTMC. Then,

the transaction loss rate, P, is given by

(3.13)

where 7 is the sojourn time in all states and 7 = (—1/¢;;), with ¢;; as the diagonal
elements of Q. Besides, A denotes the arrival rate of UE, r|. is the reward vector
corresponding to the loss occurrence states, and 1 is a the column vector whose elements

are all 1.

3.5 Numerical experiment

We assumed the following parameters in our model for performance analysis of the two-
tier HetNet, as shown in Table 3.13. The intensity of small and macro cells was 3/ km?
and 1/ km?, respectively; the power of macro and small cells was 46 dBm and 30 dBm,
respectively; the mean channel gain of both macro and small cell were N% = i =1;
the SINR threshold of macro cell T2 was —7 dB, the threshold T3 for a handover was

-10 dB; the number of available resource blocks both in macro and small cells were 6,
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Table 3.12: Guard functions of SPN with handover.

Guard

Guar function

9s1

9s2

s _depart

9m_ depart
Ysserv__count
gmservicolmt
Ysdepart__count
gmdcparticount
Y9sm__init
gsm_exe

Gsm_ fail
9sHOsucc__count
Yms__init
9ms_exe

Gms_ fail
9JmHOsucc__count
Yservl

Yserv2
Ysserv__depart
Ymserv__depart
gstransicount
Ymtrans__count
Yscl

Ysc2

Ysc3

9mcl

9mc2

9me3

9sHO_ depart
9mHO_ depart
Y9sHOserv__in
YsHOservin__count
9mHOserv_in
9JmHOservin__count
Yinerl

Yincr2

Yeonl

YJeon2
Ysiner__count
Ymincr__count
gsconsicount
gmconsﬁcount
9sHO_incr
9sHO__count
9sHO__cons
9sHOcons__count
YmHO__incr
9mHO__count
9JmHO__cons

9mHOcons__count

#(P scap) >0

#(Puncap) > 0

#(Psserv depart) == 1&&#(Psdepart count) ==0
#(Rnservidcpart) == 1&&#(Pmdcparticount) ==0
#(Psconsicoum) == 1&&#(Pstmnsicoum) ==0
#(Pmconsicmmt) == 1&&#(Pmtransicmmt) ==0
#(I_)sserv depart) ==0

#(Pmscrvidcpart) ==0

#(I')SHO depart) == 1&&#(Psmiinit) ==0
#(PsHoidcparL) == O&&#(Pmcap) >0
#(I_)SHOidepart) ==0

#(RnHOservinicount) == 1&&#(PmHOconsicount) =1
#(PmHOidepart) == 1&&#(Pmsiinit) ==0
#(RnHOidepart) == O&&#(Pscap) >0
#(PmHOidepart) ==0

#(PSHOscrvinicount) == 1&&#(P5H000nsicount) ==1
#(Psservicount) == 1&&#(Pstransic0unt) ==0
#(Pmservicount) == 1&&#(Pmtransicount) ==0
#(Psincricount) == 1&&#(Psdeparticount) ==1
#(Rnincricount) == 1&&#(Pmdepart7count) =1
#(Psservicount) ==0

#(Rnscrvicount) ==0

#(Ps_waiting1 < scap/N

#(Psiwaitingl < SCGP/N

#(Ps waitingl < SCGP/N

#(Rniwaitingl < mCGP/M

#(Pr_waiting1 < mcap/M

#(Pmiwaitingl < mcap/fw

#(Rm init) == 1&&#(PSHOinC!‘7COUHt) ==1
#(Pmsiinit) == 1&&#(PHIHOincr70011nt) ==1
#(PmHOsuccicount) == 1&&#(PSHOservinicount) ==0
#(RnHOsuccicount) ==0

#(EHOSuccicount) == 1&&#(PmHOservich011nt) ==0
#(PSHOsucccount) ==0

#(Psscrvidcpart) == 1&&#(I)Sin(‘,r7(‘,ollnt) ==0
#(Pmserv depart) == 1&&#(Pmincricount)
#(I)sservicount) == 1&&#(chonsicount) ==0
#(Rnservicount) == 1&&#(Pmconsicount) ==0
#(Psscrvidcpart) ==0

#(Pmservidepart) ==0

#(F)sservicound ==0

#(Pmservicount) ==0

#(PsHoidepart) == 1&&#(PSHOincricount) ==0
#(PSHOidepart) ==0

#(RnHOsuccicount) == 1&&#(PSHOCOK157COHHE) ==0
#(PmHOsucc count) ==0

#(RnHOidepart) == 1&&#(PmHOincricount) ==0
#(PmHoidepart) ==0

#(PSHOsuccicount) == 1&&#(R11H0consicount) ==0
#(PSHOSHCC count) ==0

and the intra-cell interference cancellation parameter RHO was 0.5. The firing rate of
Ts serv and Ty, sery Was 0.2 and 0.1, respectively; the firing rate of Tiserv HOoccur and
Tmserv. HOoccur Was 0.2 and 0.2, respectively. The p; = 0.025, po = 40. The number of
queues N in Fig. 3.8 and Fig. 3.13 were both 3; the capacity scap and mscap were both

6.
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3.6.

Summary

Table 3.13: Parameter settings

Parameter Description Value

Aa the intensity of small cell in the plane | 3 mc/km?
Ab the intensity of macro cell in the plane | 1 mc/km?
P, the power of small cell 1W

By the power of macro cell 10 W

14 the probability of select small cell 0.5

La the channel gain of small cell 1

b the channel gain of macro cell 1

X the paprameter of reservation channel | 7

H#T arrival the arrival of UEs rate 1/4.5

#Ts serv the small cell servicing rate 1/9

#Tm serv the macro cell servicing rate 1/10
#Tsserv_HOoceur | the small cell handover rate 1/3
H#Tmserv_HOoccur | the macro cell handover rate 1/4
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Figure 3.16: New UE loss probability with and without handover traffic.
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In this Chapter, Since the assumed UE service time distribution in the Het-Net and the

A2 event trigger time distribution was based on the exponential distribution. However,

the time cumulation based on the exponential distribution is often too desirable; thus,

the service time based on the general distribution and the trigger time of events A2 and

A4 may be modeled and analyzed to consider the specific movement of the UE in a cell,

which will be considered in future work. Moreover, with the model, more comprehensive

network performance metrics such as handover call drop probability, average users in
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the network, average delay, and throughput of the network will be considered in the
future. After this, simulation-based approach will be used to verify the accuracy of the

model.
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Chapter 4

Modeling analysis of handover
properties and design of handover

decision-making algorithms

In Chapter 3, we established a theoretical framework to analyze the impact of fre-
quent handovers on resource blocking. However, that analysis treats all handovers as
homogeneous events, without distinguishing between their directional characteristics.
In reality, one of the core factors behind frequent and inefficient handovers lies in the
decision-making phase, where flawed logic fails to consider the asymmetry between dif-
ferent handover directions.

As discussed in Chapter 2, conventional HDMA algorithms such as A3BRSRP —apply
direction-agnostic logic, triggering handovers based solely on RSRP comparisons without
recognizing whether the transition is from a macrocell to a small cell (M2S) or from
a small cell to a macrocell (S2M). This oversimplification becomes a critical flaw in
HetNets, where macrocells and small cells differ significantly in terms of transmission
power, coverage, and service stability.

This directional asymmetry results in fundamentally different behaviors in terms
of handover trigger probability (HoT), handover failure probability (HoF), and user
dwell time, especially for high-speed UEs. For instance, handing over a fast-moving
UE to a small cell with a limited coverage area often leads to rapid handover reversals
(ping-pong effects) and communication degradation. Therefore, a deep quantitative
understanding of directional handover behaviors is essential before designing intelligent
handover algorithms.

To address this, the first part of this chapter develops a direction-aware continuous-
time analytical model to distinguish and analyze M2S and S2M handovers. Building on
the SPN-PPP framework introduced in Chapter 3, we propose a novel extension named
Do-SPN-PPP (Direction-Oriented SPN over Poisson Point Process). This framework

incorporates continuous-time Markov chains (CTMCs) to model UE state transitions
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between macro and small cells in a spatially random HetNet environment.

Through this model, we quantitatively analyze how M2S and S2M handovers differ
in terms of HoT and HoF, and how key parameters such as the handover margin (HOM)
affect direction-specific performance and user residence times. Our findings show that
traditional discrete-time models often underestimate these effects, while the proposed
continuous-time model achieves greater predictive accuracy.

In the second part of this chapter, we shift focus to designing an intelligent, direction-
aware handover decision algorithm. While traditional HDMA lack the ability to identify
the type of the target cell, each base station in a 5G network carries a unique NR Cell
Identity (NCI), which includes the gNB ID. Inspired by this, we propose an NCI-aware
handover mechanism that semantically extends the 22-bit gNB ID by reserving the top
2 bits to encode the gNB type—macrocell, Sub-6GHz small cell, or mmWave gNB.

By parsing this encoded gNB type, either the UE or the network can intelligently
interpret the nature of the candidate target cell during the handover decision phase.
This enables smarter strategies, such as preventing high-speed UEs from switching to
cells with limited coverage (e.g., mmWave cells), thereby avoiding suboptimal decisions
and improving mobility robustness in dynamic environments.

Collectively, the research in this chapter constructs a full-stack solution to the
“direction-blindness” problem in handover logic, by integrating directional modeling,
cell type identification, and intelligent decision-making into a coherent and theoretically

grounded framework.

4.1 Overview of the ASBRSRP HDMA

A3RSRP HDMA is another important handover algorithm for smooth switching of UE
communication connections between different cell in mobile communication networks,
which is more commonly used in LTE and 5G networks than A2A4RSRQ HDMA, and
is the main HDMA in mobile communication networks.

Compared to A2A4RSRQ HDMA, which is mainly used in communication envi-
ronments with strong interference, the ABRSRP HDMA is mainly used in scenarios
dominated by signal strength, especially scenarios dominated by significant variations
of received signal strength and path loss, and is able to effectively manage the handover
of UE between different cells to ensure that the UE can always be connected to a cell
with a stronger signal and ensure the quality of the communication environment.

Specifically, the UE measures the RSRP from different surrounding cells in real-time,
and when the UE receives an RSRP from a T-cell that is greater than the RSRP of the
S-cell by a certain value of handover margin (HOM) for the next period of time interval
TimeToTrigger (TTT), and then triggers the handover execution process that from the
S-cell to the T-cell [20], as shown in Fig. 5.3. These conditions within the ASRSRP
HDMA that the difference between the RSRP of the T-cell and the S-cell is referred to
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Figure 4.1: A3BRSRP handover decision-making algorithm.

as an A3 event, and the trigger condition for event a3 can be written in the following

form:

RSRP, — RSRP, > HOM, (4.1)

o A3 event (HOM): refers to the measurement event that triggers the switching
process when the signal strength of the neighboring area exceeds the signal strength

of the serving cell plus a preset offset.

e TTT: refers to the time threshold at which this event condition needs to be con-

tinuously satisfied for a certain period of time before triggering the action.

The selection of parameters HOM and TTT has a great impact on the probability of
the UE’s handover triggering and the probability of the HoF occurring, as well as on
the residence time in a cell.

However, ASBRSRP HDMA exhibits high number of the HoF and ping-pong han-
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dover performance problems due to inappropriate parameter setting [21], fading, and
shadowing even though the ASBRSRP HDMA is mainly used in scenarios with significant
signal strength fluctuations.

Even though the UE is not moving, its received signals are affected by fading and
shadowing, which also show obvious fluctuation, resulting in the ASRSRP HDMA not
being able to distinguish perfectly whether the UE’s handover is due to a genuine envi-
ronmental change or due to the effects of fading and shadowing, and thus making wrong
handover trigger judgment. Therefore, researchers have conducted a lot of optimization
studies on HOM and TTT to make up for the design deficiencies of ASRSRP HDMA.

However, researchers have ignored an important problem when performing optimiza-
tion; the HetNet communication environment is different from homogeneous networks,
and the difference in output power between macro cell and small cell is huge, which
leads to different communication conditions for UEs when triggering a handover based
on the judgment of formula (4.1).

In other words, macro-to-small (M2S) and small-to-macro (S2M) handover are two
different handovers in HetNet.

Therefore, it is necessary to analyze the impact of A3 events on different handover
directions when qualitative and quantitative analyses of handovers, because it can reveal
the characteristics of the different handover directions in HetNet and provide more
specific and accurate policies or suggestions for the subsequent optimization of handover
within HetNet.

4.2 Related research on optimization and analysis of ASRSRP
HDMA topics

The literature related to qualitative and quantitative analysis in evaluating handover

performance can be categorized according to the approach used, which is as follows:
e Measurement-based,
e Simulation-based,
e Theoretical analysis modeling-based,
e Formal modeling-based,

where simulation and modeling-based approaches are widely accepted in handover re-
search. Hence, researchers prioritize the performance evaluation of handover based on
the simulation and modeling as a low-cost approach compared with the measurement-
based. This paper focuses on the literature related to modeling and simulation-based

approaches.

40



4.2. Related research on optimization and analysis of ASBRSRP HDMA topics

4.2.1 Theoretical analysis based

The literature on analytical modeling techniques focuses on the use of the Poisson point
process (PPP) because the modeling based on the PPP is tractable and spatially av-
eraged, which provides direction and methodology for researchers to analyze large and
stochastic networks quantitatively [22].

ElSawy and Hossain [23] proposed a closed expression for increasing small-cell cov-
erage by enabling the small-cell to be cognizant of macro-cell interference in a two-tier
HetNet. However, the authors have not discussed the handover properties of the UE in
the HetNet.

Vasudeva et al [24] presented a geometric model and analyzed the impact of velocity
and TTT on the handover probability and HoF in fading and no-fading environments.
However, the authors have not considered the impact of the A3 event on the handover
and HoF' probabilities.

Suarez Rodriguez et al [25] proposed a base station association analysis model based
on environment maps and evaluated the handover overhead. In addition, the optimal
radius of the associated base stations is determined by defining throughput optimization.
Then, the rationality of the proposed model is verified using the Monte Carlo simulation.
However, the authors only focus on the UE throughput.

Arshad et al [5] proposed an analytical model considering the antenna height of UE,
then analyzed the effect of antenna height on the performance of associated base station
probability and handover frequency, and finally verified the reasonableness of the model
through Monte Carlo simulation.

Soltani et al [26] proposed an analytical model for handover in indoor-based optical
attocell networks, which considers the variation in handover performance due to the
rotation angle of the user device and evaluates the performance of the handover proba-
bility of the UEs in this network, and finally validates the model through Monte Carlo

simulations.

4.2.2 Formal modeling-based

Researchers primarily use Petri Net and Markov chain-based modeling approaches to
characterize and analyze handover behavior within the formal modeling-based approaches.

Lee et al [30] assumed the vehicle’s handover as a discrete-time Markov chain (DTMC)
and proposed a method to determine the T-cell. The result shows the effectiveness of
the proposed model in improving the vehicle throughput.

He et al [27] used a combination of the PPP and DTMC to model handover in a
homogeneous network and evaluated the impact of HOM and TTT parameters on the
performance of the HoF and ping-pong handover probabilities. However, the authors
considered a homogeneous network environment. Hence, the assumptions and conclu-

sions can not apply to the HetNet environment. Guidolin et al [31] proposed a DTMC
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Table 4.1: Comparison of different approaches in handover analysis

Research Approach | Analysis Handover di- | A3 event | Compu-
work metrics rection anal- | impact tational
ysis based on | on UE | efficiency
A3 event residence | analysis
time
Vasudeva et | Geometric HoF & HoT X X X
al. [24] model
He et al. [27] | PPP + | HoF & ping- | X X X
DTMC pong handover
in homoge-
neous networks
Zhang et | DTMC HoT & | X X X
al. [28] throughput
Balakr- DTMC handover cost | X X X
ishnan et & interruption
al. [29] time
Do-SPN- SPN + | HoF & HoT | / v v
PPP (pro- | PPP within HetNet
posed)

framework that evaluated the average capacity of UEs at different speeds and the impact
of TTT parameters on the average capacity and determined the optimal TTT param-
eters at different speed scenarios. Zhang et al [28] modeled a network with only one
macro-cell and one small-cell using DTMC and evaluated the performance impact of the
HOM on the handover probability and throughput. However, the authors considered
an oversimplified network environment and did not consider the direction of handover
or the impact of HOM on HoF probability.

Balakrishnan and Akyildiz [29] proposed a local anchor-based handover mechanism
and an evaluation framework based on DTMC, through which closed-form expressions
for handover cost and handover interruption time can be derived, and the results of
Monte Carlo simulation show that although the proposed framework has a gap between

the numerical and the simulation results, the trend of the both of the results is the same.

Moreover, several works use the formal modeling-based approach to evaluate the
probability of handover packet loss (HPL) due to a lack of network resources under the
assumption of a fully loaded state in queueing theory.

Yang et al [9] modeled the handover behavior of users between 3G and WLAN and
evaluated the new UE packet loss and the HPL probability based on the assumption of
link capacity limit for 3G and WLAN. Gautam and Dharmaraja [32] modeled the call
admission control (CAC) protocol using SPN and evaluated the HPL and the packet loss
for the new UE due to the full load. Alioua et al [33] also modeled the handover under

the CAC protocol using SPN by assuming handover as a queueing model and evaluated

42



4.2. Related research on optimization and analysis of ASBRSRP HDMA topics

the HPL probability and repeated handover probability by assuming the general number
of channels and the number of channels dedicated to handover.

In our previous work [34], we modeled a two-tier HetNet using SPN and evaluated
the HPL probability performance of the A2A4RSRQ HDM under the full load of the
network based on the assumptions of the upper capacity limit of the network channel
and the UEs reaching the network following a Poisson distribution. In [35], the authors
modeled vertical handover between Wi-Fi and cellular using an SPN and discussed the
HoF probability at the state of the full-capacity network. Nevertheless, the probability
of HoF based on the state of the full-capacity network was considered in both cases,
whereas the probabilities of HoF and HoT due to inappropriate HOM or TTT parameter
settings were not considered.

In our latest work [36], we modeled the A3 event using a PPP and a stochastic
Petri Net and investigated the probability of HoT and HoF. Consequently, this paper
differs from our latest work in that we improved the model and included a quantitative
analysis of the impact of the A3 event on the UE’s different handover directions and
the residence time of the UE in a cell, as well as validated the reasonableness of the
proposed model through Monte Carlo simulation.

In a recent paper [37], the authors have modeled a highway scenario using CTMC
for vehicular mobility that contains an overtaking model and evaluated the impact of
vehicle overtaking on communication delays and travel times. However, the authors
did not consider the vehicle’s handover scenario. In addition, the authors mention the
limitations of the formal modeling approach based on DTMC when evaluating highways.

Due to the short time granularity and very high randomness of the signal changes
under the influence of fading in mobile communication networks, the HDM process is
strongly influenced by the signal variations, resulting in the UE’s handover behavior not
being discrete.

However, they have not used continuous time-based modeling approaches to ana-
lyze the handover behavior in different directions, and no one considered the impact of
A3 events on M2S and S2M handover, neither in analytical and formal modeling-based
works nor simulation-based works. Therefore, it is necessary to consider and practice the
handover behavior of UEs through continuous time modeling to qualitatively and quan-
titatively analyze the impact of the A3 event on handovers in different directions and
explore the limitations of discrete time in analyzing handovers compared to continuous

time.

4.2.3 Improvement of the handover decision-making

On the other hand, Recently, there has been a lot of research on high-speed mobility
management and handover optimization. Some of the work focuses on using user mo-
bility information to optimize handover decisions. In [38], fuzzy logic control is used

to dynamically optimize the handover trigger timing based on UE speed and the cell
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size of a gNB, thereby reducing handover failures and ping-pong handovers. In [39], a
HDMA is proposed for UE speed and service type that prevents the UE speed between
15 km/h and 30 km/h from handover to small cells by considering the UE service type
and speed to maintain the downlink throughput. In [40], an adaptive handover scheme
is proposed to adjust the threshold of the absolute value of RSRP to adjust the han-
dover trigger conditions according to the UE speed. In [41], a HDMA based on multiple
parameters, including received signal strength (RSS), equivalent RSS, handover margin
(HOM), UE speed, quality of service (distinguishing between real-time services), and
available bandwidth, is proposed. This HDMA aims to encourage high-speed users to

either stay within or hand over to the macro base station to prevent frequent handovers.

Additionally, machine learning and reinforcement learning techniques have been
widely applied to optimize 5G handovers. In [42], a data-driven approach is employed,
utilizing a multi-layer perceptron model to adaptively adjust handover control param-
eters such as HOM and Time-to-Trigger (TTT), while considering numerous factors,
including UE speed, RSRP, SINR, and load. This approach has proven effective in
achieving a significant reduction in handover failure rates, handover times, and ping-
pong handover rates. In [43], a convolutional neural network (CNN)-long short-term
memory (LSTM) deep learning model is employed to predict UE trajectories, enabling
the selection of the target gNB in advance. This approach significantly reduces the
number of unnecessary handovers and enhances service continuity. In [44], it proposes
an adaptive user-centric virtual cell handover decision oriented towards connectivity,
which uses reinforcement learning with indicators such as RSRP and SINR to ensure
the seamless connection of the UE to the virtual cell, thereby maintaining the stability
of the communication channel for high-speed UEs. In [45], it proposes a deep rein-
forcement learning algorithm based on deep deterministic policy gradient (DDPG) to
optimize the handover parameters autonomously. The thresholds, such as HOME, can
be dynamically adjusted according to the environment, thereby enhancing the robust-
ness of mobility at different speeds while maintaining high throughput and low latency.
However, these learning-based solutions are predicated on a large amount of training
data and offline optimization and are still insufficient for real-time response to network

changes. Furthermore, these approaches do not use cell-level information.

Moreover, the communication environment for high-speed UE handover to mmWave
cells is unstable due to high loss for mmWave gNBs after blocking obstacles. In [46], an
intelligent handover mechanism is proposed that can dynamically fine-tune parameters
such as HOM and TTT based on the real-time SINR to achieve a fast response to the
drastic fluctuations of mmWave channels. In [47], it is designed to minimize handover
interruption time by incorporating backhaul delay considerations during handover sig-
naling exchange. Additionally, it employs a transmission control protocol (TCP) proxy

to ensure lossless data transmission following handover.

The existing research on optimizing handover decisions in 5G high-speed environ-
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ments heavily relies on instantaneous channel measurement indicators and parameter
tuning. However, existing research does not adequately address the gNB type informa-
tion carried by the NR cell identity (NCI). As a result, the current handover decision
mechanism lacks knowledge of the characteristics of the target cell when determining
whether to trigger a handover. In other words, neither the gNB nor the UE knows
whether the target base station is a macro cell, a sub-6GHz small gNB, or an mmWave
gNB. This oversight can lead to frequent handovers, causing an unstable communication

environment.

4.3 Improved the framework based on ASBRSRP HDMA

4.3.1 Overview of framework improvements

The A2A4RSRQ and A3BRSRP HDMAs are two different HDMAs because they use two
completely different measurement indicators of the signal for the handover decision-
making. Therefore, it is necessary to modify and optimize the previously proposed
framework according to the characteristics of ABRSRP HDMASs so that it can accurately
analyze the performance of ASRSRP HMDAs.

Firstly, in the PPP part, the RSRQ received by the user is defined in Chapter 3, while
RSRQ and RSRP are two different measurements. Therefore, the same assumptions
need to be performed additionally for RSRP.

Furthermore, we discussed and analyzed in Chapter 3 about the performance of
handover in the insufficient resources scenario. To discuss the impact of inappropriate
parameter setting on the handover performance, it is necessary to exhaust the impact due
to insufficient resources in order to analyze and quantify the impact due to inappropriate
parameters more accurately. Therefore, it is also necessary to design and optimize the

proposed SPN within Chapter 3 for analysis of the inappropriate parameter.

4.3.2 Optimized framework for ASRSRP HDMA

For the PPP part, no changes to the topology of the network have been made and it
remains a two-tier HetNet.

Specifically, the macro-cell is distributed according to PPP &, = {m; | i =
1,2,3,...} with the intensity Ay, and the small-cell is distributed according to PPP
O, ={s; |i=1,2,3,...} with the intensity As. Each PPP is independent and identical
distribution and represented in R? plane. The output power of the macro-cell and the
small-cell are P, and Py, respectively.

Therefore, based on the above assumptions, a typical UE received RSRP from the

macro-cell and small-cell in a HetNet can be described as follows,
RSRP; = PG, D", RSRPy = PG, Dy, (4.2)
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Figure 4.2: A framework based on the Poisson point process and stochastic Petri Net

where RSRP; and RSRP,, denote the RSRP received by the UE from the small-cell
and macro-cell, respectively; G, with intensity ps and Gy, with intensity j, denote the
random variables of channels by Rayleigh distribution for the small-cell and macro-cell,
respectively; D, and D,,, are denoted as the random variables of distance until the UE
for the small-cell and macro-cell, respectively; 1 denotes the exponent of path-loss.

Consequently, we follow [23] and define the handover direction by the A3 event for
the UE in the two-tier HetNet as the following lemma respectively:

Lemma 1. In the two-tier HetNet, the cumulative distribution function (CDF) of the
A3 event that is satisfied when the UE triggers the S2M handover is given by

o0 >\s MsHm
Cm =1 _/ . R dg. (4.3)
0 A ( P g) n A gAm T Us

Ps-Taom

The CDF of the A3 event that is satisfied when the UFE triggers the M2S handover is
given by

> Am s m
Cms =1- / 2 : ( A & )2 dg: (44)
0 As ( P, g) "y Am gAs T Hm

Prn-TaowMm

where Tyowm denote the parameter HOM within the A3 event.

Proof: The detailed proof is provided in A.16.

Furthermore, as shown in Fig. 4.1, the A3 event occurs after the RSRP of the T-cell
is larger than the RSRP of the S-cell. Therefore, the SINR, of the UE is less than 0 dB.
At the same time, the UE’s HoF occurs due to poor SINR by the co-frequency after the
A3 event is satisfied in the HetNet. Thus, we assume that the HoF occurs before the
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UE enters the HOE process after the A3 event is satisfied. On the other hand, even
if the UE completed the HDM process and entered the HOE process before its SINR
deterioration, there is a possibility that the UE may experience HoF during the HOE
process due to the poor SINR of the T-Cell. Accordingly, the CDFs of the SINRs of
the UE that in the small-cell and macro-cell when it is less than a certain threshold are
Ts = P{SINRs < Tou} and 7, = P{SINRy, < Tout} [23], respectively.

For the SPN part, in order to exclude the problem of insufficient resources described
in Chapter 3, we remove the capacity model of Fig. 3.11 and Fig. 3.10, as well as the
servicing process assumption part of the SPN in Fig. 3.13 and Fig. 3.14. Consider a

more concise SPN and its modeling process as the description after.

The modeling process of the SPN is illustrated in Fig. 4.3. A UE is initially connected
to a random cell in a HetNet, and we consider that the UE will connect with a macro
cell because the coverage of a macro cell is significantly larger than that of a small
cell. Moreover, the UE has mobility in the network, such as pedestrians, vehicles,
and subways in the city. Therefore, the UE reaches the handover area and determines
whether the handover can be triggered according to the A3 event after a period of
time, the handover is triggered if the A3 event is satisfied; otherwise, handover failure
occurs because the communication environment of the UE in the S-cell is not desirable by
selecting an inappropriate HOM parameter. On the other hand, although the handover is
triggered, there is a HoF due to the selection of inappropriate HOM parameters, resulting
in an undesirable communication environment and poor SINR before the handover is
completed; otherwise, the handover is completed.

The SPN with an initial token in Py, gerv is illustrated in Fig. 4.4, where Py gerv
and Ps ¢rv denote the exponential states that indicate the UE connected with a macro
and small cell before a handover, respectively. Let Pi, jugHoCond and Pus JugHoCond
denote the immediate state that determines whether a UE can trigger handover. Let

Pin ho init and Pupg ho init denote the exponential state in which a UE successfully

47



Chapter 4. Modeling analysis of handover properties and design of handover
decision-making algorithms

Tsm_TimetoHoF
[
L ~

tsm_toolate

Ts_reconnt Ps_serv Tsm_TimetoHo L&m-]ngHuCuud tsm_TriggerHo | Psm_ho_init
() J N | v
L ./ 1 p.

Tsm_TimetoCompHo
Phandover_failure

Tms_TimetoCompH o

Tm_reconnt Pm_serv

Fins llia(m etoHo ?‘u{_,]llglluﬁuml !.m.sl TriggerHo ,/jlllﬁ_h()_illit
S LJ |

tms_toolate

Tms_TimetoHoF
[N
LI

Figure 4.4: UE transaction behaviors before and after a handover by SPN

triggers handover in the small and macro cells, respectively. Because the coverage area
of the macro cell is large, and the coverage area of a small cell is small within a macro
cell, we only consider the handover between the macro and small cells. Phandover failure
denotes the exponential state in which a UE fails to trigger or complete handover,
resulting in HoF.

Let Tom TimetoHo and Ting TimetoHo denote the UE reaching the area where the han-
dover should be triggered in a small and macro cell, respectively, and the firing rate of
both of them follow an exponential distribution with an intensity of «;.

Let tsm TriggerHo and tms TriggerHo denote the probabilities that a UE successfully
triggers handover, which indicates the handover trigger condition is satisfied based on
the CDFs, as expressed in Eq. (4.3) and Eq. (4.4).

Let tsm toolate and tms toolate denote the probability that a UE fails to trigger han-
dover in the small and macro cells after the firing of Tsy TimetoHo O Tms TimetoHos
respectively, which indicates the handover triggering condition is not satisfied resulting
in HoF.

Let Tam TimetoHoF and Tis TimetoHoF denote a UE successfully triggering handover
in the small and macro cells, respectively, but failing to complete the triggered handover
process results in HoF. The firing rates of both of them follow an exponential distribution
with an intensity as.

Let Tim TimetoCompHo and Ty TimetoCompHo denote a UE that successfully triggers
a handover and completes handover in the small and macro cells, respectively, and the
firing rate of both of them follows an exponential distribution with an intensity «s.

Let Ty reconnt and Ty reconnt denote a UE randomly reconnects a cell after the HoF,

and the firing rate follows an exponential distribution with an intensity .
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Pm_serv

Figure 4.5: Underlying CTMC by the SPN

Fig. 4.4 illustrates an SPN that only includes the transition with the immediate and
exponential firing. The SPN after the conversion to CTMC is illustrated in Fig. 4.5.
For each transition rate, refer to Tab. 4.2

As described in Fig. 4.4, the Py, gerv and Py gery denote the states of a UE connected
with a macro and the small cell, respectively.

Let Pyn ho init and Ppg ho init denote the states of a UE successfully triggering a
handover in the small-cells and a macro-cell, respectively. Phandover failure denotes the
state of a UE that fails to trigger handover.

Therefore, it is convenient to use the properties of the CTMC to derive the steady-
state distribution of the CTMC in Fig. 4.5, as follows:

7TZ'1 = 1, 7TZ'Q = 0, (4.5)

where 7; is the steady-state distribution of the CTMC and i is {1,2,3,4,5}, correspond-
ing to the five states Pm_serv, Pms_ho_inits Phandover_failures Ps_serv, and Pym_ ho_init i
the CTMC in Fig. 4.5. Q is the transition rate matrix of the CTMC.

Consequently, we can derive the steady-state distribution of states Py serv, Ps serv,

P handover failure P, sm_ho_init, and P, ms_ho_ init in the CTMC by the two equations in
Eq. (4.5).

4.4 Preliminary results based on improved framework SPIN-
PPP

The HOM parameter in the ABRSRP HDA can be selected from a range of [—15, 15]

dB in increments of 0.5 dB. However, the power outputs of a small cell are typically

49



Chapter 4. Modeling analysis of handover properties and design of handover
decision-making algorithms

Table 4.2: Numerical experiments parameter setting

Parameters Value

B 46 dBm

P, 32 dBm

HOM [0.0,10.0] dB

Aa 10 km ™2

Ab 1km™2

Ha, b 1

n 4

T —10 dB

aq 1/5

a9 1 / 1

Treconnt a2

Tms_ init o1 X émsiho
Tsm__init a1 X ésmiho

Tms_ toolate o1 X (1 - fmsﬁho)
Tsm_ toolate a1 X (1 - gsmiho)
Tms__tooearly g X Cm
Tsm__tooearly ag X (g
Tms_hosucc g X (1 - Cm)
Tsm_ hosucc Qg X (1 - Cs)

low. Thus, the RSRP received by the UE from a small cell is not expected to be
15 dB higher than the RSRP received from a macro cell. In addition, choosing a small
HOM value as the handover parameter leads to FHOs, resulting in significantly unstable
communication with the UE. Therefore, we considered the value of the HOM in [0.0,

10.0] dB for a reasonable parameter setting.

4.4.1 Handover failure and handover trigger probability

In this paper, the performance of the HoF and HoT probabilities is interesting: if these
two handover performance measures of a network remain acceptable as its operation
time tends to infinity, then the system design and parameter setting are considered
reasonable.

Based on the CTMC steady-state distribution in Eq. (4.5), the expressions for the

HoF and HoT measures considered in this paper can be derived as follows:

Pror = 73, Pior = 72 + 75 (4.6)

where Pyor and Pyor denote the HoF and HoT probabilities in the steady-state distribu-
tion in Eq. (4.5). 73 , 2, and 75 denote the probability distributions of Phandover failure,
Pis ho_init; and Psy ho init States in 7r;, respectively. Consequently, the effect of HOM

on the performance measures of the Pyor and Pgor probabilities can be observed by
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Figure 4.6: HoF and HoT probabilities

changing the handover parameter HOM in Eq. (4.3) and Eq. (4.4), and the results are
presented in Fig. 4.6.

Fig. 4.6 consists of two sub-figures, where the upper sub-figure illustrates the HoF
probability variation with HOM and the lower sub-figure illustrates the HoT probability
variation with HOM . The results show that as the HOM increases, the HoF probability
increases while the HoT probability decreases. These results are the same as those

described in [16][48].

Specifically, the triggering conditions for handover become more difficult as HOM
increases continuously, worsening the SINR, of the UE before the triggering of handover
and the occurrence of an HoF. Conversely, although the HoF probability increases when
the HOM increases continuously, the HoT probability becomes lower because the prob-
ability of the UE triggering handover decreases by more difficult handover triggering
condition, and the UE does not have to experience significant unstable communication
due to excessive handovers, FHOs. Therefore, the trade-off between the two perfor-

mance measures can be obtained from the results of the HoF and HoT probabilities, as

shown in Fig. 4.7.
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Figure 4.7: The trade-off between the HoF and HoT probabilities

Table 4.3: Optimal HOM parameter setting

HOM value | HoF probability | HoT probability
6 dB 0.06190705 0.06156111

4.4.2 Simple examination of optimal handover margin

The HoF and HoT probabilities are both lower and better for the UE because they
indicate that the network communication is more reliable and stable. Simultaneously,
the HoF and HoT probabilities variation with the HOM exhibit a trade-off relationship,

as shown in Fig. 4.7.

Therefore, in this paper, we define the HOM, which minimizes the absolute value
of the difference between the HoF and HoT probabilities, as the optimal handover per-
formance parameter. The variation in the absolute value of the difference between the
HoF and HoT probabilities for each value of HOM is illustrated in Fig. 4.8.

Fig. 4.8 presents the absolute value of the difference between the HoF and HoT
probabilities, which shows a trend of an initial decrease followed by an increase as
HOM increases. Moreover, when the parameter HOM is 6.0 dB, the absolute value
of the difference between the HoF and HoT probabilities is minimized. Therefore, we
conclude that the handover performance is optimal when the HOM is 6.0 dB. The
corresponding values of the HoF and HoT probabilities are listed in Tab. 4.3.
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4.5 Optimized framework based on the direction of A3

event triggering

Since the communication environment of HetNet is different from that of homogeneous
networks, the output power of macro-cell and small-cell are quite different, which results
in the attribute of triggering handover direction of UE from macro-cell to small-cells and
from small-cell to macro-cell to be different during the HDM [49].

Although there are many research works on analyzing and optimizing HDM [22, 24,
25, 5, 26, 30, 27, 31, 28, 29, 9, 32, 33, 34, 36, 37]. However, in current studies, the authors
have ignored the directional properties of the handover when analyzing and optimizing
the handover. That can potentially result in an inaccurate analysis and optimization
of the HDM, which prevents ping-pong handover and HoF issues from being correctly
analyzed and resolved.

The attributes of macro-to-small (M2S) cell and small-to-macro (S2M) cell handover
directions by the A3 event should be addressed when qualitatively and quantitatively
analyzing the HDM process. It is necessary to analyze the impact of A3 events on
the different directions of handover and reveal the characteristics of different handover
directions in HetNet to provide more specific and accurate strategies or suggestions for
subsequent network optimization based on the HDM process.

Let Py serv and Py gery denote the state of the UE when it is in a macro cell and
a small cell, respectively, and the UE is in P, serv, indicating that the UE will be
connected to the macro-cell at an initial time.

Let Pom jugsinr and P jugsinr denote the immediate state determining whether the

UE can trigger a handover.
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Figure 4.9: Handover directions modeling by SPN

Let Pim Hoexe a0d Puys Hoexe denote the states in which the UE completes HDM in

the small cell and macro cell, respectively, and successfully enters the HOE process.

Let Pin mor and Pys Hor denote the state of the HoF due to the UE failing to
successfully enter into the handover execution process in the small-cell and macro-cell,
respectively.

Let Tim TimetoHo and Tis TimetoHo denote the EXP transitions that the UE reaches
the area where the handover should be triggered in a small and macro cell, respectively,

as shown in Fig. 4.10
In general, no fixed distribution can fully describe the time that the UE is in the

P serv and Py gy states, as well as the movement of the UE in the cell, because it is
highly random. However, the HOM parameter in the A3 event, the SINR performance
of S-cell, and the cell density in a region may affect the time the UE resides in the cell
until the HDM is triggered. Therefore, we consider that the A3 event trigger probability,
cell density, and the SINR performance of S-cells are proportional to the firing rates of
Tsm_ TimetoHo and Tis TimetoHo- The firing rates of Tsm_ TimetoHo and Tins TimetoHo are

defined as follows:

1

X (Am + Xs)

HsmiTimetoHo =
Os0j

X P(SINRs < Tout | Tout = 0) X Com,

X (Am + As)

amsiTimetoHo = -
Os0j

X ]P(SINRm < Tout ’ Tout = 0) X <m37 (47)
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where 0,; is the time factor that affects the residence time of the UE in the cell, which is
inversely proportional to the firing rates; As and A\, denote the densities of the small-cell
and the macro-cell, respectively; (sm and (s denote the CDFs of A3 events in HDM
for S2M and M2S handover, respectively, as shown in Eq. 4.3 and Eq. 4.4; « denotes a

multiplier, in which the residence time in the macro-cell is « times that in the small-cell.

Let tsm mitialio and tms mitialllo denote that after the UE satisfies the A3 event,
it determines whether the SINR of the UE’s current S-cell is not less than a certain
threshold, and if it is not less than a certain threshold, then the UE completes the
HDM and enters into the HOE process. Therefore, the firing probabilities are defined

as follows:

Osm_initHo = 1 — T, Oms_initHo = 1 — Tm. (4.8)

Let tsm toolate and tmgs toolate denote the probability that a UE fails to trigger HOE
in the small and macro cells, respectively. Owing to the SINR is necessarily less than 0
dB after the UE satisfies the A3 event, as shown in Fig. 4.1. Therefore, the HoF occurs
before triggering the HOE process if the UE receives the SINR from the S-cell is less
than a threshold, and the firing probability of sy toolate @0d tms toolate are defined as

follows:

Osm 1t = Tsy Oms 11f = Tm- (4.9)

Let Tim TimetoCompHo and Tis TimetoCompHo denote the EXP transitions that the
UE that completes handover in the places of the Py, Hoexe a0d Prs Hoexe; respectively,
as shown in Fig. 4.10.

The UE in the HOE state tends to complete the handover process, including HDM
and HoE processes, faster if the HOM is smaller [50, 51], which means that the time
for the completion of the HOE process is directly proportional to the HOM scale and
inversely proportional to the probability of triggering the A3 event because the HOM
scale and the probability of triggering the A3 event are inversely proportional according
to Eq. 4.3 and Eq. 4.4. Therefore, the probability of the A3 event trigger is proportional

to the firing rates of the TsmiTimetOCOmpHo and TmsﬁTimetoCompHo-

Besides, we consider that the SINR performance and the density of the T-cell also
affect the HOE process. The SINR performance of T-cells is proportional to the firing
rate, and the density of the T-cell is inversely proportional to the firing rate. Accordingly,

the firing rates of Ty TimetoCompHo aNd Tins TimetoCompHo are defined as follows:
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esmiCompHo = Csm X )\7 X (1 - Tm)y
m

Buns. CompHo = Cns X Al < (1= 7). (4.10)

Let Tim tooearly and Ting tooearly denote the EXP transitions that the UE can not
complete handover in the places of the Py, Hoexe and Pups Hoexe, resulting in the HoF'.

In contrast to Tim TimetoCompHo and Tins TimetoCompHo, the UE that entered the
HOE process faces a poor SINR in T-cell if the HOM in the A3 event takes a small
value. Therefore, we assume that the triggering probability of the A3 event is inversely
proportional to the firing rates of Ty tooearly and Tis tooearly, and the relationship
between the density of the T-cell and the firing rates is the same with Ty, TimetoCompHo

and Tins TimetoCompHo- Accordingly, the firing rates are defined as follows:

Osm tef = Cslm X )\1m X Tm, Oms tef = Clms X X X Ts. (4.11)

Let T reconnt @nd T reconnt denote the EXP transitions that the UE reconnects the
T-cell after a HoF.

As shown in Fig. 4.10, we consider that the movement direction of the UE is always
away from the S-cell. Hence, when the UE reconnects the cell after the HoF occurs,
the RSRP of the T-cell received by the UE is larger than the RSRP of the S-cell by
a value, Furthermore, we assume that the higher the density of surrounding cells, the
longer the time for UE to search the cell, which means that the density of surrounding
cells is inversely proportional to the firing rate of 75 reconnt and 7y reconnt, the firing

rates are defined as follows:

1

esireconnt = koutTime X Cms X (m)a
1
0 = KoutTime X X (———), 4.12
m_ reconnt outTime Csm ()\m + )\S) ( )

where koutTime denotes a time factor that is proportional to the Ty reconnt and Ti, reconnt

firing rates and inversely proportional to the cell searching time of the UE.

4.5.1 Equivalent continuous-time Markov chain

Figure. 4.4 illustrates an SPN that contains only immediate and exponentially dis-
tributed transitions. Consequently, the equivalent model of the proposed SPN is a
CTMC, as shown in Fig. 4.5.

In Fig. 6, the states of My serv, Ms servy Mms_exe; Msm_exe; Mms HoF, and Mgy HoF
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Figure 4.10: Monte Carlo simulation scenario

correspond to the states of Py serv, Ps_servs Pms Hoexes Psm Hoexe, Pms HoF, and Puy, HoF
in the SPN, respectively. In addition, since the places of Psy jugSinr and P jugSine i
SPN are connected with the IMM transitions, which are considered as vanishing states
when transformed into a CTMC, they are not presented in the equivalent CTMC. Nev-
ertheless, the probability of the IMM transitions of the vanishing states is multiplied by
the EXP transition firing rate before it.

Therefore, we will quantitatively analyze the behavior of UE in continuous time based
on the underlying CTMC to simplify the analysis of the proposed SPN. Moreover, we
consider the handover behavior based on the CTMC transient solution to validate the
results of the proposed model through simulation.

Generally, the expression of the transient solution of CTMC can be written in the

following form,

m(t) = mp exp(Qt), (4.13)

where 7r(t) is the probability distribution of all states at any time point; 7 is the initial
vector of modeling objects; and Q is the transition rate matrix of the CTMC, which also
denotes the state transition rate in the infinitesimal time interval. Therefore, according
to Eq. 4.13, it is possible to calculate the probability distribution of all states in Fig. 4.11
at any time.

Regarding parsing the models in Fig. 4.9 and Fig. 4.11, we based on the software
JSPetriNet [52], which is publicly available on GitHub for the parsing of Petri net, and
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Figure 4.11: Equivalent continuous-time Markov chain of the SPN

the transition rate matrix Q with the initial state of the Py, gserv can be obtained.

4.6 Validation and parameter sensitivity analysis

4.6.1 Monte Carlo simulation design

To validate the results of our model, we design Monte Carlo simulations with a simulation
time of 1000 seconds. We focus on considering and analyzing the performance impact of
the A3 event on the handover direction. However, a HoF also occurs due to insufficient
channel resources and communication congestion when there are many UEs in a network.
Therefore, we do not consider a large number of UEs and only consider the behavior of
one UE in the network to better analyze the impact of the A3 event.

Regarding the simulation environment, the number of macro-cells is not dense in an
area. Consequently, we place one macro-cell in a 1 km x 1 km region, and the location of
the small-cell is randomly generated by PPP with a coverage area of 100 meters. Since
we are considering a co-frequency HetNet environment, the location of the small-cell is
not less than 400 meters away from the macro-cell. The channel model for the macro
and small-cell is Rayleigh distribution.

At the beginning of the simulation, the UE randomly appears at a position close to
the macro-cell and moves straight with an average speed of 20 m/s, where the average
speed is calculated based on the total distance moved by the UE during the simulation
time.

The UE in the macro-cell moves to the coverage area of the small-cell and determines
the M2S handover according to the A3 event in the HDM. The UE in the small cell moves
to the coverage area of the small cell and determines the S2M handover according to the
A3 event. Moreover, the UE randomly selects a new direction of movement and moves
directly to the small-cell when it completes the HOE. The specific simulation scenario
is shown in Fig. 4.10.

By repeating the above process in each iteration through Monte Carlo simulation,

the proportion of the total time occupied by each state during the movement of the UE
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Table 4.4: Simulation parameters setting

Parameters Value

Area range 1km x 1 km

The number of macro- | 1

cell

Small cell coverage 100 m

Py 46 dBm

P, 32 dBm

Thont [0.0,10.0] dB

Channel model Rayleigh distribution
Path-loss factor, n 4

Handover decision- | A3RSRP-based
making

The number of UE 1

Average speed 20 m/s

Mobility model Direction movement
Am 1km ™2

Hss Hm 1

Tout -8 dB

Kout Time 20 (average 0.05 ms)
« 2

“Yms_ ho__initiation emb TimetoHo X emb initHo
Ysm__ho__initiation asm TimetoHo X eem initHo
Yms_ ho_ tlf ems TimetoHo X oms t1f
Ysm__ho__ tlf gsm TimetoHo X asm tlf
“Yms_ ho_ comp ems __CompHo
“Ysm__ho__comp ebm _ CompHo

Yms_ho_ tef Oms_tef

Ysm_ ho tef aqm tef

’Ymireconnt em reconnt

lysireconnt 95 reconnt

can be calculated. Therefore, different from the discrete-time model, the HoT and HoF
evaluations here represent the probability distributions of the UE being in the states
corresponding to Mpys exe; Msm exe; Mms HoF, and Mgy, HoF, respectively, at a given
time.

In addition, since we consider comparisons with simulation results based on larger
time, the results can be considered as long-term averaged even if we consider the tran-
sient solution of CTMC, which has converged under the time parameter. Refer to

Table 4.4 for detailed simulation parameter settings.

4.6.2 Evaluation of HoT and HoF probability

Fig. 4.12 and Fig. 4.13 show the impact of the HoT probabilities of M2S and S2M by
the changes in the small-cell density and the Tgon parameter, respectively.

The HoT probability of M2S and S2M decreases with increased Tyon. This is
because the difficulty of triggering HDM based on event A3 increases when the Tion is

increased, resulting in inhibition of the process of the UE completing HDM and entering
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Figure 4.13: The Tyom impact on S2M HoT probability (for oso; = 5)

the HOE.

Moreover, it shows that the effect of inhibiting M2S HoT probability is greater than
that of S2M as the Tiom increases. This is because the macro-cell coverage is much
wider than that of the small-cell. The residence time of the UE in the macro-cell is
increased significantly when the Tion is increased, and the transition rate of the UE at
which from My, gery to the My exe for M2S handover decreases significantly, resulting
in a greater impact on the M2S handover.

Besides, the S2M handover is triggered after the M2S handover has been completed
or failed, which is one of the reasons why the HoT probability of the M2S handover is
greater than that of the S2M handover.

On the other hand, the HoT probability of both M2S and S2M handover is almost
close to 0 when the density of the small-cell is low, and the HoT probability of both

M2S and S2M handover will increase when the density of the small-cell increases. This
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Figure 4.14: The Tuowm impact on M2S HoF probability (for os; = 5)
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Figure 4.15: The Tyom impact on S2M HoF probability (for os; = 5)

is because of the deployment of the small-cell increases, which raises the chance of UE
triggering handover. Moreover, the HoT probability of M2S increases significantly when
the density of the small-cell increases. This is because the residence time of a moving
UE in a macro-cell is longer than in a small-cell, which leads to the possibility of a UE in
the macro-cell moving to any surrounding small-cell to trigger the M2S handover being
much higher than the possibility of a UE triggering an S2M handover.

Fig. 4.14 and Fig. 4.15 show the impact of the HoF probabilities of M2S and S2M
handover by the density of the small-cell and the Tgowm parameter, respectively. The
HoF of M2S and S2M handover increases with the increase of Tyowm, while the HoT
probability of M2S and S2M handover is close to 0 when the small-cell density is low.
The HoF probability of the M2S handover is higher than the HoT probability of the M2S
handover when the small-cell density is 1. This is because the density of the small-cell is

too low, resulting in the UE more easily experiencing poor SINR when they are further
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Figure 4.17: TheTgom impact on S2M HoT probability (for Ay = 3)

away from the macro-cell.

On the other hand, as the density of the small-cell increases, the probability of HoF
for M2S and S2M handover also increases. In particular, the HoF probability of the
S2M handover is higher than that of the M2S handover when the Tionm is large, and
the density of the small-cell is also high. This is because the S-cell is the small-cell in
an S2M handover, and the A3 event is triggered later when the Tgowm is large, resulting
in the UE easily experiencing poor SINR in the S-cell, where the RSRP variation is
unstable.

In Eq. 4.7, we assumed the oy, which is inversely proportional to the fire rate and
proportional to the residence time of the user in the cell. By changing the value of the
Osoj, this equation can be used to describe changes in the residence time or the speed of
the UE in the cell.

Fig. 4.16 and Fig. 4.17 show the impact of the HoT probability of M2S and S2M
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Figure 4.19: The Tyoum impact on S2M HoF probability (for Ay = 3)

handover by the variation of the oy,; and the Tionm parameters.

The HoT probability of M2S and S2M handover decreases with increasing Tiion and
0s0j Parameters. This reason is the same as in Fig. 4.12 and Fig. 4.13.

Furthermore, an increase in o0g,; will increase the residence time in the cell, which
represents a slowing down of the UE movement speed. Therefore, the HoT probability
of M2S and S2M handovers decreases when oy increases.

Fig. 4.18 and Fig. 4.19 show the impact of the HoF probability of M2S and S2M by
the variation of the oy, and the Tyonm parameters. The HoF probability of both M2S
and S2M decreases with the increase of the Tion, and the HoF probability of M2S is
larger than the HoT probability of S2M. This is the same as in Fig. 4.14 and Fig. 4.15.

On the other hand, an increase in o0y,; will increase the residence time of the UE
in the cell and slow down the UE movement speed. Therefore, the probability of the
UE experiencing HoF decreases. Moreover, the HoF probability of the M2S and S2M
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Figure 4.20: The CDF of the residence time of the UE in macro-cell (for o5,; = 5 and
As = 3)

handover increases significantly with the increase of Tiom when ,p,505 is small. This is
because the UE with shorter residence time in the cell and faster speed require a smaller

Tuowm to ensure a lower HoF probability.

4.7 Impact of handover margin on UE residence time

Besides the impact on the HoT and HoF probabilities, the Tiion parameter can also
significantly affect the UE residence time in the cell. Fig. 4.20 and Fig. 4.21 show the
CDF variation of the UE residence time in the small-cell and macro-cell for the A3 event
with the Tgowm parameter.

For the the UE residence time in the small-cell and macro-cell are based on the
characteristics of CTMC, the CDF of residence time of UE in the macro-cell and the

small-cell can be defined as follows:

Fy oy () =1 —exp(—qii - 1), Far, o, (1) = 1 — exp(—gjj - 1), (4.14)

where Fy, ... (t) and Fyp, .. (t) represent the probability that the UE has left the
respective state by time ¢; g; denote is the negative of the diagonal element in the i-th
row of the Q of the CTMC, where ¢ corresponds to the My, cery State; gj; is the negative
of the diagonal element in the j-th row of the Q, where j corresponds to the My gerv
state.

As shown in Fig. 4.20, the maximum residence time of the moving UE in the macro-
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Figure 4.21: The CDF of the residence time of the UE in small-cell (for o5; = 5 and
As = 3)

cell is less than 150 seconds (for As = 3, 0sj = 5) according to all Thowm, and the
probability that the UE moves to the handover area and enters the HOE process of M2S
handover or occurs HoF is more than 90% after more than 60 seconds.

Moreover, the residence time of the UE in the cell is significantly changed by the
Tyom parameter. As the Tyowm increases, the residence time of the UE significantly
increases. This is because the difficulty of A3 event triggering increases when the Tiiom
increases, which implies the UE prefers to stay on the current cell rather than choose a
new one.

On the other hand, as shown in Fig. 4.21, the maximum residence time of a con-
tinuously moving UE in a HetNet in the small-cell does not exceed 30 seconds (for A
= 3, 0s0j = D), and the probability of the UE moving to the handover area and enters
the HOE process of S2M handover or occurs HoF is more than 90% after more than 10
seconds, and the change of Tonm also significantly affects the residence time of the UE.

The potential factor to be noted through the CDF results is that the reduction of
the residence time in the cell due to the change of the Tionm increases the probability of
handover, which results in an unstable communication environment for the UE. Mean-
while, the increased handover will also increase the load of resource allocation among
cells.

Accordingly, it is worth noting that the CDF results obtained in Fig. 4.20 and
Fig. 4.21 about the time that the UE resides in a cell can be used to predict the time
when a UE triggers a handover from one cell to another in a scenario with a certain

cell deployment and parameter configuration. This can provide a valuable reference for
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efficient resource allocation in HetNet and enables the network to proactively prepare

for an upcoming handover rather than responding to it.

4.7.1 Comparison of the Do-SPN-PPP and DTMC in predicting the
UE residence time

This paper does not discuss user throughput and resource allocation between cells.
However, accurate prediction of the residence time of the UE in a cell is helpful for
efficiently allocating the resources for the handover process. Therefore, we compare the
accuracy of DTMC and Do-SPN-PPP in predicting the residence time of the UE.

Specifically, we convert our CTMC to a DTMC using a discretization method, which
allows for the approximation of continuous-time behavior through discrete time steps.
The conversion is based on the principle that the CTMC can be approximated by a
discrete-time process by introducing a time step At. This time step represents the
interval at which the discretized model observes the system state.

The specific conversion to a DTMC is as follows:
P=1I+At-Q, (4.15)

where P is the transition probability matrix of the DTMC, Q is the rate matrix of the
CTMC, and At is the discretization time step.
Next, we ensure non-negative transition probabilities by adjusting each element of

P as follows:

Pz’j = maX(O, 51’]' + At - Qij)7 (416)

where 6;; is the Kronecker delta function (which is 1 if ¢ = j and 0 otherwise), and g¢;;
is the transition rate from state i to state j in Q.
Finally, we normalize each row of the matrix P to ensure it satisfies the properties

of a stochastic matrix:

_ Py
> Pk

After obtaining the DTMC transition probability matrix P, the cumulative distribu-

(4.17)

tion function (CDF) of the residence time of the UE in both the macro-cell and small-cell
states can be computed. For a given state ¢ in the macro-cell and j in the small-cell,

the CDF of the residence time in those states can be calculated as follows:
FMmfserv(r) = 1 - (1 - pi)r7 FMsiserv<7’) = 1 - (1 - pj)r7 (418)
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Figure 4.22: Differences between the Do-SPN-PPP and DTMC in predicting the res-
idence time of the UE in the macro-cell

where p; and p; represent the probability of leaving states i and j, respectively,
and r is the number of discrete time steps in the DTMC, with r = ﬁ, where ¢t is the
continuous time within the CTMC in Eq.4.14.

Therefore, the CDF of the residence time of the UE in the cell can be calculated
based on Eq. 4.18. Moreover, we take the result of one Tiionm from Fig. 4.20 and Fig. 4.21
to do the comparison and the time steps of the DTMC is r of 0.1 s, 1.0 s, and 2.0 s, and
the results are shown in Fig. 4.22 and Fig. 4.23.

From the comparison results, it is clear that the ability of the DTMC to capture
the variation of the residence time of the UE in the cell is insufficient when the r is
larger. In particular, the small-cell has a lower output power and a smaller coverage
area. Thus, a lower prediction accuracy occurs compared with the Do-SPN-PPP if
the DTMC is used to capture the variation of the UE residence time. This is because
DTMC can only capture the behavioral changes of UE at specific discrete time points
and cannot capture certain behavioral changes at short time granularity. Meanwhile,
since the RSRP and SINR of the HDM process are affected by fading, which is based
on continuous time variation, it would be inappropriate to analyze the handover trigger
process with DTMC.

67



Chapter 4. Modeling analysis of handover properties and design of handover
decision-making algorithms

1.0
0.8
0.6
L
o
@)
0.4 -
- — CTMC
_ DTMC (At=0.1s)
---- DTMC (At=1.0s)
. ---- DTMC (At=2.0s)
(') 2.0 4'0 6'0 8'0 1(')0
Time (s)

Figure 4.23: Differences between the Do-SPN-PPP and DTMC in predicting the res-
idence time of the UE in the small-cell

4.7.2 Comparison of computation time between the Do-SPN-PPP and
simulation

Generally, simulation is considered to be time-consuming, and if large-scale simulation
is encountered, the time consumption of a simulation-based approach cannot be ig-
nored [53]. Even though the simulation environments considered here are simple, we
hope to provide a basic reference on the time consumption of simulation and the pro-
posed approach (modeling-based) approaches in evaluation.

To compare the time consumption in the evaluation process between both the pro-
posed approach and simulation-based approaches, we determined the appropriate sample
size for the Monte Carlo simulation through a rigorous statistical analysis.

Initially, we conducted a preliminary simulation with 100 samples for a selected set of
parameters. For each state ¢ in the CTMC, we calculated the sample standard deviation

using the following formula:

100 =\2
_ 1\ Ly — T4
5 = \/231(9; ) (4.19)

where x;; represents the probability of state ¢ in the jth simulation, and Z; denotes the

average probability of state ¢ across these 100 simulations.

Next, using the initial estimate of the standard deviation, we calculated the required

sample size for each state to achieve a 95% confidence interval with a maximum error
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Figure 4.24: Comparison of the computation time based on the two approaches

of 0.5%, using the following equation:

n; = (Z;i)z (4.20)

where n; is the required sample size for state i; z is the z-value (1.96 for a 95% confidence
interval from the standard normal distribution); s; is the previously calculated sample
standard deviation, and FE represents the allowable absolute error (0.5%).

We used the sample standard deviation s; from the preliminary simulation to di-
rectly determine the required sample size n;. This approach enables us to estimate the
variability of the result by s; and calculate the number of samples necessary to achieve
our desired precision level. After calculating n; for all states, we selected the maximum

value as the estimate for the required sample size:
n = max(n;) (4.21)
7

Finally, to validate the applicability of this sample size across different parameter com-
binations of Thowm, As, and 045, we conducted n simulations for each parameter combi-

nation to ensure robustness.

Therefore, we compare the time consumption of the two approaches based on n
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sampling and based on the evaluation of g € {1,2,3,4,5}. We perform the simulation
10 times for each of the n samples and calculate the average time consumption. On
the other hand, the numerical experiments by the Do-SPN-PPP with uniformization
solution and time step 0.1 s are also performed 10 times, and the average time con-
sumption is calculated. Consequently, the difference in time consumption between the
two approaches is shown in Fig. 4.24.

According to Fig. 4.24, the difference in time consumption between the proposed
approach and simulation-based approaches is significant even if the simulation scenario
is simple, and the difference in time consumption between simulation and the proposed
approach will be more significant if more factors and a longer simulation time are con-
sidered in the simulation scenario. Therefore, our proposed Do-SPN-PPP framework
based on the modeling approach achieves about 96% improvement in computational

efficiency while obtaining the same results as those based on the simulation approach.

4.8 Design a target cell aware decision-making for high-
speed UE within HetNets

In Section 4.7, the distinct characteristics of handover for high-speed mobile UEs in
heterogeneous networks were demonstrated. Furthermore, in the absence of distinction
between UEs in heterogeneous networks during handover, UEs may handover to any
available cell. This may result in frequent communication degradation, as the handover
trigger condition is based on RSRP.

Consequently, the development of a handover decision algorithm capable of discern-
ing diverse target cells is imperative to rectify the communication degradation that
arises from frequent handovers in high-speed mobile user equipment (UE) within cells
characterized by minimal coverage areas, such as mmWayve cells.

5@, the fifth generation of cellular networks, faces the challenge of maintaining seam-
less connectivity and channel stability in high-speed scenarios [54] [55]. The current
handover decision-making algorithm (HDMA) only considers channel measurement in-
dicators, including reference signal received power (RSRP), reference signal received
quality (RSRQ), or signal-to-interference-plus-noise (SINR) [56]. Consequently, the UE
can trigger a handover to any gNB if these conditions are met. User equipment (UE)
moving at high speeds will remain in a small gNodeB (gNB) for a short time, and fre-
quent handovers by the current HDMA are inevitable, resulting in degraded or even
interrupted communication quality, which has a significant impact on the UE experi-
ence [57] [58].

The dual connectivity (DC) scheme mitigates the problem of UE connection loss
during hard handover to some extent by enabling the UE to connect to two base sta-
tions simultaneously and increase the throughput of the UE [45]. However, the presence

of various types of gNBs in the heterogeneous ultra-dense network, including millimeter
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waves (mmWave) and small gNBs within sub-6 GHz and due to the severe path loss
of millimeter waves (mmWave), the high mobility of UEs, and the numerous obsta-
cles present in urban environments, frequent intermittent interruptions of UE wireless
links occur [11]. These problem of degraded communication quality caused by frequent
handovers of highly mobile UEs still needs to be addressed and optimized [7] [59].

Recently, there has been a lot of research on high-speed mobility management and
handover optimization. Some of the work focuses on using user mobility information to
optimize handover decisions. In [38], fuzzy logic control is used to dynamically optimize
the handover trigger timing based on UE speed and the cell size of a gNB, thereby
reducing handover failures and ping-pong handovers. In [39], a HDMA is proposed for
UE speed and service type that prevents the UE speed between 15 km/h and 30 km/h
from handover to small cells by considering the UE service type and speed to maintain
the downlink throughput. In [40], an adaptive handover scheme is proposed to adjust
the threshold of the absolute value of RSRP to adjust the handover trigger conditions
according to the UE speed. In [41], a HDMA based on multiple parameters, including
received signal strength (RSS), equivalent RSS, handover margin (HOM), UE speed,
quality of service (distinguishing between real-time services), and available bandwidth,
is proposed. This HDMA aims to encourage high-speed users to either stay within or

hand over to the macro base station to prevent frequent handovers.

In addition, machine learning and reinforcement learning techniques have also been
widely used to optimize 5G handovers. In [42], it employs a data-driven approach,
utilizing a multilayer perceptron model to adaptively adjust handover control parameters
such as HOM and Time-to-Trigger (TTT), while considering numerous factors, including
UE speed, RSRP, SINR, and load. This approach has proven effective in achieving a
significant reduction in handover failure rates, handover times, and ping-pong handover
rates. In [43], a convolutional neural network (CNN)-long short-term memory (LSTM)
deep learning model is employed to predict UE trajectories, enabling the selection of the
target gNB in advance. This approach significantly reduces the number of unnecessary
handovers and enhances service continuity. In [44], it proposes an adaptive user-centric
virtual cell handover decision oriented towards connectivity, which uses reinforcement
learning with indicators such as RSRP and SINR to ensure the seamless connection of the
UE to the virtual cell, thereby maintaining the stability of the communication channel
for high-speed UEs. In [45], it proposes a deep reinforcement learning algorithm based
on deep deterministic policy gradient (DDPG) to optimize the handover parameters
autonomously. The thresholds, such as HOME, can be dynamically adjusted according
to the environment, thereby enhancing the robustness of mobility at different speeds
while maintaining high throughput and low latency. However, these learning-based
solutions are predicated on a large amount of training data and offline optimization
and are still insufficient for real-time response to network changes. Furthermore, these

approaches do not use cell-level information.
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Moreover, the communication environment for high-speed UE handover to mmWave
cells is unstable due to high loss for mmWave gNBs after blocking obstacles. In [46], an
intelligent handover mechanism is proposed that can dynamically fine-tune parameters
such as HOM and TTT based on the real-time SINR to achieve a fast response to the
drastic fluctuations of mmWave channels. In [47], it is designed to minimize handover
interruption time by incorporating backhaul delay considerations during handover sig-
naling exchange. Additionally, it employs a transmission control protocol (TCP) proxy
to ensure lossless data transmission following handover.

The existing research on optimizing handover decisions in 5G high-speed environ-
ments heavily relies on instantaneous channel measurement indicators and parameter
tuning. However, existing research does not adequately address the gNB type informa-
tion carried by the NR cell identity (NCI). As a result, the current handover decision
mechanism lacks knowledge of the characteristics of the target cell when determining
whether to trigger a handover. In other words, neither the gNB nor the UE knows
whether the target base station is a macro cell, a sub-6GHz small gNB, or an mmWave
gNB. This oversight can lead to frequent handovers, causing an unstable communication
environment.

To address this challenge, this study proposes, for the first time, a NCI-based mech-
anism for handover optimization in high-speed scenarios: NCI is used to determine the
type of candidate gNB to avoid frequent handovers that lead to degraded communication

quality.

4.9 System model

4.9.1 Dual connectivity

In 5G, dual connectivity refers to using multiple carriers supported by these gNBs for
transmission and reception. This enables the UE to connect to both the master node
(MN) and the secondary node (SN) simultaneously, thereby achieving broadband. The
MN has a high output power and a low-frequency band. Thus, it has a large coverage
area and can reliably exchange control signals with the UE; the SN has a low output
power and a high-frequency band, so it has a short coverage area and can provide high
data rates to the connected UE. Due to the MN’s wide coverage, the UE always connects
to the MN, and handover within the DC scenario is also referred to as a secondary node
handover. In contrast to the hard handover scenario, in the DC scenario, when the UE
experiences an SN handover, its data transmission is not completely interrupted, and
the UE will communicate with the MN. Once the SN handover is complete, the UE will
transmit data to the new SN. The MN channel is more stable than the SN channel, so if
the UE’s data transmission with the SN is interrupted due to handover or other reasons,
the MN will immediately back up the data [47].
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Figure 4.25: The composition of NR cell global identity

4.9.2 NR cell identity

The NR cell global identity (NCGI) is composed of two components: the Public land
mobile network (PLMN) identity of the cell and the NCI of the gNB, as illustrated in
Fig. 4.25.

Each gNB has a unique identity (gNB ID) that is used to distinguish different gNBs
within the PLMN. Each gNB may have multiple cells, and each cell corresponds to a
cell identity (cell ID). The gNB ID and the cell ID, when combined, form the 36 bits
NCGI, with the gNB ID configurable from 22 to 32 bits, with a minimum of 22 bits
and a maximum of 32 bits. The cell ID occupies 4 to 14 bits, with a minimum of 4 bits
and a maximum of 14 bits. By default, the 22 bits gNB ID space is suitable for most

operators’ requirements.

According to the 3GPP standard, no bits or specific codes are reserved in the 36
bits of the NCI to identify the cell type [60]. Therefore, it is necessary to consider what
coding characteristics correspond to a specific gNB type through the current NCI, such

as macro base station, small gNB, or mmWave gNB .

In our semantic extension, we propose to split this 22 bits gNB ID into two subfields:
the upper 2 bits, termed the 'gNB type ID’, are reserved for encoding the gNB type (such
as macro base station, sub-6GHz small, or mmWave gNBs), while the remaining 20 bits,
termed the gNB ID, provide the unique identity for the gNB within its type. The detail
is shown in Fig. 4.26. The 14 bits cell ID does not change. This semantic extension has
the advantage that the upper 2 bits within the gNB ID are used to represent the cell
type, allowing the gNB type to be identified by the gNB type ID without the need for

additional signaling.
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Figure 4.26: The proposed semantic extension of the NCI with gNB type identity

4.10 Proposed handover decision-making algorithm

UE moving at high speed on a macrocell may only be able to obtain a low throughput
rate due to its long distance from the base station and high load. However, a small cell in
the surrounding area can improve the instantaneous signal quality and throughput even
if the service time is short. While frequent handovers of high-speed UEs can degrade
UE communication quality, small gNBs in the Sub-6 GHz band have better coverage
and anti-obstacle capabilities than mmWave gNBs, making their links more stable in
high-speed scenarios and providing more reliable signal strength. However, in a 5G
dense small gNBs scenario, if only instantaneous channel metrics such as RSRP, RSRQ,
and SINR are used during HDMA all potential gNBs will be included in the candidate
target gNBs, resulting in frequent handovers, and communication degradation cannot
be entirely avoided. Therefore, it is considered to introduce NCI into HDMA only so
that the UE can recognize the target gNB type during HDMA execution and select the
target base station that matches its characteristics. The proposed HDMA determination
process is outlined in Algorithm 1.

Specifically, the UE in a DC scenario with the presence of macro base station, sub-6
GHz small gNBs, and mmWave gNBs identifies that the target gNB is a sub-6 GHz
small cell by the high two-bit coding within the NCI and includes it in the target gNB;
the UE identifies that the target base station is a mmWave gNB by the high two-bit
coding within the NCI and does not include it in the target gNB, to achieve a more
stable communication environment.

The details of the gNB ID semantic extension are shown in the following,

e Macro base station type ID < 00
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Algorithm 1 NCI-based handover decision algorithm

Require: UE 4, speed v;, speed threshold T, gNB list L with gNB type IDs, RSRP
measurements, HOM H, TTT ¢ttt
1: if v; > T, then

2: C+{} > Initialize target gNB candidate list
3: for each gNB in L do

4: tb < Extract High Bits b; > b; denotes the gNB type ID
5: if tb ="01" or tb = "00" then

6: C + C U {gNB with tb}

7 else if tb = "10" then

8: continue > Skip mmWave gNB
9: end if

10: end for

11: B + Find best RSRP C > Select the target gNB with the best RSRP
12: if target gNB RSRP > current gNB RSRP + H within ¢ttt then

13: Execute UE ¢ handover to B

14: else

15: Cancel UE 7 handover

16: end if

17: else

18: Execute ABRSRP HDMA

19: end if

e Sub-6GHz gNB type ID + 01

« mmWave gNB type ID < 10

4.11 Evaulation

As shown in Fig. 4.27, we consider a 5G dual connectivity scenario that includes a macro
base station within 2.1 GHz, two sub-6GHz small gNBs, and six mmWave gNBs, as a city
scenario with multiple obstacles using MATLAB 5G Toolbox. This dual connectivity
scenario is referenced from [47], and we added two sub-6 GHz small cells to that.

Specifically, the macro base station is the MN in the dual-link scenario, and the
small base station and millimeter wave base station are the SN in the dual-link scenario.
Initially, the UE travels in a straight line along the Y-axis from the position (100, 100, 1.5)
at 60 km/h. The SN handover of the UE is triggered when the UE crosses the city. The
detail of the simulation setting is shown in Table 4.5.

Additionally, to show the performance of the proposed HDMA, we compare it with
the ABRSRP HDMA commonly used in 5G and the UE speed-based HDMA in refer-
ence [38] and [40]. The handover trigger condition based on ASRSRP HDMA is that the
RSRP of the target gNB is greater than a threshold of the current base station RSRP
within a short period of time; the handover trigger condition based on UE speed HDMA

in referenc [38] and [40] are that when the UE movement is greater than a threshold,
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Figure 4.27: Simulation environment

the UE data transmission is fixed to the macro base station to ensure the seamless

communication.

4.11.1 Handover numbers and throughput

We first simulated and evaluated the number of handover triggers. As illustrated in
Fig. 4.28, the number of handovers triggered by the three algorithms is shown. The
results are NCI-based, Speed-based and ASBRSRP HDMA from left to right, respectively.

As the results indicate, the number of handovers triggered by UE speed-based HDMA
is 0 because the UE’s movement speed exceeds the set speed threshold of 30 km/h.
Consequently, the UE will not hand over to small cells or millimeter wave cells. The
proposed NCI-based HDMA has a lower handover number than the ASRSRP HDMA.
This is because the proposed NCI-based HDMA considers the NCI of the target gNB
and UE movement speed, which enables avoidance of handover to the mmWave gNB
and thereby reduces the number of handovers.

As illustrated in Fig. 4.29, although the handover number of HDMA based on UE
movement speed is 0, the throughput is the lowest of the three, indicating that the
communication environment in the macro cell is characterized by strong interference and
high load, resulting in a low actual UE throughput. Conversely, although the number
of handovers for the proposed HDMA and A3BRSRP HDMA is notably higher than that
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Table 4.5: Simulation parameters setting

Parameter Value
Simulation time 40 s
Macrocell base station | 2.1 GHz
Small gNB 3.5 GHz
mmWave gNB 28 GHz
UE speed 60 km/h
Speed threshold T, 30 km/h
Handover margin 3 dB
Time-to-Trigger 200 ms
Packet sending interval | 0.001 s

10 w w

Number of handovers

NC"bfgged'“asedszRP

Figure 4.28: Number of handovers.

for UE-speed-based HDMA, the throughput performance of the former significantly

surpasses that of the latter.

However, since ASBRSRP HDMA does not identify the target gNB type, it hands

over to the millimeter wave cell, resulting in an immediate increase in UE throughput

and SINR, but also a significant degradation in communication due to obstruction.

4.11.2 Communication stability

Fig. 4.30 shows an evaluation of the stability of the three algorithms, where the three sub-

figures represent the histograms of the SINR data distribution of the three algorithms

during the simulation time. The top sub-figure in Fig. 4.30 shows the proposed NCI-
based HDMA, the middle sub-figure shows the speed-based HDMA, and the bottom
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Figure 4.29: Throughput vs time.

sub-figure shows the ASBRSRP HDMA.

The speed-based HDMA does not hand over to other small cells in this DC simulation
scenario, and the UEs always communicate with the macro base station. Consequently,
the SINR value remains consistent due to the lack of frequent handovers, and the average
SINR is slightly higher than that of ASRSRP HDMA. Conversely, the proposed NCI-
based HDMA uses the gNB type ID to filter out millimeter-wave cells by identifying
the target cell for handover in advance, and only sub-6 GHz small cells are used as the
target cells for handover. Consequently, the proposed NCI-based HDMA has a higher
average SINR than the speed-based and ASRSRP HDMAs, and the SINR values occur
more frequently in the 0 to 5 dB range.

Fig. 4.31 shows the cumulative distribution function (CDF) of the SINR for the
three HDMAs. The proposed NCI-based HDMA prevents handovers to mmWave cells
by identifying the target cell type in advance via the gNB type ID. Therefore, the
SINR of the UE fluctuates more stably than with A3BRSRP and speed-based HDMA.
Fig. 4.30 and Fig. 4.31 demonstrate that the proposed NCI-based HDMA offers a more
stable communication environment for the UE compared with speed-based and A3RSRP
HDMA.

4.12 Summary

In this Chapter, a continuous-time framework, Do-SPN-PPP, is proposed based on the
combination of the Poisson point process and stochastic Petri nets. The framework is
used to qualitatively analyze the A3 event-based M2S and S2M handover in HetNet
and quantitatively analyze the performance difference between M2S and S2M handover
based on the direction of A3 events. According to the analysis results of HoT and HoF

probabilities, there is a significant difference in the impact of HOM parameters on the
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Figure 4.30: Comparison of the SINR data distribution

performance of M2S and S2M handover, and the reasonableness of the proposed model
is verified by Monte Carlo simulation.

In addition, we quantitatively analyze the effect of HOM on the residence time of
UEs in macrocells and small cells. The results show that different HOM parameters
significantly increase or decrease the residence time of UEs in the cell.

Moreover, in order to show the advantages of our proposed framework over existing
approaches, we compare it with discrete-time DTMC, which is widely used in other
literature, and our proposed framework proved the advantages of the proposed frame-
work in capturing and predicting the accuracy of UEs’ residence time in the cell before
handover, and the accuracy comparison results show that DTMC is significantly less
capable of capturing UE S2M handover than the proposed framework when the UE’s
residence time in the cell is short. By comparing with widely used discrete-time models,
the Do-SPN-PPP framework has significant potential value in capturing and predicting
the UE’s residence time in the cell, as well as analyzing the impact of different HOM
parameters on the length of the UE’s residence time in the cell, which is important for
efficient channel resource allocation in the dense cell deployment scenarios of 5G.

Finally, the computation time of the simulation-based and the proposed framework in
the evaluation process is compared. The results show a 96% reduction in computational
time compared with the simulation-based approach.

On the other hand, we propose an extension of the NCI coding scheme based on the

current NCI structure to help UEs identify the type of target base station during HDMA.
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Figure 4.31: Comparison of the SINR CDF

This extension aims to provide a more stable communication environment for high-speed
mobile UEs in dense 5G networks with multiple cellular types. Through a comparative
analysis of the proposed NCI-based HDMA with A3RSRP-based HDMA and speed-
based HDMA, it has been demonstrated that the former can ensure higher throughput
while reducing the number of handovers and exhibiting improved performance in terms
of communication stability.

In future work, firstly, since HoT and HoF are two important metrics for evaluating
the switching performance and also two metrics that have trade-offs on HOM parame-
ters, how to find the HOM parameters between these two metrics that can obtain the
optimal handover performance is the direction to be considered. Secondly, the HOM
parameters significantly increase or decrease the residence time of the UE in the cell.
Therefore, how to provide proactively effective channel resource allocation schemes for
M2S and S2M handover within the network side, respectively, may be another direction
to consider.

On the other handover, we also consider the scenario where multiple cells exist in a
gNB, to test and optimize the performance of our algorithm, and consider the scenario
where there are a large number of UEs with different mobility speeds, and ways to

improve the performance of the algorithm by combining machine learning approaches.
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Chapter 5

Design of a handover decision
algorithm based on channel

quality indicators

While Chapter 4 focuses on optimizing handover decision logic through direction-aware
modeling and target cell identification, the accuracy of any handover decision algorithm
fundamentally depends on the reliability of its input—the channel measurement phase.
As highlighted in Chapter 2, one of the most critical challenges facing current HDMAs
is the volatility of the RSRP, which is widely used as the primary metric for assessing
signal quality.

In complex radio environments with multipath fading and shadowing, instantaneous
RSRP values often fail to accurately represent long-term channel quality trends. Rely-
ing solely on RSRP as a handover trigger can result in frequent ping-pong handovers
and handover failures—notably, too-early failures (TEFs). To fundamentally enhance
handover reliability and robustness, it is therefore essential to address these deficiencies
at the measurement stage. This chapter focuses on reforming the measurement phase of
the handover process by addressing the shortcomings of RSRP. We propose a handover
decision algorithm named CH-HDA (CQI and Hysteresis-based Handover Decision Al-
gorithm), which replaces RSRP with the more stable and meaningful channel quality
indicator (CQI) and incorporates an adaptive hysteresis control (HC) mechanism.

CQI is selected due to its inherent advantages over RSRP. As a link-layer metric,
CQI guides the selection of modulation and coding schemes (MCS) based on average
channel conditions over time, rather than instantaneous signal power. Quantized into
discrete levels corresponding to SINR intervals, CQI exhibits significantly lower volatility
and greater resistance to transient fading. Its slower variation makes it a more reliable
reflection of sustained communication quality, especially in dynamic or fading-prone
environments.

In summary, the contributions of this chapter lie in introducing a measurement-
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Figure 5.1: Propagation between the RSRP and CQI

aware and stability-driven approach to handover decisions. By shifting from a volatile,
RSRP to a more stable, CQI, and by incorporating dynamic hysteresis control, CH-
HDA significantly improves handover trigger accuracy, reduces unnecessary handovers,
and enhances overall network performance in heterogeneous deployments. These insights

provide a new perspective for resolving fundamental handover challenges in HetNets.

5.1 Propagation properties of RSRP, SINR

In wireless communications, radio signals are subject to various propagation phenomena
that significantly affect their transmission characteristics. Two primary physical phe-
nomena - multipath fading and shadowing - play crucial roles in signal propagation and
directly impact the behavior of key wireless metrics including RSRP, RSRQ, and SINR.

Fading occurs when radio signals reach the receiving antenna through multiple paths
due to reflection, diffraction, and scattering from various objects in the propagation
environment. These multiple signal copies arrive at the receiver with different phases
and amplitudes, leading to significant variations in the received signal strength due to
multipath fading effects. This phenomenon leads to rapid and significant fluctuations
in received signal strength over very short distances or time intervals, typically on the
order of wavelengths.

Shadowing, also known as shadow fading or large-scale fading, results from the ob-
struction of radio waves by large objects such as buildings, hills, or other terrain features.
Unlike multipath fading, shadowing causes slower variations in signal strength that oc-

cur over distances of several tens of wavelengths. These variations follow a log-normal

82



5.1. Propagation properties of RSRP, SINR

Table 5.1: SINR and CQI Mapping Table in LTE

SINR [dB] | CQI code | Modulation | Code rate | Spectral efficiency
6.7 1 QPSK 0.076 0.15
-4.7 2 QPSK 0.12 0.23
-2.3 3 QPSK 0.19 0.38
0.2 4 QPSK 0.3 0.60
2.4 5 QPSK 0.44 0.88
4.3 6 QPSK 0.59 1.18
5.9 7 16QAM 0.37 1.48
8.1 8 16QAM 0.48 1.91
10.3 9 16QAM 0.6 2.41
11.7 10 64QAM 0.45 2.73
14.1 11 64QAM 0.55 3.32
16.3 12 64QAM 0.65 3.90
18.7 13 64QAM 0.75 4.52
21.0 14 64QAM 0.85 5.12
22.7 15 64QAM 0.93 5.55

distribution and can cause significant deviations from the mean path loss.

The combined effects of these propagation phenomena manifest as substantial fluc-
tuations in RSRP, RSRQ, and SINR measurements. As shown in Fig. 5.1, RSRP and
SINR exhibit considerable volatility even over short measurement periods. RSRP, which
measures the average power of reference signals, shows direct susceptibility to both shad-
owing and multipath effects. For the RSRQ, it derived from RSRP and incorporating
interference measurements, demonstrates even greater variability. SINR, which accounts
for both signal strength and interference levels, exhibits particularly pronounced fluc-
tuations due to the compound impact of fading effects on both desired and interfering

signals.

5.1.1 CQI usage and propagation property in 5G

Channel quality indicator (CQI) is an important indicator reflecting the quality of the
downlink channel, and its value ranges from 0 to 15, which is measured by the UE based
on parameters such as SINR, RSRP, etc. and reported to the base station. A larger
value of CQI indicates that the channel quality is better, and it can support higher-order
modulation modes (e.g., QPSK, 16QAM, 64QAM) and higher coding rate.

In LTE and 5G systems, the mainly implement of the CQI is adaptation modulation
and coding, resource scheduling, beam management and link adaptation. Base stations
can dynamically select the best combination of transmission parameters by analyzing

the CQI values reported by UEs, and realize high spectral efficiency while ensuring
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Figure 5.2: Propagation between the RSRP, SINR and CQI

transmission reliability [2].

In Table 5.1 the CQI and SINR are shown, along with the channel modulation,
coding, and spectrum utilization corresponding to each of their values [61] [62]. In
particular, the SINR in Table 5.1 indicates the lower limit value when corresponding
to the CQI value, e.g., the CQI is always 1 when the SINR is below -6.7 dB, and the
CQI is always 2 when the SINR is between -4.7 dB and -6.7 dB. It is worth noting
that, according to the 3GPP standard specification, the correspondence table between
CQI and SINR will be different in each version, but the interval in which a CQI value
corresponds to a SINR is constant.

From Table 5.1, it is known that although SINR may fluctuate due to environmental
effects such as fading and shadowing, CQI can be kept constant if the fluctuation of SINR

is within a certain interval [62]. Similarly, in the fading environment, the correlation
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between the fluctuation of RSRP and the fluctuation of SINR is consistent [63], both
of which will fluctuate drastically by the influence of fading and shadowing. In other
words, CQI fluctuates slower than SINR and RSRP, and the property of RSRP, SINR,
and CQI as shown in Fig. 5.2.

Therefore, the property of CQI to remain constant and fluctuate slowly in severe
fading environments is valuable in HDA, which aims to reduce the high HoF and ping-
pong handover caused by severe fluctuations in RSRP due to fading.

In the design of CH HDA, the CQI was strategically chosen as a key metric over
traditional RSRP and RSRQ measurements due to its distinct advantages in character-
izing channel conditions. CQI employs a compact scale ranging from 0 to 15, offering a
more concise value range compared to RSRP (-140 dBm to -44 dBm) and RSRQ (-19.5
dB to -3 dB).

This compact value range of CQI not only simplifies parameter optimization but
also substantially reduces computational overhead. More importantly, the CQI scale
exhibits inherent semantic significance: values above 5 indicate good communication
conditions where handover operations may be unnecessary, while values below 5 serve
as meaningful indicators for potential handover considerations, as shown in Table. 5.1.
Furthermore, CQI demonstrates superior resilience to fading effects compared to RSRP,
RSRQ, and Signal-to-Interference-plus-Noise Ratio (SINR) measurements. This reduced
sensitivity to short-term channel fluctuations makes CQI a more stable metric for han-
dover decisions-making, effectively filtering out transient variations that might otherwise
trigger unnecessary handovers. The combination of these characteristics - compact value
range, clear quality thresholds, and enhanced stability against fading, which makes CQI

an ideal indicator for efficient and robust handover decision-making algorithm in HetNet.

5.2 Two type failures within the HDMA

In the handover decision-making algorithm, the UE measurement report includes the
RSRP and RSRQ from surrounding cells, and the S-cell determines the necessity of a
handover and to which cell it should be directed based on the received message of the
measurement report in Fig. 5.3.

Generally, the entire handover process proceeds smoothly without handover failure
(HoF). However, HoF often occurs when macro-cell and small-cells use the same fre-
quency and are near each other because of the co-frequency interference [64]. According
to the specific position of the UE where a radio link failure (RLF) occurs during the mes-
sage exchange in the handover procedure in Fig. 5.3, RLF indicates that the UE loses
the communication link with the S-cell owing to a poor signal-to-noise ratio (SINR)
value [15] [16].

The HoF can be categorized into two main types [1], [65],

o Too-late failure (TLF),
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Figure 5.3: Two types of failures in the handover procedure

o Too-early failure (TEF).

In a communication environment using the same frequency, the downlink of the UE
receives strong co-frequency interference. Consequently, the UE may experience RLF
before receiving the handover trigger command [66], which refers to message 1 in Fig. 5.3.
Additionally, because the output power of the small-cell is smaller than that of the
macro-cell, sometimes the uplink SINR of the UE degrades to a level where the S-cell
cannot receive its measurement report before the UE receives message 1 [64], [66]. As a
result, the S-cell cannot receive the measurement report from the UE and cannot send
a handover trigger command based on the measurement report, which eventually leads
to an RLF of the UE. These two types of HoFs, where the RLF occurs before the UE
receives the handover trigger command, are called TLF [16], [67].

Furthermore, the RSRP received by the UE from both the S-cell and T-cell can

fluctuate significantly owing to fading, which is a physical phenomenon that occurs dur-

86



5.3. Related work on the improvement of the ASRSRP HDAM

ing signal propagation. The fading causes the S-cell to receive inaccurate measurement
reports from the UE, resulting in the S-cell prematurely determining the UE handover
based on the inaccurate RSRP measurement reports from the UE [14]. The measure-
ment report from the UE may not accurately reflect a communication environment,
resulting in a poor RSRP of the T-cell [68]. This can cause the T-cell to not receive the
handover completion message from the UE, and the message is shown as message 2 in
Fig. 5.3. The HoF where the UE experiences RLF before the T-cell receives message 2
is called TEF [1].

5.3 Related work on the improvement of the A3RSRP
HDAM

A3RSRP HDA involves two main parameters, HOM and TTT, which are crucial for
selecting the cell with the best communication quality and resilience against fading.
However, the HOM takes precedence over TTT as it determines the timing for a UE
to trigger a handover [16], [69]. In addition, the two parameters, HOM and TTT, in
the ABRSRP HDA do not dynamically change after a decision [70]. Selecting inappro-
priate HOM and TTT values because of insufficient knowledge can lead to increased
HoF ratio incidents during the handover process. Recognizing the limitations of the
A3RSRP HDA, 3GPP Release 8 introduces a self-organizing network entity into the
mobile communication network, and this entity enhances handover performance by dy-
namically adjusting HDA parameters for UE [71]. This strategy, known as mobility
robust optimization (MRO) [72], focuses on optimizing HDA.

Subsequent papers concentrated on dynamically adjusting and optimizing the ASRSRP
HDA using different measurement indicators to reduce the HoF ratio and the number of
frequent handovers. Research on handover can be divided into two main topics: HDA
and handover execution. This paper is mainly concerned with HDA. Thus, it focuses
on papers related to HDA management and optimization. Furthermore, based on the
indicators used in the decision-making process of HDA, the related work is divided into

the following two main aspects.

o RSRP/RSRQ based

e SINR based.

RSRP/RSRQ based

Reference [6], the author proposed an MRO algorithm to optimize the ASBRSRP HDA.
Specifically, HoF data were collected based on different failure types in the past time,
and the HOM or TTT was dynamically adjusted based on the ratio of a single failure
type in the collected HoF. Reference [73], the authors proposed an MRO algorithm to
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optimize HOM and TTT parameters selection in ASBRSRP HDA based on real-time
feedback of HoF type, TLF , or TEF, to reduce the FHO. However, the algorithms
require the analysis of historical data to adjust the handover parameters, the HOM or
TTT. Therefore, the algorithm optimizes handover performance after a certain time by
sacrificing historical handover performance.

Reference [74], the author proposed an MRO algorithm based on fuzzy logic control
(FLC) to optimize the ABRSRP HDA. This approach considered RSRP, RSRQ, and
speed to select better HOM and TTT parameters for the UE based on the changing
environment. The results show significant suppression of both the HoF ratio and PPHO.
Nevertheless, the authors considered the range of HOM to be insufficient. Furthermore,
the HetNet environment was considered in the paper, and the proposed FLC-based
approach is generally considered complex and difficult to apply.

Reference [75], the author used a combination of neural networks and FLC to predict
the optimal HOM and T-cell prioritization in a 5G environment. The results demon-
strated the effectiveness of the approach in optimizing handover success rate and PPHO.
Reference [76], the authors used machine learning to optimize the ASRSRP HDA, aim-
ing to determine the optimal HOM and TTT values under a specific network to reduce
the HoF ratio and the number of PPHOs. Reference [77], the authors propose an MRO
algorithm based on Q-learning to optimize the cell individual offset parameter setting
in ABRSRP HDA to reduce the number of PPHOs and HoF ratio within the scenario of
random deployment of small-cells. However, such approaches for predicting the optimal
parameter setting within the ASRSRP HDA consume substantial computing time and
resources, and the algorithm must be retrained after changing the environment, which

is good for the specific environment but not for the real-world application.

SINR based

Reference [78], the authors proposed a heuristic algorithm to optimize the A3RSRP
HDA by considering the SINR, RSRP, RSRQ), and speed. The numerical results showed
that the weights of the four components were as follows: SINR (0.4215), RSRP (0.1054),
RSRQ (0.0516), and speed (0.4215). Consequently, in networks with the same frequency,
the influence of SINR, RSRP, and speed was high, while the proportion of RSRQ was
low when considering measurement indicators. However, the algorithm did not consider
the fading environment, potentially leading to an idealized result.

Reference [79], the authors proposed a handover trigger policy based on SINR and
the trajectories of moving UE using Markov modeling to enhance the communication
capacity of UE in HetNet. The results show that the proposed mathematical model
improves the communication capacity by nearly 100% and was very close to the optimal
solution. However, the SINR threshold of 1 dB for handover triggering is considered,
which indicates that the direction of movement of the UE must have been away from
the S-cell. Otherwise, it could result in a TEL.
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Reference [80], the author proposed an algorithm based on the SINR and received
signal strength to reduce FHO in vertical handover environments and showed that the
proposed algorithm was effective.

Moreover, there are some other methods to optimize ASBRSRP HDA. Reference [69],
the authors propose an approach based on the dwell time of the UE in a cell to reduce
FHO by forcing the UE with a short dwell time in a small-cell to hand over to a macro
cell. Reference [81], the authors select the optimal small-cell to reduce the HoF ratio
and FHO based on the dwell time of the UE in a cell.

Despite the previous works optimizing the performance of the ASBRSRP HDA, they
focus on the proposal of an MRO algorithm that dynamically adjusts the parameters
of the HOM or TTT in A3BRSRP HDA using an MRO algorithm for some particular
scenarios to reduce the HoF ratio and FHO by using different measurement indicators,
such as RSRP, RSRQ, and SINR.

However, all of these works are based on the existing ABRSRP HDA, which indicates
the handover trigger conditions in these works are the same as the ASRSRP HDA. Fur-
thermore, since RSRP, RSRQ, and SINR fluctuate drastically in fading environments,
resulting in the optimization of ASBRSRP HDA parameter settings using RSRP, SINR,
and RSRQ usually requires the implementation of FLC, machine learning, or neural
networks to accurately predict the optimal HOM or TTT parameter settings for a given
environment. However, it is difficult to apply them in LTE and 5G real-world appli-
cations because these methods require significant computational time and resources for

model learning and training.

5.4 Proposal of CQI-based HDMA

CQI is an indicator of the quality of UE communication used in mobile networks, and HC
is a commonly used method for controlling the switching of equipment by environmental
changes in the world of electrical and electronic engineering. With severe signal fading
in the complex communication environments of mobile networks, both RSRP and RSRQ
indicators, which are currently widely used in HDA, suffer from severe fading, resulting
in poor handover performance. Therefore, in order to address this problem, we consider
controlling the HDA process by using a combination of CQI and HC to shift the timing
of handover triggering, as detailed in Algorithm 2.

Algorithm 2 shows the conditions and decision process of the proposed CH HDA,
where CQI,ys denotes the average downlink CQI within 200 ms after rounding. This
is because although the downlink CQI fluctuation is slower than SINR and RSRP, the
resistance to fading is stronger. However, it is still subject to fading if the CQI is not
pre-processed, resulting in the UE sending incorrect measurement reports to the S-cell,
as with the RSRP and RSRQ), and we uniformly referred CQl,ys to as “CQI’" in the

following for simplicity of description.
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Algorithm 2 CQI+Hysteretic handover decision algorithm
1: if CQIan < TCQll and CQIavg >=1 then

2 if CQIavg < TCQ12 then

3 Of fsety =Of fsety — H-

4 else

5: if Ping-PongHo then

6: Of fsety =Of fset, + HT
7: else

8 Of fset, = initial Of fsety
9: end if

10: end if

11: if Mn > Mp+ Of fset, then

12: Wait for TTT to do a handover of the cell
13: else if Mn < Mp+ Of fset, then
14: Cancel the handover of the cell
15: end if

16: else

17: if CQlayg >= TCQll then

18: Cancel handover

19: end if

20: end if

Specifically, Tcqr, and Tcqr, are thresholds used to determine UE handover and
handover difficulty, respectively, where Tcqr, is used to determine whether handover
is necessary for the UE, and Tcqr, is used to determine whether a reduction of the
Of fsety is necessary. This reduction is interpreted as a reduction in handover difficulty

by the HDA based on the current quality of the communication of the UE.

In HC, there are two parameters, H~ and H™, which denote the specific value used
to determine the decrease of Of fset, according to the CQI and the specific value used
to determine the increase of O f f set,, according to Ping-PongH o, respectively, as shown
in Fig. 5.4. Ping-PongHo denotes whether a handover is performed between the same
S-cell and T-cell within a short period of time, and if yes, the difficulty of handover is
increased by HT.

Therefore, the whole idea and process of the CH HDA judgment is that it sends
a measurement report to the S-cell when the UE needs to be handed over. The HDA
determines that the current communication environment is degrading and allows the UE
to prepare for trigger handover if the CQI of the UE is less than the Tcqr, . Continuously,
the HDA determines that the UE must start handover immediately and reduces the
decrease the initial Of fset,, by H~ if the CQI of the UE is less than Tqi, before the
UE triggers handover. Conversely, the initial Of fset, is maintained if the CQI is not
less than Tcqr,. After the UE clears the CQI condition, the CH HDA checks the A3
event described in (4.1), and the UE will trigger a handover after the TTT time if the
A3 event is satisfied while the UE does not trigger the handover and cancels the report
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Figure 5.4: The HC scheme considered in the HDA

of the handover measurement to the S-cell if the A3 event is not satisfied.
Moreover, the handover request of the UE is canceled if the CQI is greater than the
Tcqr, before the handover is triggered, regardless of whether the A3 event is satisfied

or not.

5.5 Simulation results of the proposed CQI HDAM

5.5.1 Simulation environment setting

We focuses on the co-frequency HetNet environment, the variation in the number of cells
results in the variation in the strength of interference. In addition, as the number of
cells varies, the variation in the number of signals received by a UE results in a variation
of the fading environment. Therefore, to evaluate the performance of both the proposed
CH and the ABRSRP HDAs more comprehensively, we will evaluate the performance of
the two HDAs through two simulation environments, which we refer to as small-scale
and large-scale environments.

Furthermore, this paper focuses on the triggering conditions and timing of handover
and considers ways to improve it. However, other factors often disrupt discussions due
to the complex HetNet environment, leading to confusion and marginalization. For
example, it is necessary to exclude the HoF owing to factors such as communication
congestion or insufficient resource blocks when discussing the triggering conditions and
handover timing of the ABRSRP HDA and how to improve it. Therefore, in this paper,
we consider an environment with a small number of UEs to evaluate the performance

of the proposed CH and A3BRSRP HDAs.
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Figure 5.5: Simulation environment with small-scale

5.5.2 Small-scale environment simulation

The small-scale environment is illustrated in Fig.5.5. Specifically, the maco-cell is posi-
tioned at the origin (0,0), and two small-cells using the same frequency with the macro-
cell are positioned 500 m away from the macro-cell at (500, 50) and (500, —50), respec-
tively. The performance of the two HDAs is evaluated by the UE moves randomly with
the RandomWalk2dMobility model. Furthermore, low-speed UE suffers more severely
from fading and is more susceptible to TEF, especially in HetNet [82], [48]. Therefore,
this paper considers the scenario of UEs moving at low speed, and the movement of UEs
is limited to the range of [200,500] on the X-axis and the range of [—100,100] on the
Y-axis to limit the UE travel to an irrelevant area with no handover.

Moreover, the parameter O f f set,, in the ABRSRP HDA can be selected in the range
of [-15,15] dB. However, the received RSRP from a small-cell by the UE is not expected
to be higher than the received RSRP from the macro-cell by the UE 15 dB because the
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Table 5.2: Simulation parameter setting

Parameters Value

Simulation time 1000 s

Frequency 2 GHz

Macro-cell power 46 dBm

Small-cell power 32 dBm

Bandwidth 50 resource blocks
Macro-cell path loss model [14] 15.3 4+ 3.76 x 10log(R), R in m
Small-cell path loss model [14] 38.46 + 2.0 x 10log(R), R in m
Of fsety 0.5,1.0,1.5,2.0,2.5,3.0] dB
Teqn 2,3, 4

Toqr, 1,2

CQI generation interval 1 ms

Hysteretic control (H) [-1.0, —0.5, 0, 0.5, 1.0] dB
Time interval to judge as a 1s

Ping-PongHo

TimeToTrigger 100 ms

Downlink out of synchronization -5 dB

Timer 310 200 ms

Fading model [64] Rayleigh fading

Number of UE )

Low speed [6] 0.5 m/s, 1 m/s, 3 m/s
Mobility model RandomWalk2dMobility
The number of seeds )

power output of the small-cell is typically low. Similarly, selecting an Of fset, that
is too small will increase the number of FHO, owing to the HDA being susceptible to
fading, leading to the TEF.

Therefore, we consider Of fset, in the range of [0.5,3.0] dB, the increment is 0.5
dB, to compare the performance of the CH HDA with the better performance of the
A3RSRP HDA, and close to 0.5 dB is considered relatively small O f fset,, and close to
3.0 dB is considered relatively large Of fset,. Furthermore, only the effect of various
Of fset, valves is discussed, the effect of different TTT is not discussed in this paper.
Hence, a fixed TTT value of 100 ms is chosen. The specific parameter settings of the

simulation environment are shown in Table 5.2.

5.5.3 Evaluation of handover failure ratio

The baseline for comparison is the O f fset, present in the two HDAs, which have the
same value because such a comparison provides a clear view of the effect of our proposed
CH HDA on the handover.

Therefore, the two HDAs show the results on HoF ratio when the parameter of
Of fsety is set to Of fset, dB in Table 5.2, for every 0.5 dB interval. Moreover, a

handover is not possible with a large value of the CQI. At the same time, a successful
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Figure 5.6: Comparison of the HoF ratio and number of handovers for the ASRSRP
and CH HDAs at 0.5 m/s speed

handover has a lower probability with a value that is too small, such as the CQI equaling
1. Meanwhile, according to the mapping table of CQI and SINR in [62], a handover is
most likely to occur when the SINR changes around 0 dB for the CQI values of 2, 3,
and 4. Thus, we choose 2, 3, and 4 as the value of the Tcqt, -

The equation concerning the calculation of HoF is shown as follows:

NtgF + NTLF
Nsvce no + Nter + Nrop’

Ryor = (5.1)
where Ruor, NTEF, NTLF, and Nsucc mo denote the metric of HoF ratio, the number
of TEFs, the number of TLFs, and the number of successful handovers, respectively.
The number of handovers is defined as the sum of Ntgr, Ntrr, and Nsycc no- The
categorization criteria of Nrgrp and Nprp are based on Fig.5.3, which indicates that if
message 1 is not received by a UE before an RLF occurs then the number of Nppp is
incremented by 1. Similarly, if message 2 is not received by T-cell before an RLF, then

the number of Npgr is incremented by 1.

Furthermore, the parameter H of the HC, including the H* and H~, have both
positive and negative effects at various UE speeds and combinations. For example, at
low speeds of 0.5 m/s, the positive effect of HC is mainly on the H*, while at relatively
higher speeds of 3 m/s, the positive effect of HC is mainly on the H~. This is because, in
the low-speed scenario, the UE’s need for handover is extremely low. Hence, increasing
the difficulty of handover by the H™ is beneficial for avoiding the FHO and TEFs and

maintaining a stable communication environment. On the other hand, in a higher-speed
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Figure 5.7: Comparison of the number of HoFs for the ASRSRP and CH HDAs at
0.5 m/s speed

scenario, the UE’s need for handover increases substantially. Consequently, reducing
the difficulty of handover by the H~ is beneficial to enable the UE to trigger handover
early to reduce the risk of suffering from TLFs or a poor communication environment.
Therefore, the parameter combinations for HC with positive effects are prioritized, and
for the convenience of the description in the later paper, the parameter H including H™
and H~ are described as a sum of H™ and H~, and the specific H™ and H~ settings
are exhibited in each result.

Regarding the presentation of the simulation results for the HoF ratio in Fig. 5.6,
5.8, 5.10, 5.13, 5.15, and 5.17. The X-axis shows parameter settings for the two HDAs,
in which the ASRSRP HDA is Of fset, setting, and the CH HDA is Tcqr, threshold and
two H parameters settings. For the CH HDA, the upper one is Tcqr, , and below it is the
setting of the two H parameters. Furthermore, a dual Y-axis illustrates the HoF ratio
and the number of handovers. The left Y-axis represents the HoF ratio corresponding
to the filled histogram on the left side, while the right Y-axis represents the number of
handovers corresponding to the empty histogram on the right side. Moreover, Fig. 5.7,
5.9, 5.11, 5.14, 5.16, and 5.18 shows the performance comparison of the number of
HoFs.

5.5.3.1 Evaluation of UE moving with 0.5 m/s

Fig. 5.6 shows the HoF ratio and number of handovers of both HDAs, and the results
are evaluated when the threshold of the Tcqy, is fixed to 1, and UE is moving at a speed
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of 0.5 m/s.

Fig. 5.6a shows that the HoF ratio for the ABRSRP HDA is 4%. Since an initial
offset threshold of 0.5 dB is selected, a smaller offset threshold results in all HoFs being
TEF. Additionally, the results of the number of ASBRSRP HDA handovers in Fig. 5.7a
show that when Of fset, is 0.5 dB, although the HoF ratio remains at 4%, resulting
in a large number of handovers because a smaller O f fset,, which in turn results in a

small HoF ratio.

In contrast, the CH HDA decreases the HoF ratio 2% by Tcqr, 3 without HC com-
pared to ASBRSRP HDA. The results of the number of handovers for CH HDA in Fig. 5.7a
show that the number of handovers is substantially suppressed by Tcqr, 3 and without
HC, and a 43% and 62% reduction in the number of handovers and number of TEFs,
respectively, are observed compared to ASRSRP HDA. When Tcqr, 3 with HC, the
number of handovers is reduced by 52%, and the number of TEFs is reduced by 75%
compared to ASBRSRP HDA. When Tcqr, 4 without HC, the suppression of TEFs by
CQI is degraded due to the relaxed trigger condition for the CH HDA compared to
Tcqr, 3, while the number of handovers is reduced by 14% and the number of TEFs is
reduced by 4% compared to ASRSRP HDA. When the Tcqr, is 4 with HC, the number
of handovers decreases by 28%, and the number of TEFs decreases by 50% compared to
A3RSRP HDA.

Fig. 5.6b shows that the HoF ratio for ABRSRP HDA is 2%. In contrast, for the CH
HDA, the HoF ratio when the Tcqr, is 3 without and with HC is slightly higher than the
A3RSRP HDA, while it does not mean that the performance of the CH HDA is worse
than the ABRSRP HDA because it decreases the number of handovers and TEFs by 42%
and 33%, respectively, when the Tcoqp, is 3 without HC compared with the ASRSRP
HDA based on Fig. 5.7a. The number of handovers and TEFs decreases by 45% and
33%, respectively, when the Tcqr, is 3 with HC. Meanwhile, the HoF ratio decreased
by 1% when the Tcqr, is 4 without HC, and the number of HoFs is almost negligible.
The number of handovers and TEFs decreases by 9% and 66%, respectively, when the
Tcqr, is 4 without HC. The HoF ratio decreases by 1%, and the number of handovers
and TEFs decreases by 12% and 66% compared with the ABRSRP HDA| respectively,
when Tcqr, is 4 with HC and the sum of the H parameter is 0.5 dB. The HoF ratio
decreases less than 1%, and the number of handovers and TEFs decreases by 12% and
33%, respectively, when the sum of the H parameters is 1.0 dB. The performance when
the sum of the H parameter is 1.0 dB is worse than the sum of the H parameter is 0.5
dB because the timing of the handover trigger is excessively shifted backward, resulting
in a slightly increased number of TEFs. Thus, inhibiting a handover by shifting the
trigger timing of the handover backward significantly may cause the UE to undergo
uncertain fading after the handover is triggered, resulting in low SINR and a TEF. As

we described in Fig. 5.3, the T-cell cannot receive message 2, leading to a TEF.

Fig. 5.6¢ shows that the HoF ratio is 4% when the initial Of fset, is 1.5 dB. In
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Figure 5.8: Comparison of the HoF ratio and number of handovers for the ASRSRP
and CH HDAs at 1 m/s speed

contrast, the CH HDA reduces the HoF ratio by 2% when the Tcqr, is 3 with HC.
Moreover, the number of handovers and TEFs decreases by 12% and 50%, respectively,
when the Tcqr, is 3 with and without HC compared with the ASRSRP HDA based on
the result in Fig. 5.7c, because the effect of suppressing handovers and TEFs mainly
dominated by the Tcqr,, and a Toqr, taking 3 shift the trigger timing of the handover
backward as we described in Fig. 5.6b, In addition, the HoF ratio when the Ttqp, is 4
with or without HC is the same as the ABRSRP HDA. This is because most FHO has
been suppressed, and the remaining handovers are difficult to eliminate by a Tcqr, of 4
based on the initial Of fset, value at 1.5 dB.

Fig. 5.6d shows that the HoF ratio of the ASBRSRP HDA is about 3%. In contrast,
the CH HDA reaches zero HoF when the Tcqr, is 3, which means no failure in all the
handovers, and the same zero HoF is also achieved when HC is considered based on the
result in Fig. 5.7d. Moreover, the number of handovers decreases by 5% based on the
result in Fig. 5.7d. The number of TEFs reaches zero when the Tcqr, is 3 with and
without HC, which decreases the number of TEFs by 100% compared with the ASRSRP
HDA. In addition, the results of the Tcqr, 4 are almost the same with ASRSRP HDA,
this is the same as the result in Fig. 5.6c.

Fig. 5.6e shows that zero HoF is also achieved for the ASBRSRP HDA when the initial
Of fsety is 2.5 dB. This result shows that the initial O f fset, should be at least 2.5 dB
for the ABRSRP HDA to suppress most of the TEFs and handovers owing to the fading.
In contrast, the HoF ratio of CH HDA is 3%, and while the number of handovers is the
same with the ASRSRP HDA when the Tcqr, is 3 without HC, the CH HDA causes
slight TEFs. This worse result is because the triggering timing of the handover is shifted
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backward too much owing to the Tcqr, of 3 and a large value of the initial Of fsety,
which may cause the UE to undergo uncertain fading after the handover is triggered and
result in poor SINR even TEF. Meanwhile, zero HoF is achieved regardless of whether
the sum of the H parameters is —0.5 dB or 0 dB when the Tctqr, is 3 with HC while
the number of handovers increases by 77% compared with the ASBRSRP HDA based on
the result in Fig. 5.7e. This is because when Toqr, 3 and large Of fset,, it is necessary
to set the sum of the H to zero or negative in order to neutralize significantly shifted
backward timing of the handover. However, the negative sum of the H will increase the
number of handovers. In addition, the result of Tcqr, 4 is the same with the ASRSRP
HDA. This is because Tcqr, 3 is not as effective as Tcqr, 3 in suppressing handover
and TEF, and A3BRSRP HDA has the suppression effect on FHO and TEF for 0.5 m/s
low-speed scenario when the initial O f fset, at least 2.5 dB.

Fig. 5.6f shows that the ASRSRP HDA still achieves zero HoF when the initial
Of fsety, is considered 3.0 dB. In contrast, the CH HDA also achieves zero HoF when
the Teqr, is 3 with and without HC. Furthermore, the number of handovers by the Tcqr,
values of 3 and 4 is the same as the ABRSRP HDA, but some TEFs occur when the
Tcqr, is 4. This is because the handover trigger timing of shifted backward by the Tcqr,
4 is worse compared to the Trqr, 3 for a scenario with a low-speed movement of 0.5
m/s and an initial Of fset, of 3 dB. Therefore, it is suggested to choose the CH HDA
with a combination of Tcqr, 3 and HC in a low-speed scenario, and it is not suggested

to choose the CH HDA with a combination of Tcqr, 4 and HC in a low-speed scenario.

5.5.3.2 Evaluation of UE moving with 1 m/s

Fig. 5.8 shows the HoF ratio and number of handovers of the CH and ASBRSRP HDAs
at a speed of 1 m/s, and the threshold of the Tcqy, is fixed to 2.

Regardless of how the parameters are adjusted by the two HDAs, zero HoF cannot
be achieved, and TLFs occur. As the moving speed of UE increases, the received RSRP
from the cells is subjected to more severe fading compared with those at 0.5 m/s moving
speed in the same time period. These results are the same with [14], [81], [82], where a
severe delay in handover triggering due to the setting of an unsuitable handover threshold
will lead to severe degradation of the communication quality of UE, which results in a
TLF.

Meanwhile, the co-frequency interference causes the downlink SINR, of the UE to be
low, leading to decoding failures and packet loss, which results in a TLF independent of
speed. Therefore, with the increasing speed of movement, the UE exhibits more serious
TLFs compared with the scenario of 0.5 m/s.

Fig. 5.8a shows that the HoF ratio for the A3BRSRP HDA is 6% when the initial
Of fsety is 0.5 dB. More than half of the HoFs are TEFs, and the remainder are TLFs
due to the selection of a small Of fset,. In contrast, the HoF ratio of CH HDA decreases
by 1% when the Tcqr, is 3 without HC compared with the A3BRSRP HDA.
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Figure 5.9: Comparison of the number of HoFs for the ASRSRP and CH HDAs at 1
m/s speed

Moreover, the CH HDA reduces the number of handovers, TLFs, and TEFs by 31%,
33%, and 40%, respectively, when Tcqr, 3 without HC compared to the ABRSRP HDA
based on Fig. 5.9a. This reason is the same as the result we described in Fig. 5.6. The
CH HDA decreases the number of TLFs and TEFs by 11% and 22%, respectively, while
increasing the number of handovers by 1% when the Tcq, is 3 with HC compared with
the ASRSRP HDA. This is because after considering HC and the sum of H parameters
is 0 dB and 0.5 dB, the CH HDA increases the Of fset, to increase the difficulty of
handover triggering to reduce TEFs and decreases the O f fset, to decrease the difficulty
of handover triggering to reduce TLFs by the HC. However, the decreased difficulty of
the handover rigger by the H~ in the H has resulted in a slight increase in the number
of handovers. Meanwhile, the CH HDA reduces the number of TLFs and TEFs by 11%
and 18%, respectively, while the number of handovers increases by 2% compared with
the ASRSRP HDA when Tcqr, 4 without HC. When Ttqyr, is 4 with HC, the number of
TLFs and TEFs are reduced by 0% and 9%, respectively, while the number of handovers
increases by 26% and 19%, respectively. This is because the suppresses effect of the sum
of H 0.5 dB on the TEFs is more than when the 0 dB, but both include H~. Thus, the
number of handovers increases in order to reduce the number of HoFs. From this result,
it can be seen that the effectiveness of suppressing TEF with a Toqr, 4 can be enhanced
by the HC.

Fig. 5.8b shows that the HoF ratio for ASBRSRP HDA is 6%. In contrast, the HoF
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ratio of the CH HDA reduces by 1% compared with ASRSRPHDA when T¢qy, is 3 with
or without HC. The HoF ratios of CH HDA decrease by 1% when Tcqr, is 4 without
HC compared with ASBRSRP HDA, while the HoF ratios of CH HDA increase by 1%
and decrease by 1% when the sum of the H is 0.5 dB and 1.0 dB, respectively.

Moreover, the number of handovers, TLFs, and TEFs are reduced by 24%, 25%, and
36%), respectively, compared with the ASBRSRP HDA when Tcqi, is 3 with or without
HC based on the result in Fig. 5.9b. Meanwhile, the number of TEFs is reduced by
18% with almost the same number of handovers, while the number of TLFs is the same
as ASRSRP HDA when Tcqr, is 4 without HC compared with the ASRSRP HDA.
Although the number of handovers decreases by 5%, the number of TLFs remains the
same and the number of TEFs increases by 9% compared with the ASRSRP HDA when
Tcqr, is 4 with HC and the sum of H is 0.5 dB. When Tcq, is 4 with HC and the sum
of H parameters is 1.0 dB, the number of handovers, TLFs, and TEFs decrease by 7%,
12%, and 18%, respectively, compared with ASRSRP HDA. This reason is the result in
Fig. 5.6f.

Fig. 5.8¢c shows that the HoF ratio for the ASRSRP HDA is 11%. In contrast, the
CH HDA reduces the HoF ratio by 1% when Tcqr, is 3 without HC and by 5% when
HC is considered, while the HoF ratio is the same when Ttqr, is 4 without HC, and the
HoF ratio reduces by 5% when HC is considered.

Moreover, the CH HDA reduces the number of handovers and TLFs by 7% and
25%, respectively, the number of TEFs remains unchanged when Tcqr, is 3 without HC,
reducing the number of TLFs by 25% when the Tcqr, is 3 with HC, while increases the
number of handovers and TEFs by 105% and 44% compared with the ASBRSRP HDA
when the sum of the H is 0 dB and 1.0 dB based on the result in Fig. 5.9c. Despite the
CH HDA increasing the number of handovers when the Ttqr, 3 with HC compared with
the ASRSRP HDA, Tcoqr, can correctly determine the timing of the handover trigger
and hence reduces the HoF ratio by 5% without increasing an excessive number of TEFs.
Meanwhile, the number of handovers, TLFs, and TEFs does not change when the Tcqr,
is 4 without HC compared with the ASBRSRP HDA because the effect of Toqr, 4 on
suppressing handover and HoFs is still weaker than Tqr, 3. The CH HDA reduces the
number of TLFs by 12% and increases the number of handovers by 95% when the Tcqr,
is 4 with HC, in which the number of TEFs increases 55% and 44% by the sum of H
0 dB and 0.5 dB, respectively. Regardless of the Tqr, 3 or 4, the H™ dominates in
the HC to reduce the number of TLFs that stand the majority in the HoF ratio, which

makes the handover easier to trigger, increasing the number of handovers and TEFs.

Fig. 5.8d shows that the HoF ratio for the A3BRSRP HDA is 13%. In contrast, the
CH HDA reduces the HoF ratio by 5% when Tcqr, is 3 and 4 when HC is considered,
while the HoF ratio of the CH HDA is the same as the ABRSRP HDA when HC is not
considered. Moreover, the number of handovers, TLFs, and TEFs are the same as that
of ABRSRP HDA when Tcqr, is 3 and without HC based on the result in Fig. 5.9d.
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Figure 5.10: Comparison of the HoF ratio and number of handovers for the ASRSRP
and CH HDAs at 3 m/s speed

This is because there are few number HoFs when the initial O f fset,, is raised to 2.0 dB,
and the number of handovers by the ASRSRP HDA has been substantially suppressed,
which makes it difficult to further improve the HoF ratio by the CH HDA with the
current parameters combination. Meanwhile, the CH HDA reduces the HoF ratio by
5% when the Tcq, is 3 and 4 and HC is considered, although the number of handovers
and TEFs increase by 110% and 50%, and the number of TLFs is the same as that of the
A3RSRP HDA, which implies that CH HDA can maintain a higher handover success
rate by correctly determine the timing of handover trigger without substantially increase

in the number of HoFs.

Fig. 5.8e shows that the HoF ratio of ABRSRP HDA is 10%, and only the TLFs can
be observed. This indicates that most of the TEF caused by fading can be avoided in the
case of ABRSRP by an initial Of fset, of 2.5 dB. Therefore, this parameter is optimal
for ABRSRP HDA in this movement scenario. In contrast, the CH HDA exhibits the
same as the ASRSRP HDA with and without HC when the Tqr, is 3 and 4 based on
the results in Fig. 5.8e and Fig. 5.9e. This is because the current initial O f fset,, is the
optimal parameter setting under this scenario. Therefore, it is not recommended to use
the H™ in HC to reduce the number of TLFs based on this Of fset,, since additional
TEFs may be induced.

Fig. 5.8f shows that the HoF ratio for the ABRSRP HDA is 15%. In contrast, the
CH HDA reduces the HoF ratio by 7% when Tcqr, 3 and 4 with HC compared with
the ABRSRP and reduces the number of TEFs by 100%, achieving zero TEF, while the
HoF ratio of the CH HDA is the same as the ASRSRP HDA when the T¢q, is 3 and

101



Chapter 5. Design of a handover decision algorithm based on channel quality
indicators

10 10 10

8

Number of HoFs
o
[ |
Number of HoFs
S~ o
|
Number of HoFs
S [}
11

2 } } 2 } } 2 I }
0 0 0
05d8 3 3 3 4 4 4 1048 3 3 3 4 4 4 1548 3 3 3 4 4 4
05 1.0 05 1.0 05 1.0 05 1.0 05 1.0 05 1.0
1.0 1.0 1.0 1.0 1.0 1.0 1.0 10 1.0 10 1.0 1.0
(a) 0.5 dB based (b) 1.0 dB based (c) 1.5 dB based
10 10 10
o 8 » 8 » 8
o o o
T T I
w 6 w 6 w 6
o o o
2 2 2
34 S 4 84
£ £ £
=] =3 =}
z 2 Z 2 z 2
0 0 0
2.0dB 3 3 3 4 4 4 25dB 3 3 3 4 4 4 3.0dB 3 3 3 4 4 4
05 1.0 05 1.0 05 1.0 05 1.0 05 1.0 05 1.0
10 10 10 10 10 10 10 10 10 10 10 10
(d) 2.0 dB based (e) 2.5 dB based (f) 3.0 dB based
(== A3RSRP HDA CH HDA Too-late failure Too-early failure |

Figure 5.11: Comparison of the number of HoFs for the ASRSRP and CH HDAs at
3 m/s speed

4 without HC. Moreover, the number of TLFs and TEFs decreased by 25% and 100%,
respectively, while the number of handovers increased by 16% when the Tcqr, is 3 and 4
with HC, and the result of the CH HDA is the same as ASBRSRP HDA when there is no
HC compared with the ABRSRP HDA based on the result in Fig. 5.9f. This is because
CH HDA performance can still be maintained well by correctly determining the trigger
timing of the handover in the case where Of fset, continues to increase from 2.5 dB,
while the performance of ASRSRP HDA degrades obviously.

Based on the comparison results of Fig. 5.8 and Fig. 5.9, it can be seen that the CH
HDA reduces the HoF ratio effectively when the initial O f fset, is in the interval of less
than and more than optimal O f fset,, 2.5 dB, which increases the number of handovers
while obtaining better performance. In addition, it can also be effective in reducing the
number of specific types of HoF, TLFs, or TEFs.

5.5.3.3 Evaluation of UE moving with 3 m/s

Fig. 5.10 shows the HoF ratio and number of handovers of two HDAs when the Tcq,
is fixed to 2, and the UE moves at 3 m/s.

Fig. 5.10a shows that the HoF ratio for ASRSRP HDA is 13%. In contrast, the
CH HDA reduces the HoF ratio by 2% and no change, respectively, when the Tcqy, is
4 with and without HC, while the CH HDA increases the HoF ratio by 2% and 3%,
respectively, when the Tcqr, is 3 with and without HC, respectively, compared with
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the ABRSRP HDA. Moreover, the number of handovers and TEFs reduces by 18% and
5%, respectively, while the number of TLFs increases by 8% for CH HDA compared to
A3RSRP HDA when the Tcqr, 3 without HC based on the result in Fig. 5.11a. Addi-
tionally, the number of handovers and TEFs decreases by 20% and 20%, respectively,
while the number of TLFs increases by 8% when the Tcqr, is 3 with HC and the sum of
H is —0.5 dB, and the number of handovers and TEFs reduces by 21% and 25% when
the Tcqr, is 3 and the sum of H is 0 dB, while the number of TLFs increases by 8%.
As mentioned, the reduction in the number of handovers and TEFs and the increase in

the number of TLFs is because of the substantial suppression effect of the Teqr, 3.

Meanwhile, the number of handovers, TLFs, and TEFs are reduced by 6%, 4%, and
40%, respectively, when the Tcqr, is 4 with HC and the sum of H parameters is —0.5
dB. In addition, the number of handovers, TLFs, and TEFs is reduced by 7%, 6%, and
30%, respectively, when the Tcqr, is 4 with HC and the sum of H parameters is 0.0
dB. Although the suppression of handovers and TEFs is degraded when the Tcoqr, is 4
compared to the Tcqr, is 3, the improvement by the Tcqr, 4 is better than the Teqr, 3,
because the shifted trigger timing of handover by the HC is more suitable with Teqr, 4
than with Toqr, 3 at a moving speed of 3.0 m/s.

Fig. 5.10b shows that the HoF ratio for the ASRSRP HDA is 14%. In contrast, the
HoF ratio of CH HDA is 15% when the Tcq, is 4 with or without HC, and the HoF
ratio of CH HDA is 16% when the Tcqr, is 3 with or without HC compared with the
A3RSRP HDA. Moreover, the CH HDA increases the number of handovers, TLFSs, and
TEFs by 2%, 8%, and 42%, respectively, when the Tcqr, is 3 based on the in Fig. 5.11b.
When Tcqr, is 4, the number of handovers and TEFs does not change, while the number
of TLFs increases by 8% compared with the ABRSRP HDA. Because an initial O f fset,
value of 1.0 dB is the optimal parameter for ASBRSRP HDA with a speed of 3 m/s, and

the same reason as in Fig. 5.8e.

Fig. 5.10c shows that the HoF ratio for the A3BRSRP HDA is 16%. In contrast,
the HoF ratio for CH HDA decreases by 4% when the Tcqr, is 3 with HC, while the
HoF ratio increases little when the Tcqr, is 3 without HC compared with the ASRSRP
HDA. The HoF ratios remain unchanged when Toqq, is 4 without HC compared with
the ABRSRP HDA. Moreover, the number of TLFs decreases by 27% while the number
of handovers and TEFs increase by 74% and 285%, respectively, when the Tcqr, is 3
with HC, while the number of TEFs remains the same and the number of handovers
increases little when Tcqr, is 3 without HC compared with the ASRSRP HDA based
on the in Fig. 5.11c. The reason for the higher increase in the number of TEFs is that
in order to reduce the TLFs dominated in the HoFs, the H~ dominates in HC. Thus,
the number of handovers and TEFs is increased while the number of TLFs is reduced.
Meanwhile, the number of TLFs decreases by 38% while the number of handovers and
TEFs increases by 41% and 257%, respectively, when the Tcqr, is 4 with HC, whereas
the results are unchanged when the Tcqr, 4 without HC compared with the ASRSRP
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HDA.

Fig. 5.10d shows that the HoF ratio for the ASRSRP HDA is 19%. In contrast, the
CH HDA decreases the HoF ratio by 5% when Tcqr, is 3 with HC, and the HoF ratio
decreases slightly when Toqr, is 3 without HC compared with the ASRSRP HDA. The
HoF rate decreases by 5% when Tcqr, is 4 with HC, and there is no change in the HoF
rate when the Tcqr, is 4 without HC. Moreover, the number of TLFs reduces by 2% while
the number of handovers increases by 38%, and the number of TEFs remains unchanged
when Tcqr, is 3 without HC, and the number of TLFs reduces by 30% while the number
of handovers and TEFs increase by 38% and 250%, respectively, when the Tcq, is 3
with HC compared with the ASRSRP HDA based on the in Fig. 5.11d. Meanwhile, the
number of TLFs reduces by 28% while the number of handovers and TLFs increases by
33% and 200% when Tcqr, is 4 with HC, the number of handovers, TLFs, and TEFs
remain unchanged when T¢qy, is 4 without HC compared with the ASBRSRP HDA.

Fig. 5.10e shows that the HoF ratio for the ABRSRP HDA is 19%. In contrast, the
HoF ratio for the CH HDA reduces by 4% when Tcqr, is 3 with HC and reduces less
when the Tcqr, is 3 without HC. The HoF ratio reduces by 4% when Tcqr, is 4 with
HC, while the HoF ratio remains unchanged when Tcqr, is 4 without HC. Moreover,
the number of TLFs reduces by 3%, while the number of handovers and TEFs remains
the same when Tcqr, is 3 without HC The number of TLFs reduces by 17% while the
number of handovers and TEFs increases by 20% and 80%, respectively, when Tcqi, is
3 with HC compared with the ABRSRP HDA based on the in Fig. 5.11d. Meanwhile,
the number of TLFs reduces by 17% while the number of handovers and TEFs increases
by 17% and 60%, respectively, when Tcqr, is 4 with HC, and the number of handovers
and HoFs is the same when Toq, is 4 without HC compared with the ASRSRP HDA.

Fig. 5.10f shows that the HoF ratio of ABRSRP HDA is 24%. In contrast, the CH
HDA reduces the HoF ratio by 6% when Tcqp, are 3 and 4 with HC compared to the
A3RSRP HDA, while the HoF ratio of the CH HDA remains unchanged compared to
the ASRSRP HDA when Tcqr, are 3 and 4 with no HC. Moreover, the number of TLFs
decreases by 37%, while the number of handovers and TEFs increases by 13% and 100%,
respectively, and all results remain unchanged when Tcqr, are 3 and 4 without HC based
on the result in Fig. 5.11f.

Based on the results of the scenario with a speed of 3.0 m/s, the difference compared
to the scenario with a moving speed of 1 m/s is that the effect of CH HDA to reduce the
HoF ratio is mainly provided by the H~ of 1.0 dB, which is raised by 0.5 dB compared
to the scenario with a speed of 1 m/s. This is due to the increase in the ratio of TLFs in
HoFs with an increased speed, a higher H~ parameter is required to reduce the difficulty
of the handover triggering to reduce the higher ratio of TLFs in HoFs. Simultaneously,
the CH HDA reduces the HoF ratio, while the number of TLFs while slightly increasing
the absolute number of TEFs. In addition, the same as in the 1 m/s scenario, the
optimal parameter Of fset, changes from 2.5 dB to 1.0 dB for the A3BRSRP HDA due
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Table 5.3: Optimal parameters setting for the small-scale environment

HDA Speed Offset, Tcqi, Tcqr HT H~
0.5m/s 3.0dB n/a n/a n/a n/a
A3RSRP 1m/s 2.5dB n/a n/a n/a n/a
3 m/s 1.0 dB n/a  n/a n/a n/a

3.0 dB 3 1 n/a n/a
0.5m/s o0 4p 3 1  1.0dB 0.0dB
3.0 dB 3 29 1.0dB 05dB
CH Lm/s 50 4B 4 29 1.0dB 05 dB
3 m/s 1.5 dB 3 29  05dB 1.0dB
1.5 dB 4 2  05dB 1.0dB

to the increase of moving speed, while the improvement of the HoF ratio by the CH

HDA on the optimal parameter is not desirable.

5.5.3.4 Optimal parameter setting on small scale environment

To achieve the best CH HDA performance in different environments, for example, it is
recommended to use a larger H' parameter to reduce the number of FHOs and TEFs
with the combination of Ttqr, 3 and Tcqr, 1 to reduce the HoF ratio in a low-speed
scenario.

Simultaneously, with increasing speed, it is recommended to use a larger H~ pa-
rameter to reduce the number of TLFs under the combination of Tcqr, 3 and Tcqr,
2.

Meanwhile, the proposed CH HDA has multiple parameters in addition to Of fsety
compared with the ASRSRP HDA, and multiple parameter combinations exist that can
enable the CH HDA to show the best performance on the HoF ratio, and there exhibits
two settings of optimal parameters for CH HDA in different scenarios.

Therefore, based on the simulation results in Fig. 5.6, 5.8, 5.10, the optimal param-

eter combinations for the two HDAs in the HetNet environment are shown in Table 5.3.

5.5.4 Large-scale environment simulation

The large-scale environment is illustrated in Fig. 5.12. Two macro-cells are placed at
(0, 0) and (1000, 0), and five small-cells are placed at (500, 200), (500, 100), (500, 0),
(500, —100), and (500, —200). The distance between the small-cells is 100 m. The UEs
are randomly placed on the range of the X-axis [200, 800] and Y-axis [—200, 200]. The
simulation parameter settings for the rest of the environment are the same as for the
small-scale environment, refer to Table 5.2.

In the small-scale environment, the optimal parameter setting for the Of fset, was
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Simulation scenario with 2 macro cells and 5 small cells

300
X Macro Cells
X Small Cells
200 X
100- X
> 0{ X X X
—~100- X
—~200- X
—300 0 200 400 600 800 1000
X

Figure 5.12: Simulation environment with large scale

found in the range of (0.5, 3.0) dB. Therefore, in the large-scale environment, the values
of the optimal O f fset, (1.0 dB, 2.5 dB, and 3.0 dB) are used to compare the performance
of the two HDAs.

However, the co-frequency interference in the large-scale environment is more signif-
icant than in the small-scale environment owing to the increased number of cells using
the same frequency.

As a result, the increase in interference after more cells using the same frequency leads
to a degradation in the CQI of UE at the trigger timing of the handover. Specifically,
in the small-scale environment, the value of CQI when the UE triggers a handover is
generally 2 or 3. Conversely, the CQI value when the UE triggers a handover in the
large-scale environment is generally 1 or 2.

Therefore, to ensure that the CH HDA is able to correctly determine the trigger
timing of the handover and the suppression effect on the FHO and TEF even in a large-
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Figure 5.13: Comparison of HoF ratio and number of handovers for the ASRSRP and
CH HDAs at 0.5 m/s speed
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Figure 5.14: Comparison of number of HoFs for the ABRSRP and CH HDAs at 0.5
m/s speed

scale environment with strong interference. We reduce the threshold value of Tcqr,
and use 2 and 3 as the Tcqr, parameter and 1 as the Tcqr, parameter in the large-
scale environment. The relationship between the number of cells with co-frequency
interference and the selection of Ttqr, is not considered in this paper.

In addition, with an increase in the number of cells, the UE receives signals from
more co-frequency interference cells, thereby enhancing the effect of multipath propa-
gation in signal propagation, leading to severe fading compared to small-scale environ-
ments. Therefore, in the large-scale environment, the HC has a positive effect on the
parameter H. The performance results for the large-scale environment are shown in
Fig. 5.13, 5.14, 5.15, 5.16, 5.17, and 5.18, respectively.

5.5.4.1 Evaluation of UE moving with 0.5 m/s

The simulation results are shown in Fig. 5.13 and Fig. 5.14 when the UE is moving at
0.5 m/s with the Of fset, is 1.0 dB, 2.5 dB, and 3.0 dB.

Fig. 5.13a shows that the HoF ratio of ASRSRP HDA is 15%. Moreover, because of
the severe fading caused by the inclusion of more cells, a large number of handovers occur

despite the UE moving at a very low speed of 0.5 m/s. This occurrence is attributed
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Figure 5.15: Comparison of HoF ratio and number of handovers for the ASRSRP and
CH HDAs at 1 m/s speed
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Figure 5.16: Comparison of number of HoFs for the ABRSRP and CH HDAs at 1
m/s speed

to the large number of handovers caused by the selection of a smaller Of fset, as a
threshold value in the fading environment. This result is the same as that in Fig. 5.6a.

In contrast,the CH HDA slightly reduced HoF ratios when Tcqr, is 2 with or without
HC. Moreover, the number of handovers and TEFs is reduced by 26% and 31%, respec-
tively, while the number of TLFs slightly increases when Tcqr, is 2 with or without
HC compared with ASBRSRP HDA based on the result in Fig. 5.14a. This is because
as with Toqr, 3 in the small-scale environment, Tcqr, 2 suppresses a large number of
handovers but it also significantly shifts the timing of handover trigger, resulting in a
slight increase in the number of TLFs.

Meanwhile, the CH HDA reduces the HoF ratio by 4% and 3% when Tcq, is 3 and
with or without HC, respectively. Moreover, the number of handovers and TEFs for CH
HDA decreases by 17% and 34%, respectively, and the number of TLFs increases slightly
compared to ASBRSRP HDA when T¢q;, is 3 without HC. For the current scenario with
a small initial Of fsety,, 1.0 dB, the result by the sum of the H of 0.5 dB is better than
the sum of 1.0 dB for determining the timing of the handover trigger. This is the same
as in Fig. 5.6b.

Fig. 5.13b shows that the HoF ratio for the ASRSRP HDA is 13%. In contrast, the
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Figure 5.17: Comparison of HoF ratio and number of handovers for the ASRSRP and
CH HDAs at 3 m/s speed
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Figure 5.18: Comparison of number of HoFs for the ASRSRP and CH HDAs at 3
m/s speed

CH HDA reduces the HoF ratio by 1% when Tcq, is 2 with or without HC. Moreover,
the number of TLFs reduces by 100% with an absolute zero, and the number of TEFs
reduces by 54% when Tcqr, is 2 with or without HC compared with the ASRSRP
HDA. The number of handovers, TLFs, and TEFs reduces by 43%, 100%, and 44%,
respectively, while the HoF ratio does not change when T, is 3 without HC, while
the number of handovers, TLFs, and TEFs reduces by 44%, 100%, and 53%, respectively,
when HC is considered with the sum of the H 1.0 dB compared with the ABRSRP HDA
based on the result in Fig. 5.14b. Compared to the result in the small-scale environment,
the reduction of the HoF ratio by CH HDA is smaller compared with the A3RSRP
HDA because the CH HDA suppresses a large number of FHOs. Therefore, although
the improvement in the HoF ratio is slightly smaller for the CH HDA, the effect of the
CH HDA in reducing FHO and HoFs is substantial.

Fig. 5.13c shows that the HoF ratio of the A3BRSRP HDA is 12%. In contrast, the
HoF ratio of the CH HDA increases by 4% and 1% compared with the A3RSRP HDA
when Tcqr, is 2 and 3, respectively. Moreover, the number of handovers reduces by 58%
and 54%, and the number of TELS reduces by 46% and 49%, respectively, while a small

increase in the number of TLFs occurs when T, is 2 based on the result in Fig. 5.14c.
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5.5.4.2 Evaluation of UE moving with 1.0 m/s

The simulation results when the moving speed of UE is 1.0 m/s, and Of fset, is 1.0 dB,
2.5 dB, and 3.0 dB are shown in Fig. 5.15 and Fig. 5.16.

Fig. 5.15a shows that the HoF ratio increased by 1% with the Tcqr, of 2 and with
and without HC compared with ASBRSRP HDA. Nevertheless, the number of handovers
and TEFs reduced by 26% and 15%, respectively, while the number of TLFs reduced
slightly compared with ASRSRP HDA based on the result in Fig. 5.16a. Meanwhile, the
HoF ratio does not change when Tcqr, is 3 and without HC compared with ASRSRP
HDA. The number of handovers and TEFs reduced by 13% and 12%, respectively, while
the number of TLFs increased slightly compared with ASRSRP HDA. The number of
handovers reduces by 1% and 9% compared to ABRSRP HDA when T¢qr, is 3 with HC,
respectively, while the number of TEFs increases by 13% when the sum of H is 0.5 dB
and it for the same reason as the results in Fig. 5.8b.

Fig. 5.15b shows that the HoF ratio for the CH HDA is reduced by 1% with a Tcqr,
of 2 and with and without HC, while the HoF ratio for the CH HDA is increased by
2% with a Tcqr, of 3, compared with the ASRSRP HDA. Moreover, the number of
handovers and TEFs is reduced by 22% and 30%, respectively, while the number of
TLFs is unchanged at a Tcqr, of 2 compared with ASRSRP HDA based on the result in
Fig. 5.16b. At the Tcqr, of 3 and the sum of H of 1.0 dB, the number of handovers and
TEFs reduces by 16% and 8%, respectively, while the number of handovers reduces by
16% and the number of TEFs increases by 8% at a sum of H of 0.5 dB, and the reason
for this is the same as in Fig. 5.8e.

Fig. 5.15¢ shows that the HoF ratio of CH HDA reduces by 1% when the Tcqr, is 3,
while the HoF ratio increases by 1% when the Tcqr, is 2 compared with ASBRSRP HDA.
Moreover, the number of handovers and TEFs is reduced by 13% and 9%, respectively,
when the Tcqr, is 2 compared to ASRSRP HDA, and the number of handovers and
TEFs is reduced by 13% and 19%, respectively, when the Tcqr, is 3, while the number
of TLFs remains unchanged based on the result in Fig. 5.16c¢.

5.5.4.3 Evaluation of UE moving with 3.0 m/s

The simulation results show that the moving speed of UE is 3.0 m/s, and Of fset, of
1.0 dB, 2.5 dB, and 3.0 dB are shown in Fig. 5.17 and Fig. 5.18.

Fig. 5.17 and Fig. 5.18 show that the HoF ratios of the two HDAs are almost the
same. The CH HDA still has a significant effect on reducing the number of handovers
compared with the ASBRSRP HDA.

Based on the results shown in Fig. 5.13, 5.14, 5.15, 5.16, 5.17, and 5.18, it can be
observed that the HoF ratio in the large-scale environment is lower than the HoF ratio
in the small-scale environment, because the increased number of cells that enhances

the effect of fading, which results in significantly larger number of handovers than in
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Figure 5.19: Trade-off between HoF ratio and handover frequency by two HDAs

the small-scale environment, and most of these handovers is the FHO, i.e., unnecessary
handovers. Furthermore, the HoF ratios are lower when the UE is moving at 1 m/s and
3 m/s than when the movement speed is 0.5 m/s because handover demand increases
with moving speed. This observation is the same as that described in [82], [48], i.e.,
UEs moving at low speed are more severely subjected to the fading and experience more

TEFs.

Moreover, it is recommended to prioritize the HDA with fewer handovers when the
difference in the HoF ratio between two HDAs is less than 2%. Because the HDA with
fewer handovers is more stable in performance, it enables a more stable communication

environment for the UE.

5.6 Discussion

In this section, first, we discuss the optimal parameters regarding the two HDAs in
different speed scenarios in a small-scale environment. As well as the HoF ratio and
trade-off of handover frequency. Finally, the effect of CH HDA on suppressing the
handover triggering and TEF is explained through a case study by using variations of
both RSRP and CQI.

111



Chapter 5. Design of a handover decision algorithm based on channel quality
indicators

5.6.1 Trade-off between the HoF ratio and handover frequency

In the context of handover research, examining the HoF measure is crucial to evaluate
the advantages and disadvantages of an algorithm. The HoF ratio calculated by (5.1)
objectively assesses whether the number of HoFs in an HDA is low and whether an HDA

is usable.

Unfortunately, a single performance measure, such as the HoF ratio, is not sufficient
to completely evaluate an HDA. For example, if the conditions for determining the
handover trigger by a HDA are excessively relaxed, such as the results for the ASRSRP
HDA in Fig. 5.6a and Fig. 5.13a, it results in a large number of handovers, the FHO, and
the HoF ratio will be a small value, as calculated using (5.1). Especially for a low-speed

UE of 0.5 m/s, frequent handovers within a short period pose significant risks.

Therefore, the evaluation of the trade-off between the HoF ratio and handover fre-
quency is another important work to evaluate the merits and drawbacks of an HDA. In

this paper, the measure of handover frequency is based on the formula in [83], as follows:

Nho

HFhoo = ———
red Nuser X Tsim,

(5.2)
where H Fyeq represents the handover frequency, which indicates the number of han-
dovers per second for each UE. Thus, a higher number indicates a greater frequency of
handover for a UE. IV}, denotes the number of all handovers, Nyser denotes the number
of UEs, and T4, denotes the simulation time. Using the handover frequency from (5.2)
and the HoF from (4.1), the trade-off between the HoF ratio and the handover frequency

can be evaluated for an HDA.

Fig. 5.19a shows that the CH HDA has a lower handover frequency than the ASRSRP
HDA for all parameter combinations, which is a crucial result for UE moving at low speed
because a UE moving at a low-speed has an extremely low requirement for handover and
a high handover frequency will result in a severely unstable communication environment.
Meanwhile, the CH HDA takes the result of the zero HoF as described in Fig. 5.6d, hence,
the CH HDA has more zero points at the origin than the ASBRSRP HDA, and the overall
performance is better than the ASRSRP HDA.

Fig. 5.19b shows that the CH HDA can achieve a lower HoF ratio and handover
frequency compared with the ASBRSRP HDA. However, the CH HDA has a higher han-
dover frequency than the ABRSRP HDA for certain parameter combinations in order to

reduce the HoF ratio.

Fig. 5.19¢ shows that the CH HDA has a lower HoF ratio while slightly increasing
the frequency of handovers when the CH HDA reduces the HoF ratio and the number
of TLFs.
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Figure 5.20: The CQI and RSRP fluctuations during a simulation

5.7 A case study on CQI-based HDMA

In Fig. 5.20, there are three subfigures representing, from top to bottom: the changes
in RSRP of the three cells received by the UE during the simulation time 1000 s, the
changes in RSRP of the surrounding three cells for 100 ms before and after the handover
trigger timing of 438.3 s, and the changes in downlink CQI for 100 ms before and after
the handover trigger timing of 438.3 s. The sub-figure on top shows that the UE receives
RSRP from three cells that are undergoing fading and changing drastically. The middle
subplot indicates that the UE has satisfied the trigger condition for handover by the
Of fsety value of 2.0 dB based on (4.1) at 438.2 s, and the handover from macro-cell to
small-cell 2 is triggered at 438.3 s after a TTT of 100 ms. However, the RSRP received
by the UE from the macro-cell is again greater than the RSRP received from the small-
cell 2 at 438.4 s, 100 ms after the handover is triggered due to the fading, which causes
a TEF to occur.

On the other hand, for the CH HDA and when the Tcq, is 3, it can be seen that
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the CQI of the UE is not less than 3 during the 200 ms period from 438.2 s to 438.4 s.
Therefore, the CH HDA can prevent the occurrence of the handover, TEF, and reduce
the handover of the UE based on the handover trigger condition of the CH HDA in
Algorithm 2. Furthermore, note that not all TEFs can be solved by increasing the TTT
because the effect of the fading is difficult to predict, and increasing the TTT may lead
to a substantial increase in the number of TLFs and a high HoF ratio. Consequently,
the CH HDA shows a substantial effect in suppressing the number of handovers and the
number of TEFs based on such a case study in Fig. 5.20.

5.8 Summary

In this Chapter, we propose a novel CQI and HC-based HDA, CH HDA, that prioritizes
improving the HoF ratio, followed by the number of handovers and HoFs by shifting the
timing of the handover trigger using downlink CQI and HC.

Based on ns-3 simulations, a lower HoF ratio, as well as a lower number of handovers
and HoFs, can be achieved using CH HDA compared to the existing ASRSRP HDA.
Hence, we show the effectiveness of the proposed CH HDA in achieving the objectives.

Specifically, the proposed CH HDA has a lower number of handovers and HoFs than
the ABRSRP HDA and achieves the result of zero HoF ratio at a low speed of 0.5 m/s
scenario in the small-scale environment, which indicates that the HoFs can be effectively
prevented using the proposed CH HDA, enabling a 100% success rate of handover for
the UE moving at low-speed. Meanwhile, the CH HDA is effective in reducing the HoF
ratio and the number of HoFs at 1 m/s and 3 m/s, which effectively reduces the higher
TLF ratio in the HoF ratio, while the number of handover and a few TEFs are increased.
Moreover, the proposed CH HDA reduces a significant number of handovers and HoFs
compared with the ABRSRP HDA at 0.5 m/s, 1 m/s, and 3 m/s in the large-scale
environment, hence the improvement in HoF ratio is not as efficient as in the small-scale
environment.

Therefore, the CH HDA shows a maximum improvement of 100% in HoF ratio and
5% and 100% in handover and number of HoFs, respectively, compared with the ASRSRP
HDA in the small-scale environment with a speed of 0.5 m/s and an initial O f fset,, of
2.0 dB. In contrast, CH HDA shows a minimum improvement of —4% in HoF ratio and
58% and 44% improvement in handover and number of HoFs, respectively, compared
with the ABRSRP HDA in the large-scale environment with a speed of 0.5 m/s and an
initial O f fset, of 3.0 dB.

Finally, at the end of the paper, we further discuss the trade-off between the proposed
CH and A3RSRP HDA in terms of the HoF ratio and handover frequency, as well
as explain the specific actions of CH HDA in reducing the HoF ratio, the number of
handovers, and the number of HoFs by a case study. The trade-off results show that
the proposed CH HDA shows better performance than the ASBRSRP HDA in both HoF
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ratio and handover frequency in the scenarios of 0.5 m/s, 1 m/s, and 3 m/s, whereas
it is worse than the ASRSRP HDA in terms of handover frequency in the scenario of 3
m/s. In the case study, we explain the effectiveness of the CH HDA in suppressing the
handover and HoF.

In future work, we will investigate a method that reduces both HoFs (TLF and
TEF) simultaneously, even in a high-speed scenario, and use it in the CH HDA. It may
be necessary to assume a specific movement and observe the fading-induced changes
in CQI and RSRP to estimate accurately the successful timing of the handover trigger
to improve our HDA. In addition, the changes in interference strength caused by the
different numbers of co-frequency cells lead to variations in the parameters setting for
the CH HDA. Therefore, we will discuss the relationship between the parameters setting
of the CH HDA and the number of co-frequency cells in HetNet to further improve the
robustness of our CH HDA in different HetNet environments. Moreover, since the
proposed CH HDA has a lower HoF ratio and the number of handovers and HoFs, the
proposed CH HDA does not need to consume a lot of computation time and resources.
Thus, the CH HDA has the potential to be applied to real LTE or 5G scenarios to
improve the high handover latency and low throughput due to the high HoF ratio and

provide a better user experience.
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Chapter 6

Conclusion

6.1 Summary of contributions

This dissertation has presented a comprehensive investigation into handover analysis
in 5G heterogeneous networks through both theoretical modeling and simulation-based

approaches. The research contributions can be summarized as follows:

First, we developed a novel probabilistic framework integrating Poisson Point Pro-
cesses (PPP) with Stochastic Petri Nets (SPN) to model HetNet dynamics. This frame-
work provided valuable insights into the performance impacts of handover parameters
by analyzing packet loss rates between new and handover users under full-load network

conditions, establishing a robust theoretical foundation for handover optimization.

Second, we proposed the Do-SPN-PPP framework, an innovative continuous-time an-
alytical model for examining A3 event-based handovers. This framework demonstrated
superior accuracy in predicting UE residence time and evaluating Handover Margin
(HOM) parameters compared to traditional discrete-time Markov models. Notably, it
achieved a 96% reduction in computational time compared to conventional simulation
methods, marking a significant advancement in computational efficiency.

Third, we developed and validated the CQI- and HC-based Handover Decision Al-
gorithm (CH HDA) using ns-3, a network simulator implementing 3GPP standards.
The simulation results demonstrated the algorithm’s effectiveness in reducing both han-
dover failure ratios and the number of handovers, particularly achieving perfect HoF

prevention in low-speed small-scale environments.

6.2 Future research directions

Based on our findings, several promising directions for future research have been iden-
tified:
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6.2.1 Optimization of handover parameters

A critical area for future investigation is the optimization of Handover Margin (HOM)
parameters to balance the trade-off between Handover Time (HoT) and Handover Fail-
ure (HoF). This optimization problem requires careful consideration of both metrics to
achieve optimal handover performance. Furthermore, given the significant impact of
HOM parameters on UE residence time, developing proactive channel resource alloca-
tion schemes for both M2S and S2M handovers represents an important direction for

network-side optimization.

6.2.2 Enhancement of CH HDA Performance

Several aspects of the CH HDA warrant further investigation: Development of methods
to simultaneously reduce both types of HoFs (TLF and TEF) in high-speed scenarios
analysis of movement patterns and fading-induced changes in CQI and RSRP to more
accurately determine optimal handover trigger timing Investigation of the relationship
between CH HDA parameter settings and the number of co-frequency cells in HetNets

to enhance algorithm robustness across different network environments

6.2.3 Towards real-world implementation

The demonstrated efficiency of CH HDA, particularly its low computational overhead
and resource requirements, suggests promising potential for real-world deployment in
LTE or 5G networks. Future work should focus on: Adaptation of the algorithm for
practical implementation in real network environments; Evaluation and optimization of
the algorithm’s performance in addressing high handover latency and low throughput
issues; Development of mechanisms to ensure consistent performance across varying

network conditions

6.3 Concluding remarks

This dissertation has made significant contributions to both the theoretical understand-
ing and practical implementation of handover optimization in 5G HetNets through two
complementary approaches. The modeling-based studies have provided deep insights
into handover characteristics with potential applications in optimization strategies, while
the simulation-based investigation using 3GPP standard-compliant ns-3 has validated
the effectiveness of proposed solutions, establishing a foundation for future real-world
implementations. The identified future research directions offer promising paths for
further advancing mobility management in next-generation wireless networks.

The findings and methodologies presented in this work not only contribute to the
current state of knowledge in wireless communications but also provide practical frame-

works for improving handover processes in future 5G network deployments. As mobile
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networks continue to evolve and become more complex, the importance of efficient and
reliable handover mechanisms will only grow, making the contributions of this research

increasingly valuable to the field.

119






Bibliography

[10]

Y.-H. Wang, G.-R. Huang, and Y.-C. Tung. “A handover prediction mechanism
based on LTE-A UE history information”. In: Proceedings of the International
Conference on Computer, Information and Telecommunication Systems (CITS).
July 2014, pp. 1-5.

S. Alraih et al. “A Survey on Handover Optimization in Beyond 5G Mobile Net-
works: Challenges and Solutions”. In: IEEE Access 11 (2023), pp. 59317-59345.

3rd Generation Partnership Project (3GPP). Security architecture and procedures
for 5G system. Technical Specification T'S 33.501. Version 16.7.1. 3rd Generation
Partnership Project (3GPP), July 2021.

Md Mehedi Hasan, Sungoh Kwon, and Sangchul Oh. “Frequent-Handover Mitiga-
tion in Ultra-Dense Heterogeneous Networks”. In: IEEE Transactions on Vehicular
Technology 68.1 (2019), pp. 1035-1040.

Rabe Arshad et al. “Handover Rate Characterization in 3D Ultra-Dense Hetero-
geneous Networks”. In: IEEE Transactions on Vehicular Technology 68.10 (2019),
pp- 10340-10345.

M.-T. Nguyen, S. Kwon, and H. Kim. “Mobility robustness optimization for han-
dover failure reduction in LTE small-cell networks”. In: IEEE Transactions on
Vehicular Technology 67.5 (May 2018), pp. 4672-4676.

Jingrong Wang et al. “Handover Performance Improvement for Ultra Dense Net-
work of High-Speed Railway”. In: 2017 IEEE 85th Vehicular Technology Confer-
ence (VTC Spring). 2017, pp. 1-5. DOI: 10.1109/VTCSpring.2017.8108450.

K. Ghanem et al. “Reducing ping-pong Handover effects in intra EUTRA net-
works”. In: 2012 8th International Symposium on Communication Systems, Net-

works and Digital Signal Processing. 2012, pp. 1-5.
S. Yang, W. Song, and Z. Zhong. “Resource Allocation for Aggregate Multimedia

and Healthcare Services over Heterogeneous Multi-Hop Wireless Networks”. In:
Wireless Personal Communications 69 (2013), pp. 229-251.

H. Hendrawan, A.R. Zain, and S. Lestari. “Performance Evaluation of A2-A4-
RSRQ and A3-RSRP Handover Algorithms in LTE Network” In: Jurnal FElek-
tronika dan Telekomunikasi 19.2 (2019).

121


https://doi.org/10.1109/VTCSpring.2017.8108450

Bibliography

[11]

[14]

[15]

[17]

18]

Yao Zhao et al. “Dual-Connectivity Handover Scheme for a 5G-Enabled Ambu-
lance”. In: IEEE Transactions on Communications 71.9 (2023), pp. 5320-5334.
DOI: 10.1109/TCOMM. 2023.3283770.

S. Nayak. “ns-3 Simulation Based Exploration of LTE Handover Optimization”.
In: EAI Endorsed Transactions on Mobile Communications and Applications 7.4
(May 2023), e4.

Yun Li, Bin Cao, and Chonggang Wang. “Handover schemes in heterogeneous LTE
networks: challenges and opportunities”. In: IEEE Wireless Communications 23.2
(2016), pp. 112-117.

W. Zheng, H. Zhang, X. Chu, et al. “Mobility robustness optimization in self-
organizing LTE femtocell networks”. In: Journal of Wireless Communications and
Networking 2013.27 (Feb. 2013), pp. 1-10.

T. A. Achhab, F. Abboud, and A. Assalem. “A robust self-optimization algo-
rithm based on idiosyncratic adaptation of handover parameters for mobility
management in LTE-A heterogeneous networks”. In: IEEE Access 9 (Nov. 2021),
pp. 154237-154264.

D. Xenakis et al. “Mobility management for femtocells in LTE-advanced: Key
aspects and survey of handover decision algorithms”. In: IEFE Communications
Surveys €& Tutorials 16.1 (2014), pp. 64-91.

J. Zheng, H. Okamura, and T. Dohi. “Security Evaluation of a VM-Based Intrusion-
Tolerant System with Pull-Type Patch Management”. In: 2019 IEEE 19th Inter-
national Symposium on High Assurance Systems Engineering. 2019, pp. 156—-163.

J. Zheng et al. “A Pull-Type Security Patch Management of an Intrusion Tolerant
System Under a Periodic Vulnerability Checking Strategy”. In: 2018 IEEE /2nd
Annual Computer Software and Applications Conference. Vol. 01. 2018, pp. 630—
635.

J. Zheng, H. Okamura, and T. Dohi. “Availability Analysis of Software Systems
with Rejuvenation and Checkpointing”. In: Mathematics 66.4 (2021).

M. Mandour et al. “Handover Optimization and User Mobility Prediction in LTE
Femtocells Network”. In: 2019 IEEFE International Conference on Consumer Elec-
tronics (ICCE). 2019, pp. 1-6.

W. A. H. Tashan, I. Shayea, and S. Aldirmaz-Colak. “Analysis of Mobility Robust-
ness Optimization in Ultra-Dense Heterogeneous Networks”™ In: Comput. Com-
mun. (2024).

Hesham ElSawy et al. “Modeling and Analysis of Cellular Networks Using Stochas-
tic Geometry: A Tutorial”. In: IEEE Communications Surveys & Tutorials 19.1
(2017), pp. 167-203.

122


https://doi.org/10.1109/TCOMM.2023.3283770

Bibliography

[29]

[30]

[34]

Hesham ElSawy and Ekram Hossain. “Two-Tier HetNets with Cognitive Femto-
cells: Downlink Performance Modeling and Analysis in a Multichannel Environ-
ment”. In: IEEE Transactions on Mobile Computing 13.3 (2014), pp. 649-663.

Karthik Vasudeva et al. “Analysis of Handover Failures in Heterogeneous Net-
works With Fading”. In: IEEE Transactions on Vehicular Technology 66.7 (2017),
pp. 6060-6074.

Antonio Cristo Suarez Rodriguez et al. “Network Optimisation in 5G Networks:
A Radio Environment Map Approach”. In: IEEE Transactions on Vehicular Tech-
nology 69.10 (2020), pp. 12043-12057.

Mohammad Dehghani Soltani et al. “Handover Modeling for Indoor Li-Fi Cellular
Networks: The Effects of Receiver Mobility and Rotation”. In: 2017 IEEE Wireless
Communications and Networking Conference (WCNC). 2017, pp. 1-6.

Yuan He et al. “Effect of Channel Fading and Time-to-Trigger Duration on Han-
dover Performance in UAV Networks”. In: IEEE Communications Letters 25.1
(2021), pp. 308-312.

B. Zhang, W. Qi, and J. Zhang. “A Markov Based Performance Analysis of Han-
dover and Load Balancing in HetNets”. In: International Journal of Communica-
tions, Network and System Sciences 10 (2017), pp. 223-233.

Ravikumar Balakrishnan and Ian Akyildiz. “Local Anchor Schemes for Seamless
and Low-Cost Handover in Coordinated Small Cells”. In: IEEE Transactions on

Mobile Computing 15.5 (2016), pp. 1182-1196.
Jung-Ryun Lee, Sang-Hyuck Han, and Yong-Hoon Choi. “Vehicle mobility pattern-

based handover scheme using discrete-time Markov chain”. In: Computers & FElec-
trical Engineering 40.1 (2014). 40th-year commemorative issue, pp. 100-108. 1SSN:
0045-7906.

Francesco Guidolin et al. “A Markov-based framework for handover optimization
in HetNets”. In: 2014 13th Annual Mediterranean Ad Hoc Networking Workshop
(MED-HOC-NET). 2014, pp. 134-139.

A. Gautam and S. Dharmaraja. “Adaptive Joint Call Admission Control Scheme
for LTE-A in Mobile Communication Network and Its Performance Analysis”. In:
OPSEARCH (2024).

Ahmed Alioua, Nawel Gharbi, and Sidi-Mohammed Senouci. “Call admission con-
trol scheme using borrowable guard channels and prioritizing fresh calls retrials in
small cell networks”. In: 2014 Global Information Infrastructure and Networking
Symposium (GIIS). 2014, pp. 1-6.

Zhiyi Zhu et al. “Performance Evaluation of Heterogeneous Cellular Networks Us-
ing Stochastic Petri Nets”. In: 2021 International Conference on Software, Telecom-
munications and Computer Networks (SoftCOM). 2021, pp. 1-6.

123



Bibliography

[35]

[36]

[41]

S. Yang, W. Song, and Z. Zhong. “Petri net modelling of network selection for
integrated cellular/WLAN networks”. In: 2011 7th International Wireless Com-
munications and Mobile Computing Conference. Istanbul, Turkey, 2011, pp. 2204—
2209.

Zhiyi Zhu et al. “Evaluating the A3BRSRP handover to determine optimal per-
formance in HetNet using Stochastic Petri Net”. In: Proceedings of the 6th Inter-
national Conference on System Reliability and Safety Engineering (SRSE 2024).
Accepted for publication. 2024.

Jalel Ben Othman and Lynda Mokdad. “Performance analysis to evaluate over-
taking behavior on highways”. In: Simulation Modelling Practice and Theory 124
(2023), p. 102721. 15SN: 1569-190X.

Wei Huang et al. “A Speed-Based and Traffic-Based Handover Algorithm in LTE
Heterogeneous Networks”. In: TENCON 2018 - 2018 IEEE Region 10 Conference.
2018, pp. 0925-0930. DoI1: 10.1109/TENCON.2018.8650068.

Mahnsuk Yoon et al. “An Adaptive Handover Scheme to support UE with various
movement speeds in 5G network” In: 2022 IEEE International Conference on
Consumer Electronics-Asia (ICCE-Asia). 2022, pp. 1-4.

Maroua Ben Gharbia and Ridha Bouallegue. “Handover Decision Algorithm in
Femtocell Long Term Evolution Networks”. In: 2018 Seventh International Con-
ference on Communications and Networking (ComNet). 2018, pp. 1-6. DOIL: 10.
1109/COMNET.2018.8622167.

Mubashir Murshed, Glaucio H. S. Carvalho, and Robson E. de Grande. “Adap-
tive User-centric Virtual Cell Handover Decision-making in 5G Vehicular Net-
works”. In: ICC 2023 - IEEFE International Conference on Communications. 2023,
pp. 3983-3988. DOI: 10.1109/ICC45041.2023.10279306.

Ziyang Zhang et al. “A Beamforming-Based Enhanced Handover Scheme with
Adaptive Threshold for 5G Heterogeneous Networks”. In: Electronics 12.19 (2023).
ISSN: 2079-9292.

Munazza Shabbir et al. “LLSTM based Proactive Access Point Selection and Mo-
bility Load Balancing for Ultra-Dense Networks”. In: 2024 International Confer-
ence on Artificial Intelligence in Information and Communication (ICAIIC). 2024,
pp. 452-458. DOI: 10.1109/ICAIIC60209.2024.10463334.

Chiew Foong Kwong et al. “Autonomous handover parameter optimisation for 5G
cellular networks using deep deterministic policy gradient”. In: FExpert Systems
with Applications 246 (2024), p. 122871. 1SSN: 0957-4174.

Michele Polese et al. “Improved Handover Through Dual Connectivity in 5G
mmWave Mobile Networks”. In: IEEE Journal on Selected Areas in Commumni-
cations 35.9 (2017), pp. 2069-2084. por1: 10.1109/JSAC.2017.2720338.

124


https://doi.org/10.1109/TENCON.2018.8650068
https://doi.org/10.1109/COMNET.2018.8622167
https://doi.org/10.1109/COMNET.2018.8622167
https://doi.org/10.1109/ICC45041.2023.10279306
https://doi.org/10.1109/ICAIIC60209.2024.10463334
https://doi.org/10.1109/JSAC.2017.2720338

Bibliography

[52]

[53]

[54]

[55]

[56]

[57]

Hamidullah Riaz et al. “A Handover Decision Optimization Method Based on
Data-Driven MLP in 5G Ultra-Dense Small Cell HetNets”. In: Journal of Network
and Systems Management 33.2 (2025), p. 31. DOI: 10.1007/s10922-025-09903-6.

Goodsol Lee et al. “ProSCH: Proxy aided Secondary Cell Handover in Ultra-Dense
mmWave Network”. In: 2020 IEEE Wireless Communications and Networking
Conference (WCNC). 2020, pp. 1-6. DOI: 10.1109/WCNC45663.2020.9120763.

A. Alhammadi et al. “Auto tuning self-optimization algorithm for mobility man-
agement in LTE-A and 5G HetNets”. In: IEEE Access 8 (Dec. 2019), pp. 294—
304.

M.J. Alam, R. Chugh, S. Azad, et al. “Optimizing Cell Association in 5G and
Beyond Networks: A Modified Load-Aware Biased Technique”. In: Telecommumni-
cation Systems (2024).

Saddam Alraih et al. “Effectiveness of Handover Control Parameters on Handover
Performance in 5G and beyond Mobile Networks”. In: Wireless Communications
and Mobile Computing 2022 (2022), p. 2266282.

A A Adewale et al. “Ping-pong reduction for handover process using adaptive hys-
teresis margin: a methodological approach”. In: IOP Conference Series: Materials
Science and Engineering 640.1 (Nov. 2019), p. 012118.

Hiroyuki Okamura. JSPetriNet: A tool that can analyze Markov Regenerative.
https://github.com/okamumu/JSPetriNet. 2018.

P. Buchholz. “Adaptive decomposition and approximation for the analysis of stochas-
tic Petri nets”. In: Performance Evaluation 56.1 (2004), pp. 23-52.

Raja Karmakar, Georges Kaddoum, and Samiran Chattopadhyay. “Mobility Man-
agement in 5G and Beyond: A Novel Smart Handover With Adaptive Time-to-
Trigger and Hysteresis Margin”. In: IFEE Transactions on Mobile Computing
22.10 (2023), pp. 5995-6010. DOI: 10.1109/TNMC.2022.3188212.

Mohd Javed Khan et al. “Mobility Management in Heterogeneous Network of
Vehicular Communication With 5G: Current Status and Future Perspectives”. In:
IEEE Access 12 (2024), pp. 86271-86292.

Rahul Arun Paropkari, Anurag Thantharate, and Cory Beard. “Deep-Mobility: A
Deep Learning Approach for an Efficient and Reliable 5G Handover”. In: 2022 In-
ternational Conference on Wireless Communications Signal Processing and Net-
working (WiSPNET). 2022, pp. 244-250. DOIL: 10.1109/WiSPNET54241 . 2022 .
9767158.

Zhutian Liu et al. “M2HO: Mitigating the Adverse Effects of 5G Handovers on
TCP”. In: ACM MobiCom "24. Washington D.C., DC, USA: Association for Com-
puting Machinery, 2024, pp. 1089-1103. 1SBN: 9798400704895.

125


https://doi.org/10.1007/s10922-025-09903-6
https://doi.org/10.1109/WCNC45663.2020.9120763
https://github.com/okamumu/JSPetriNet
https://doi.org/10.1109/TMC.2022.3188212
https://doi.org/10.1109/WiSPNET54241.2022.9767158
https://doi.org/10.1109/WiSPNET54241.2022.9767158

Bibliography

[58]

Wei Chen et al. “Advanced 6 G wireless communication technologies for intelligent
high-speed railways”. In: High-speed Railway 3.1 (2025), pp. 78-92. I1SSN: 2949-
8678.

Siling Wang and Li Zhang. “Support vector machine-based handover scheme for
heterogeneous ultra dense network of high-speed railway”. In: IET Communica-
tions 18.18 (2024), pp. 1191-1204.

3GPP. 5G; NG-RAN; NG Application Protocol (NGAP). Technical Specification
TS 38.413 V15.10.0. Version 15.10.0, Release 15. 3rd Generation Partnership
Project (3GPP), 2020.

ETSI. Universal Mobile Telecommunications System (UMTS); Physical layer pro-
cedures (FDD). Tech. rep. (3GPP TS 25.214 version 15.0.0 Release 15). ETSI,
July 2018. URL: https://www.etsi.org/deliver/etsi_ts/125200_125299/
125214/15.00.00_60/ts_125214v150000p.pdf.

I. Shayea et al. “Individualistic dynamic handover parameter self-optimization
algorithm for 5G networks based on automatic weight function”. In: IEEE Access
8 (Nov. 2020), pp. 214392-214412.

F. Afroz et al. “SINR, RSRP, RSSI and RSRQ measurements in Long Term Evo-
lution”. In: International Journal of Wireless Mobile Networks 7.4 (Aug. 2015),
pp. 1-12.

S. Nayak. “LTE Handover Analysis and Optimization Using a Simulation Plat-
form”. In: TechRziv (May 2022).

A. Ur Rehman, M. B. Roslee, and T. J. Jiat. “A survey of handover management
in mobile HetNets: Current challenges and future directions”. In: Applied Sciences
13.5 (Mar. 2023), Article 3367.

H.-S. Park et al. “ZEUS: Handover algorithm for 5G to achieve zero handover
failure”. In: ETRI Journal 44 (Dec. 2022), pp. 361-378.

H.-S. Park et al. “Faster recovery from radio link failure during handover”. In:
IEEE Communications Letters 24.8 (May 2020), pp. 1835-1839.

K. Kitagawa et al. “A handover optimization algorithm with mobility robust-
ness for LTE systems”. In: Proceedings of IEEE 22nd International Symposium
on Personal, Indoor and Mobile Radio Communications (PIMRC). Toronto, ON,
Canada, Sept. 2011, pp. 1647-1651.

M. M. Hasan, S. Kwon, and S. Oh. “Frequent-handover mitigation in ultra-dense
heterogeneous networks”. In: IEEFE Transactions on Vehicular Technology 68.1
(Jan. 2019), pp. 1035-1040.

Y. Ullah et al. “A survey on handover and mobility management in 5G HetNets:
Current state, challenges, and future directions”. In: Sensors 23.5081 (May 2023),
pp. 1-38.

126


https://www.etsi.org/deliver/etsi_ts/125200_125299/125214/15.00.00_60/ts_125214v150000p.pdf
https://www.etsi.org/deliver/etsi_ts/125200_125299/125214/15.00.00_60/ts_125214v150000p.pdf

Bibliography

[71]

[72]

[74]

[75]

[76]

[82]

[83]

3GPP TS 32.500. Self-Organising Networks (SON): Concepts and Requirements.
Version 0.5.1, Release 8. 2008.

U. Mahamod et al. “Handover parameter for self-optimisation in 6G mobile net-
works: A survey”. In: Alexandria Engineering Journal 78 (Sept. 2023), pp. 104—
119.

A. Alhammadi et al. “Conflict resolution strategy in handover management for
4G and 5G networks”. In: Proceedings of the IEEE 61st International Midwest
Symposium on Circuits and Systems (MWSCAS). Windsor, ON, Canada, Jan.
2022, pp. 5215-5232.

S. Alraih et al. “Robust handover optimization technique with fuzzy logic con-
troller for beyond 5G mobile networks”. In: Sensors 22.16 (Aug. 2022), Article
6199.

V. O. Nyangaresi and A. J. Rodrigues. “Efficient handover protocol for 5G and
beyond networks”. In: Computers & Security 113 (Feb. 2022), Article 102546.

M.-T. Nguyen and S. Kwon. “Machine learning—based mobility robustness op-
timization under dynamic cellular networks” In: IEEE Access 9 (May 2021),
pp. 77830-77844.

A. Abdelmohsen et al. “LTE handover parameters optimization using Q-learning
technique”. In: Proceedings of the IEEE 61st International Midwest Symposium
on Circuits and Systems (MWSCAS). Windsor, ON, Canada, Aug. 2018, pp. 194—
197.

D. D. S. Souza et al. “A novel heuristic for handover priority in mobile heteroge-
neous networks”. In: IEEE Access 8 (Dec. 2019), pp. 4043-4050.

F. Guidolin et al. “Context-aware handover policies in HetNets”. In: IEEE Trans-
actions on Wireless Communications 15.3 (Mar. 2016), pp. 1895-1906.

M. I. Goh et al. “Handover decision-making algorithm for 5G heterogeneous net-
works”. In: Electronics 12.11 (May 2023), Article 2384.

A. Madelkhanova, Z. Becvar, and T. Spyropoulos. “Optimization of cell individual
offset for handover of flying base stations and users”. In: IEEE Transactions on
Wireless Communications 22.5 (Oct. 2023), pp. 3180-3193.

W. Tashan et al. “Mobility robustness optimization in future mobile heterogeneous
networks: A survey”. In: IEEE Access 10 (Apr. 2022), pp. 45522-45541.

X. Gelabert, G. Zhou, and P. Legg. “Mobility performance and suitability of macro
cell power-off in LTE dense small cell HetNets”. In: Proceedings of the IEEE 18th
International Workshop on Computer-Aided Modeling Design and Communication
Links and Networks (CAMAD). Berlin, Germany, Sept. 2013, pp. 99-103.

127






Appendix A

Appendix

Derivation of the cumulative distribution function of STN Ry is as follows.

FSINRS(Tl) =Pr {SINRS < Tl}

Py, Ga, D3,
=Pr{ /" <T15.
r{11+12+02

By using the nature of the marginal distribution and using the definition of Eq. (3.3)

with respect to the random variable G,,, the following derivation can be obtained,

o0 T1 (I + Iy + o2
FSINRS (Tl) = / Pr Gai < ( — ) fDai (Da) dDa
0 Py, Da,

o0 paT1o? paT'l paTl
=1- exXp - 7_77 Eh 7_77 £12 7_,7
0 Py, Da, Py, Da Py, Da

21 AaDaexp {—AamD2} dD,

D2 paba, T2
> Py, T2 a\ s

=1- / 2w Aa D, exp —Aatz — Abng HalMy 2 2 arctan —Qk

0 pn P, RHO?

9 [paPn, T2
At DaV'T?2 Doy, dD (A.1)
— ATy arctan a- .
RHO?

where Ly, () and Ly, (-) are the Laplace transform of the probability density function
of the random variable I; and I [23], respectively.
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Similarly, by using the property of marginal distribution and using the definition of
Eq. (3.3) with respect to the random variable G, the cumulative distribution function
can be obtained with respect to SIN Ry,

FS[NRM(TQ) =Pr {SINRM < T2 }

PM.ka.Dg_n
=Prq ——— L <T2
r{13+[4+02

< [ Py, Gy,D;"
= [ Pr{—Eh o Dy)dD

o0 T2 (I + Iy + 0?)
= Pr¢ Gy, < - fpy, (Dy) dDy,
/0 { PMz‘,kan v (

/OO 1 —ubT2O'2 —/LbTQIg —/LbT2I4
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o0 —upT202 T2 T2
=1 —/ exp L(z »Clg L_ £I4 L_ (A‘2)
0 PMz',kan PMi,kan PMi,kan

- 2w A Dy, exp (7)\b7TD%) dDy,,

where L, () and Ly, (-) are the Laplace transform of the probability density function of
the random variable I3 and 1y, respectively. Moreover, in this paper, the power of the
macro cell considered is 40 times that of the small cell, thus, the following closed-form

equation can be obtained after ignoring the interference from the small cell and noise.

Fsrnm, (T2) =1 — / 270, Dy, exp (—m\bDﬁx/T2 arctan(VT2) — Abng) dD;,
0

Ab
Ab + Ap VT2 arctan(v1'2)
 MpVT2arctan(v12)
b + A vT2arctan(vVT2)

(A.3)

Finally, assume that the random variables SINRs and SINR,, are A and B, re-
spectively. Therefore, by using the property of convolution, the following integral can
be obtained,

Cs = Flellasso = Pr {SINRS — SINRy > 0} (A4)
=Pr{A—- B >0}

_ / F (b) f5 (b) db,

b

where the cumulative distribution function of F4(b), Fsrnr,(-) has been obtained in the
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previous, and it is only necessary to derive Fg(b), Fsrnr,,(-) to obtain fp(b), thus the
final form (s is shown in Eq. (3.6).

Regarding the derivation of the cumulative distribution function of RSRQ@s and
RSRQy as follows.

FRSRQS (T3) =Pr {RSRQS < T3}

NsPs, Ga Dy
:Pr{ s —— <T3}
Zai€<1>1 PSkGaiDai + zbiei’g PMkaiDbi + O hoise

o0 TSDa_n (ZaiE‘IDl PSkGaiD;in + Zbieq)z PMkazD;n + Uﬁoise)
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:1—/ exp{—'ua?;VaPOFHOISQ}eXp{—7T )\; avTB}exp{—W 2b a\/pgTS}
0 S48k
27 \a Dy exp { = AawD2} dD,. (A7)

where Lrssis(-) and Lrssry, (+) are the Laplace transform of the probability density
function of the random variable ), g Ps Ga,Da,” and 37} o Py, Gy, Dy, " respec-

tively. The following closed-form equation can be obtained after ignoring the noise.

2)\3
F T3)=1-
rsRQs (T3) 2o + AaTVT3 + Apmy/p2T3
 XamVT3 4 N3 (A.8)
2Xa + AamVT3 + Apm/paT3 |

Similar to the derivation of RS RQs, the cumulative distribution function of RS RQwm
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can be obtained as follows.

FRSRQM (T4) =Pr {RSRQM < T4}
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Regarding the derivation of cumulative distribution function of celloffset (ogset.,, and
Coffset,,s are shown as follows, and the derivation of (yfeet,,, can be obtained by deriving
RSR(Qs based on the same principle as the derivation of (5 by using the property of

convolution, and the specific process is shown as follows.

Coﬂsetsm =Pr {RSRQM — RSRQs > CO}
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Similarly to Coffset.,,, the following (ofset,,. can be obtained.
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The A3 event formulation derivation within the ASRSRP HDAM,
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\pagenumbering{Roman} % Setting Roman (I, II, ...) numbering for the first 2 pages, this avoids duplicate numbering with the front matter (i, ii, ...) and main matter (1, 2, ...) pages

\newgeometry{left=1in, right=1in, top=1.25in, bottom=1.25in} % Temporarily re-define the geometry for the cover page to make it centered (left and right margins are equal)

\begin{titlepage}
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		\vspace*{\fill}
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%============================================ Front matter =========================================

%--------------------------------------- Front Matter Settings -------------------------------------

\frontmatter % Uses i, ii, iii numbering

\iffalse

%--------------------------------------------- Title page ------------------------------------------

\pagestyle{empty}  % For the title page use the "empty" style (no page number displayed)

\cleardoublepage

\pdfbookmark[0]{Titlepage}{title} % Make the title page appear in the bookmarks of the PDF

\begin{center}

\makeatletter
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\vspace*{\fill}
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\LARGE{\titlejp}
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%----------------------------------------- Dedication ----------------------------------------------

\cleardoublepage

\thispagestyle{empty} % Also use empty page stlyle for the dedication

\pdfbookmark[0]{Dedication}{dedication}

\vspace*{6cm} % TODO Adjust as necessary to make your dedication appear balanced in the page

\Large{\textit{Keep calm and carry on.}} %TODO make your own dedication



%---------------------------------------------------------------------------------------------------

\pagestyle{plain} % Change to "plain" style to show the page numbers from here onwards

\normalsize % Restore the font size to normal in case it was unadvertantly changed

%-------------------------------------------- Abstract ---------------------------------------------

\include{0-frontmatter/abstract}

%------------------------------------------ Acknowledgment------------------------------------------

\include{0-frontmatter/acknowledgment}



% --------------------- Table of Contents / List of Figures / List of Listings ---------------------

% Note that the \cleardoublepage commands are necessary to make sure the bookmarks land on the correct page

\cleardoublepage

\pdfbookmark[0]{Table of Contents}{tablecontents}

\tableofcontents



% The following three lines make sure that:

% 1. the bookmark for the "List of Figures" lands on the correct page when clicked

% 2. the "List of Figures" appears in the Table of Contents

\cleardoublepage

\phantomsection

\addcontentsline{toc}{chapter}{List of Figures}

\listoffigures



% Same for the "List of Tables"

\cleardoublepage

\phantomsection

\addcontentsline{toc}{chapter}{List of Tables}

\listoftables



% Similarly for the "Listings"

% TODO If you do not have any listings, you should remove the following 4 commands

% You could instead put a "List of Algorithms in a similar way if that is what you are using.

% You could also keep the ToC/LoF/LoT only. Your thesis, your choice.

%%\cleardoublepage

%\phantomsection

%\addcontentsline{toc}{chapter}{Listings}

%\lstlistoflistings

%

%---------------------------------------------------------------------------------------------------

% Here we record the number of pages of the frontmatter in a counter.

% It will be used to compute the total nb of pages of the thesis (frontmatter + mainmatter)

% to print the correct copyright notice at the end

\newcounter{frontpages}

\setcounter{frontpages}{\value{page}}

\ifodd\value{frontpages}\stepcounter{frontpages}\fi % Value is odd if last page with text is a right page. Increment by one to account for the empty right page which precedes the first chapter in the mainmatter.

%========================================== Main matter ============================================

\mainmatter

\pagestyle{fancy}



% TODO include the LaTeX files that constitute your various chapters

% I recommend you keep them (and the extra files for the figures for each chapter) in dedicated directories

\include{1-introduction/introduction}

%\include{2-background/background}

\include{2-handover_challenges/handover_challenges}

% Chapter 2: Characteristics of 5G Heterogeneous Networks and Handover Challenges



\include{3-algorithm_modelling_resource/algorithm_modelling_resource}

% Chapter 3: Modeling and Evaluation of Handover Algorithms Under Insufficient Network Resources



\include{4-algorithm_modelling_signal/algorithm_modelling_signal}

% Chapter 4: Modeling and Evaluation of Handover Algorithms Under Signal Fluctuations



\include{5-improvements_algorithms/improvements_algorithms}

% Chapter 5: Improvements to Mainstream Handover Decision Algorithms in Mobile Networks



\include{6-conclusion/conclusion}

% Chapter 6: Conclusion

% Print the bibliography after the conclusion (with the option to make it appear in the ToC)

\printbibliography[heading=bibintoc]

%cankaowenxiandelimian you &



% Switch to "appendix"

\appendix

% Similar to your thesis main chapters, add your chapters for the appendix.

% If you do not have any appendix, this part can be ommited.

\include{A-appendix/sourcecode}

\include{B-appendix/sourcecode}

%\include{B-appendix/secondappendix}

% ...



%----------------- List your publications in an unnumbered chapter --------------

\cleardoublepage

\phantomsection

\addcontentsline{toc}{chapter}{Publications}

\include{Z-publications/publications}



% ------------------------------- Copyright Statement ----------------------------

\cleartoleftpage % small command to make sure this copyright statement is on a "left" page

\thispagestyle{empty} % Switch to empty style (does not show page number)

\pdfbookmark[0]{Copyright}{copyright} % Add bookmark

\vspace*{\fill}

\newcounter{pagesnocover}

\setcounter{pagesnocover}{\value{page}}

\addtocounter{pagesnocover}{\value{frontpages}} % Add the nb of pages in the frontmatter
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