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ABSTRACT Mobility robustness optimization (MRO) is a fundamental issue regarding self-optimization
network (SON). In long-term evolution-advanced (LTE-A), handover (HO) optimization in heterogeneous
networks (HetNets) is an urgent need to improve system performance. This improvement is in terms of
immunity against unnecessary HO (UHO) such as ping-pong HO (PPHO) and against failed HOs in the
sense of radio link failure (RLF) such as too-early HO (TEHO) and too-late HO (TLHO), that is, RLF HO.
The occurrence of these undesired HOs increases the consumption of network resources and decreases the
quality of service (QoS). In this study, we propose a robust algorithm to reduce the number of PPHO, TLHO,
and TEHO events to a minimum by an innovative mechanism that adaptively sets the HO control parameters
(HCPs). This reduction is obtained without the need for unjustified techniques that assume certain thresholds
for the ratio of PPHOs or the ratio of RLF HOs relative to the total number of HOs, as proposed in the most
recent literature. We also present the importance of thinking about the existence of a direct relationship
between the hysteresis margin (HM) and time-to-trigger (TTT). We invest this relationship in determining
adaptive HCPs. Simulation results show that RLF HOs and PPHOs are minimal, almost zero, compared to
the literature and the classical method. This study opens a new avenue for research on mobility management.
It reorients research axes toward thinking about the possibility of a correlation between HM and TTT. This
is what the research community has not yet realized.

INDEX TERMS LTE-A, HetNets, self-optimization, mobility robustness optimization, adaptive handover
algorithm, handover parameter optimization, mobility management, small/macro cell, hysteresis margin,
time-to-trigger.

I. INTRODUCTION
Since the first mobile phone was manufactured by Motorola
in 1973, mobile phones have become an indispensable tech-
nology in our daily lives. Nowadays, the use of mobile phones
is no longer limited to providing voice calling services and
sending text messages. The functional diversification of this
technology includes various data services such as the Internet
of Things, mobile games, and live video broadcasting. In this
context, mobile data traffic has grown significantly over the
past decade; for example, in 2016, it became 18 times what
it was in 2011 [1]. In late 2021, it is expected to grow several
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times compared to 2016, which represents an increase of
approximately 128-fold in only 10 years.

Consequently, many studies are being conducted with
the aim of improving the ability of future networks to handle
the increasing volume of traffic. For this goal, one could
find the reason behind the successive upgradation of wireless
communication networks, starting from the first generation
(1G), passing through LTE-A. In LTE-A HetNets, the inten-
sive use of small cells, such as microcells, picocells, and fem-
tocells, has become necessary tomeet the traffic requirements
and to relieve pressure on the macro cells [2]. In fact, the
use of small cells resolves the conflict between limited radio
resources and data traffic requirements [3]. Moreover, both
the network capacity and user QoS are enhanced by small cell
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diffusion, although the low-power small cells overlapwith the
high-power macro cells. This represents a multi-tier network
structure known as HetNet.

In parallel, mobility management is becoming more com-
plex because of the significant increase in the size and com-
plexity of HetNets. This was a major reason for developing
the concept of SON that has gained increasing importance to
achieve the goal of automating the management process and
reducing manual intervention [4]. In this context, MRO was
introduced as a one-use case of SON. The MRO algorithms
refer to procedures that automate the setting of HCPs aimed
at minimizing both RLF HO and PPHO events [5], [6].

Hence, HO is a key procedure for mobility management
ensuring that users move freely through the LTE-A HetNets
while still being connectedwith the sameQoS. In fact, the HO
success rate is one of the key indicators of user satisfaction;
thus, it is vital that the HO procedure occurs as quickly
and as seamlessly as possible [7]. However, the performance
and requirements of the HO events of individual users may
differ depending on the user’s mobility state, such as location
and velocity, among other context variables. Therefore, when
available, mobility and context information can be exploited
to design user-specific and more effective SON algorithms.
This is the scope of this paper, where an individualistic
adaptive HPC SON algorithm for HetNets is proposed to
reduce both RLF HOs and PPHOs. Although the traditional
HO mechanism can be described by a very precise flow of
events and one can argue that there is little if anything to be
improved, the HCP optimization for SON represents one of
the most important areas to be researched regarding MRO.
Furthermore, it is considered a nascent field of research. This
field does not look at modifying the HO flow, but rather at
making the HCP settings sufficiently flexible by adjusting
them accordingly. The main challenges facing such an MRO
algorithm for SON are to find a perfect balance between HM
and TTT values, and simultaneously ensuring that the net-
work is in a stable operating point for a long time with as few
RLF HOs and PPHOs as possible. Introducing the overlaid
HetNets implies that the function of HO should evolve from
two points of view: first, maintaining connectivity and second
enhancing the entire network’s performance. Furthermore,
owing to the small coverage and low transmission power of
small cells, the HO procedure is much more complicated
and needs to be more intelligent. This paper focuses on
the optimization of the system-level HCPs in the HO deci-
sion algorithm, proposing a novel self-optimization algorithm
based on adaptively changing HM and TTT according to the
location, velocity, and signal-to-interference-plus-noise-ratio
(SINR) of each user.

Our proposed algorithm adaptively selects the proper HM
and TTT for each user according to its moving state. In mod-
ern networks, most cellular phones are easily embedded in
global positioning system (GPS) services [8]. Hence, we can
assume that both the location and velocity of the user are
estimated, and thus, the status of the user velocity and its
distance to each base station (BS) are easy to identify. Based

on the user’s distance to both the serving and target cells, the
HM can be computed adaptively. This can be done by math-
ematically formulating the HM’s function of the reference
signal received powers (RSRPs), considering that RSRP is a
function of the user’s distance to the BS, [5]. The computation
of the HM’s function is subject to a criterion such that the
time average of the SINRs, measured relative to the serving
and target cells over a specific time window, is larger than
the pre-defined SINR threshold of the system to guarantee
the avoidance of TLHOs and TEHOs. This is our first contri-
bution, where the user’s radio links to both its serving and
target cells is strongly enhanced while the user equipment
(UE) moves from its serving cell and goes inside the coverage
of the target cell, aiming to achieve a successful HO. On the
other hand, TTT is a parameter related to the time domain,
and it is difficult to set it by detecting the user’s location. For
this, we support our algorithm by formulating a function that
computes the TTT adaptively with each user velocity and its
corresponding HM value obtained from the previous adaptive
phase. This is done based on a geometric interpretation of the
mechanism of the HO A3 event. Thus, the TTT values are
completely related to the selected HM values for each user
individually and according to their mobility state (velocity).
This is what we consider as our second contribution in this
paper, where a direct relationship between HM and TTT
can be derived and used for the first time in this research
field. As a result, the PPHO ratio can also be significantly
reduced. The proposed algorithm implicitly deals with the
overall HO cases, that is, macro-to-macro HO, macro-to-
small HO, small-to-macro HO, and small-to-small HO.

II. RELATED WORK
In general, algorithms for makingHO decisions between cells
in a HetNet can be categorized based on several parameters
related to the user and network topology. The decision part of
any adaptive HO algorithm is the HO decision phase, which
depends on the selection method of both HM and TTT values,
that is, static, dynamic, or adaptive. Thus, the performance
of the network is optimized. Here, it is meaningful for SON.
In HetNets, the HO decision phase is always performed on the
service cell side. The vast majority of the algorithms in the lit-
erature use a combination of different parameters to obtain the
final HCP selection. As mentioned in [9], the main decision
parameters for HOs between cells can be divided into five
categories: 1) velocity-based [10]–[17], 2) received-signal-
strength (RSS) or RSRP-based [18]–[24], 3) cost-function-
based [25]–[32], 4) energy-efficient-based [33], [34], and
5) interference aware, (e.g., SINR) [35]–[40]. Looking at the
first category, one can find that either the moving direction
of the UE is not considered, the mobility/network model is
limited, or the small-to-small cell HO event is neglected. For
the second category, we found that either the network struc-
ture is not a HetNet, or the number of HCPs is insufficient
with regard to the system-level evolution perspective, that is,
focusing either on HM selection or on TTT selection, but
not both. On the other hand, the main disadvantage of the
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cost-function-based HCP optimization algorithm’s category
is that the selection of weights combination is predefined
by the authors, implying that there might not be adequate
proof that these weights are the optimized weights. For the
fourth category, either the authors only considered a single
macrocell in their simulation or did not consider the inter-
ference power. Finally, looking at the fifth category, either
the authors used a very limited coverage model for the small
cells considering neither noise nor shadow fading, or the cor-
responding algorithm was checked by considering only the
UHOs. Looking at recent relevant research from three years
ago, we find that the work [41] proposes a cost-function-
based algorithm. Although this scheme provides low PPHO
and RLF HO ratios, the UE velocity is not suitable for high-
velocity scenarios, that is, up to 300 km/h. Moreover, its
algorithm cannot maintain a high HO success number and
simultaneously reduces the PPHO ratio to a low level; that
is, a conflict appears when the algorithm seeks to minimize
TLHOs, TEHOs, and PPHOs simultaneously. The authors
in [42] proposed a velocity-and-RSRP-based algorithm as
an auto-tuning optimization algorithm to adjust the HCPs,
but the SINR parameter was not considered. In addition, this
work did not provide adequate proof of why the steps used
to decrease or increase the TTT and HM were put in such
a way. Furthermore, in [43], the same authors developed
an RSRP-based algorithm without considering the velocity,
which means that they published their new work [42] by sim-
ply adding the velocity decision parameter to their previous
work in [43]. As a result, improvements were insufficient.
However, in [44], a sensitivity analysis of both the HM and
TTT thresholds was carried out for different network load
levels and UE velocity. A fuzzy logic controller (FLC) that
adaptively modifies the HM threshold, was proposed for HCP
optimization [44]. Nevertheless, in [44], the PPHO ratio was
not considered when evaluating the proposed algorithms.
Among all the algorithms in this field, only the author in [9]
discussed the HCP optimization problem in a very profes-
sional and accurate way, taking into account the overall rea-
sons affecting theHOperformance. His solution is simple and
converges to reality. He presented in [9, CH.3-5] an algorithm
using attractive performance thresholds for PPHO, SINR,
and RLF HOs to enhance the HO decision by considering
the velocity of the UE in selecting suitable and consistent
HCPs. Unfortunately, the work in [9] did not discuss how
to define these performance thresholds. In addition, the suc-
cess of HO events depended only on a predefined RLF HO
desired (approximately 27%). However, we will depend on
some ideas in [9] to develop our novel algorithm. In fact,
all HCP optimization algorithms in recent literature reviews,
including [9], used the same technique, that is, HCP steps,
to decrease and increase both the TTT and HM values, obtain
the main goal of such algorithms (reducing PPHOs, TLHOs,
TEHOs). Moreover, that was always without any discussion
of why these steps were chosen in such a way. In this paper,
we propose a completely new methodology for determin-
ing the suitable values of TTT and HM by establishing

a correlation between them, considering that each of the
parameters of velocity, RSRP, and SINR is measured. This
is done in a unified model to significantly reduce both the
RLF HOs and PPHO ratios. Our proposed algorithm was
investigated based on simulations of various scenarios using
the MATLAB 2021a software. It is then compared with
the [9], [42], [43], [48] algorithm and the classical setting of
HCPs (i.e., fixed TTT and fixed HM). The results show that
the proposed algorithm provides remarkable enhancements,
as illustrated in Section VI.

III. SYSTEM MODEL
A. HetNet MODEL
We consider a HetNet scenario to be a multi-tier network
structure consisting of multiple macro cells and multiple
small cells deployed such that small cells are non-uniformly
distributed relative to each macro cell. In this study, only
the macro cell layout is considered to be wrapped around
using a 19-cell-wrap-around hexagonal network topology
with ultra-dense small cells. The small cell layout is not
wrapped around. The 19-hexagonal macro cells are con-
sidered to be closely deployed in an urban environment in
which the small cells are distributed randomly. The HetNet
scenario is an important concept that has been widely used
in LTE-A networks [9]. Small cells are normally consid-
ered to be microcells, picocells, or femtocells. For example,
a three-tier HetNet consists of a mix of macro, pico, and
femtocell BSs. In this study, we consider a two-tier HetNet
considering a mix of macro and femtocell BSs. Generally,
the range of small cells can range from ten to several dozen
meters, and hence a small cell has a small range and low
transmitting power (15 to 30 dBm) to work as Home evolved
node BS (eNB) (HeNB). This small BS can be used to
provide both indoor and outdoor broadband services [51].
As a trend, the densification of small-cell deployment will
become popular in future network planning. The number
of small cells can linearly increase network capacity. The
considered 19-hexagonal macro cell model is consistent with
real LTE-A HetNets deployed in an urban environment with
high user density and traffic loads, including a small cell
distribution [45]. Fig. 1(a) illustrates a general urban macro-
cell scenario (without small cells), and Fig. 1(b) shows
another scenario, considered with small cells as a simple
example. We built consideration 19-hexagonal macro cells,
41-randomly distributed small cells, with 100-randomly dis-
tributed UEs in their primary positions in the environment
(12000m × 12000m square area).

The total capacity of the considered system and users are
significantly promoted by the use of small-sized BSs. The
deployment of small cells improves the existing network
capacity, although these low-power BSs overlap with existing
macrocell networks. For the interference issues to be well
addressed, Fig. 2 shows a top-down view of the entire simula-
tion network system, which comprises a two-tier macro-small
cell network (of the same type as that presented in Fig. 1(b),
but with only 12 small cells, assuming a 1000m × 1000m
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FIGURE 1. HetNet model, with 19 macro cells (o), 41 small cells (∗),
and 100 UEs (+), (a) urban macro-cell scenario [46], (b) MATLAB-based
LTE-A urban macro/small-cell scenario.

FIGURE 2. Top-down view of SINR map for each one of the 19 macro cells
knowing that the RSRP of rest macro-BSs and of rest small-cells were
considered to be interference power.

square area). Fig. 2 shows a macro-SINR map. Fig. 3 shows
a top-down view of the entire simulation network system to
address the small-SINR map. We use the RSRP calculation
to determine the current serving cell (either macro or small)
and to calculate the corresponding SINR in each pixel (see
Subsection C, where the procedures of SINR, RSRP, and
interference map calculations are shown). The RSRP of the
remaining BSs (non-serving cells) was considered to be the
interference power. In both figures 2 and 3, it can be seen
that different RSRPs created differential macro/small cell
coverages. In addition, the different coordinates of the same
type of BS (macro or small) also result in different coverages.
Moreover, it is clear that the denser the deployed small cells,
the higher the interference in the simulation environment.

This study mainly focused on the optimization of system-
level HCPs. The growing density of small cells and the short-
ening of the cell radius have created various communication
problems, among which the HO issue is one of the most chal-
lenging issues. By introducing the overlaid HetNet scenario
in LTA-A, the aim of the HO function has to be evolved to
further deal with maintaining connectivity and enhancing the
performance of the entire network. In addition, owing to the
small coverage and low transmission power, the HO proce-
dure in HetNets is much more complicated and needs to be
more intelligent. In this paper, we propose adaptive HCPs in
HetNets (LTE-A) with dense small cells. Our proposed self-
optimization algorithm based on adaptive HCPs is evaluated

FIGURE 3. Top-down view of SINR map for each one of the 12 small cells
knowing that the RSRP of rest small-BSs and of rest macro-cells were
considered to be interference power.

by simulation considering the HetNet scenario in the LTE-A
system. Evaluating our algorithm considering 5G ultra-dense
small cells (LTE-A and millimeter-wave networks) coexist-
ing with the current networks is postponed as future work.

B. UEs MOBILITY MODEL
Figures 1(a), 2, and 3 have been created considering that
all the UEs are in a static process, that is, they are all in
the corresponding coordinates at a moment of time (fixed
spatial positions). However, the HO according to A3 event
is a dynamic process; that is, even if a UE moves out of the
serving cell (macro or small cell) region and the maximum
RSRP is obtained from a different cell (macro or small cell),
the UE can still be served by the original serving cell. This is
because it is not possible to have a successful HO (e.g., facing
an RLF HO event), or the HO for the corresponding target
cell is unnecessary (e.g., facing a PPHO event); otherwise,
a successful HO would occur. In this study, we assume that
the cell that provides the maximumRSRP is considered as the
serving cell, while the remaining RSRPs are considered as
interference-power-like cells. This assumption corresponds
to the initial position of all the UE before each one moves
to the next position in the environment. This is used to define
the serving cell status initially. Then, for every new position,
the candidate target (macro or small) cell will be selected
corresponding to the maximum RSRP among the other cells
(macro and small) excluding the current serving cell. Hence,
a general mobility model for all UE needs to be developed.

In this study, we assume that each UE starts from an
initial spatial point (x0, y0) in an environment with a ran-
dom velocity v from the range (30 km/h to 300 km/h)
given an initial random direction θ from [0

◦

to, 360◦]. The
UE keeps moving in this direction with the chosen veloc-
ity through a straight line until it reaches the boundaries
of the environment (the four sides of a square whose area
is 12000m × 12000m = 144 km2, and the coordinates of the
square ‘s heads are (6000m, 6000m), (6000m, −6000m),
(−6000m, 6000m), (−6000, −6000) ), in which the UE is
set with another new random direction. Thus, it changes its
mobility state according to this new direction and re-enters
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the environment once again, moving through another straight
line, and so on.

FIGURE 4. An example of 4 moving UEs in the simulation environment
according to the considered mobility model.

Fig. 4. displays an example of such mobility model
for 4 UEs moving with velocities 240, 240, 120, and
270 Km/h over 150 seconds, with a step of simulation time
of 10 [ms].

C. SYSTEM METRICS
1) RSRP
In the HetNet case, the radio transmission system in small
cells differs from its counterpart in macrocells. This is in
terms of several parameters, including the RF transmitted
power, RF frequency, and transmitting antenna gain [47].
Therefore, the free-space path loss model for a macro cell is
different from that for a small cell. In this paper, we assume
the following path loss gain scalar formula to represent the
power loss resulting from electromagnetic wave propagation
from a cell to the UE [5]:

PL ji =
GjiG0

(
λ2i,j

)
(
4πd ji

)2 (1)

where the index j represents the correlation type of the cell rel-
ative to the UE that wants to perform an HO, (j = target cell,
j = serving cell, or j = int (interference) cell), i represents the
index of the RF type of the cell (i = small cell, or i = macro
cell),Go is the receive antenna gain of the UE,G

j
i is the trans-

mit antenna gain of the cell (regardless of the value of indices
i and j, i.e., macro-serving, macro-target, small-serving, or
small-target), λi,j is the corresponding signal wavelength, and
d ji is the distance between the UE and the BS cell. In fact, the
distance is a function of both (x(t), y(t)); the coordinates of
the UE at time moment t and (x ji , y

j
i) are the fixed Cartesian

coordinates of the cell. This distance function is expressed as

follows:

d ji
(
x (t) , y (t) , xji, y

j
i

)
=

√(
x (t)− xji

)2
+

(
y (t)− yji

)2
(2)

Now, if we place Pji as the RF transmitted power from
the BS cell, and put ζ ji to represent the shadow fading gain
that follows a log-normal distribution with a zero mean and
a standard deviation, σ , between 4 and 6 dB [6], [9], we can
write the RSRP dB-formula of any UE as

RSRPji(dB) = Pji(dB)− PL
j
i (dB)− ζ

j
i (dB) (3)

Equations (1) and (3) make it possible to distinguish
between the RF broadcasts of small cells and that of themacro
cells in HetNet.

2) SINR
By definition, the SINR calculated for each UE at any posi-
tion (x(t), y(t)) and at any time moment t is the ratio of the
received power from a cell (macro or small, serving or target)
to the sum of the sum of the interference power of the rest
of the cells (macro and small in the whole network) plus
Pthermalnoise the thermal noise power [6]. If the serving/target
cell is a macro cell, we formulate the corresponding SINR in
a scalar formula such that, (4), as shown at the bottom of the
next page, or in a dB formula, (5), as shown at the bottom of
the next page, where, (6), as shown at the bottom of the next
page.

If the serving/target cell is a small cell, then we formulate
the corresponding SINR in the same manner, that is, (7), as
shown at the bottom of the next page.

In this paper, we formulate the thermal noise power (scaler)
as Pthermalnoise = K .T .B, whereK is Boltzmann’s constant, T
is the temperature of the UE RF receiver in Kelvin (298.15 K
or above), and B is the bandwidth. The equations of the SINR
presented above express the downlink SINR calculation in
HetNet, where the SINR value is included in themeasurement
report (MR) created at the UE side every 1t (the simulation
time step) during its motion through the HetNet.

D. SYSTEM PERFORMANCE INDICATORS
1) HANDOVER FAILURE RATIO (HOFR)
Successful HO executed from the current serving cell to
another cell in the HetNet is conditioned by several fac-
tors [43]. First, the HO request (HRQ), performed from the
serving cell to the main core of the HetNet in order to decide
an HO execution, must not be a late request. This means that
while the UE goes out of the coverage area of the original
serving cell, there must not be an RLF event occurring in the
radio link between the current serving cell and the user at a
moment before the HO procedure is initialized. Otherwise,
if it happens, it will imply multiple attempts by the UE to
reestablish the connection with the target cell. This is actually
the concept of a TLHO event caused by an RLF event in
the serving cell. Second, the HRQ must not be an early
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request. This means that when the user enters the coverage
area of the target cell, theremust not be an RLF event between
the cell and the user at a moment after the execution of
the HO procedure is completed. Otherwise, if it happens,
it will imply multiple attempts by the user to reestablish the
connection with the original serving cell. This is the concept
of a TEHO event caused by an RLF in the target cell. If there
are many TEHO and TLHO events during UE mobility, poor
network performance in terms of mobility management is
encountered. This might cause the connection to be dropped
or interrupted; hence, many attempts have been made to
reestablish the connection by the UE. Thus, the management
of HetNet resources fails, and QoS deteriorates. The number
of both TLHO and TEHO events indicates the performance of
the system as a key performance indicator (KPI) in terms of
the HO procedure execution. In this context, we put HPIHOF
as the first KPI, naming it the system performance indicator
related to the RLF HO events. We define HPIHOF (t), for all
the UE at each moment t , as the ratio of NHOF t (the total
number of both TEHO and TLHO events) to NHOt ; the total
number of HOs that have been executed at each moment t of
the overall mobility of all the UE. The ratio HPIHOF (t) is
given by the following equation:

HPIHOF (t) =
NHOFt
NHOt

(8)

Equation (8) represents a ratio that calculates the number
of RLF HOs divided by the total number of HOs for all UE at
each new position (new moment) during their mobility. Thus,
at the end of the simulation, one can observe the maximum
or average (or whatever) number of RLF HOs relative to the
total number of HOs executed. One of the main aims of any
HO parameter optimization algorithm is to make HPIHOF (t)
as small as possible at all times during the mobility of all
UEs served by the HetNet. Almost all the previous algorithms
in the literature (e.g., [9], [41], [43], [48]) defined HPIHOF
thresholds to be desired for the system, considering it as a pre-
defined acceptable HPIHOF limit in the overall performance.

We think that this methodology is weak; instead, we could
dispense with the definition of thresholds of this kind, making
our proposed algorithm in this paper more general.

2) PING PONG HANDOVER RATIO (PPHOR)
If both HM and TTT are not set correctly, it is possible that
HO is successful but unnecessary at the same time, and vice
versa. One common type of UHO is a ping-pong event. This
event occurs if a call is handed over to a new cell and then is
handed back to the original cell in less than the critical time
(Tcrit ) that may rank from 1 to 6 s [6], [9], [41]. In particular,
HetNets frequently suffer from the occurrence of this type
of event, mainly because of the presence of small cells that
have low geographical area coverage compared to those of
macro cells. This situation often occurs in HetNets when the
UE is handed over from a macro cell to a small cell. There
is a high probability that the UE will be re-handed over to
the same macro cell in less than Tcrit , especially if the UE
velocity is very high, or if both the values of both the HM and
TTT control parameters are relatively small. In this context,
we put HPIHOPP as the second KPI considering it a system
performance indicator related to PPHO events. We define
HPIHOPP(t), for all the UE at each moment t as the ratio of
NHOPPt ; the total number of PPHO events to NHOt . The
ratio HPIHOPP(t) is given by the following equation:

HPIHOPP (t) =
NHOPPt
NHOt

(9)

Equation (9) represents a ratio that calculates the total
number of PPHO events divided by the total number of HOs
for all UE at each new position (new moment) during their
mobility. Thus, at the end of the simulation, one can observe
the maximum or average (or whatever) number of PPHOs
relative to the total number of HOs executed. Another main
aim of any handover parameter optimization algorithm is to
make HPIHOPP(t) as small as possible at all times during the
mobility of all UEs served by the HetNet.

SINRjmacro =
RSRPjmacro∑

other macro cells RSRP
int
macro +

∑
allother small cells RSRP

int
small + Pthermal noise

(4)

SINRimacro(dB) = RSRPjmacro(dB)− RSRP
int+noise
macro−small(dB) (5)

RSRPint+noisemacro−small(dB) = 10× log10

{ ∑
other macro cells

RSRPintmacro +
∑

other macro cells

RSRPintsmall + Pthermal noise

}
(6)

SINRjsmall =
RSRPjsmall∑

other small cells RSRP
int
small +

∑
all other macro cells RSRP

int
macro + Pthermal noise

(7)
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The fundamental question that our manuscript answers is:
How do we choose the suitable values of HM and TTT (the
main HCPs) so that the HO decision is made successfully
without leading to many events of type PPHO or RLF HO.
This study proposes a new mechanism for setting the main
HCPs of the HO decision procedure adaptively and according
to event A3 (see the next section). It is HM that initiates,
or not, the HO decision procedure, and it is TTT that termi-
nates this procedure, resulting in either an HO action request
being sent to the network controller core or not (see Equation
(10)). Procedures that follow that decision procedure are
those that consume network resources in transferring (or not)
the coverage service for the UE to a new cell. Here, the
decision to handing over the UE must be sound, and this
mainly means that it should lead as lower as possible to
PPHO or to RLF HO incidents. In this context, one could
ask the following relevant question: Are there performance
indicators, that is, KPIs, other than the number of PPHO
(HPIHOPP) or RLFHO (HPIHOF) events? In fact, some studies
(for example, [43]) use other performance indicators that are
also considered important in evaluating the algorithm for
selecting HCPs, such as throughput and interruption time.
However, in this study, we consider that HPIHOPP andHPIHOF
are the most important KPIs of significance in this field,
following several other studies such as [9], [41], [42], [48].
We present our own justification for this, as follows:

First, many PPHO events will mainly lead to very low
throughput, which reflects the low QoS performance of the
system; therefore, the throughput indicator is a logical result
of obtaining so many PPHO events. If the HO decision is
controlled so as to be successful, leading to a reducing in
PPHO events, it will logically result in improved through-
put directly and without so many service interruptions. The
throughput indicator is calculated during the implementation
of the HO procedure. Here, we must differentiate between
the HO decision-making procedure and HO execution pro-
cedure. The HO decision-making procedure depends on the
measurement report (SINR, RSRP, and velocity information),
as addressed in this study, while the HO execution procedure
depends mainly on the method of allocating and controlling
radio resources in the network, which is beyond scope of
this study. More specifically, the HO execution procedure
depends on radio resource control (RRC) messaging while
imposing minimal impact on the application layer throughput
during and after HO execution and completion. HO exe-
cution steps involve commanding the UE to the new radio
resources, while HO completion involves releasing resources
on the (old) source cell. Regarding the HO execution pro-
cedure, the RRC is responsible for judging whether the HO
execution action is successful or not. Therefore, more PPHO
events result in more consumption of network resources,
thereby reducing the throughput and, increasing the overall
average interruption time. Thus, one of the main aims of any
HO decision mechanism is to reduce PPHO events, which
mainly depends on the method of selecting both HM and
TTT for each UE connected to the network. Thus, from a

causal point of view, we say that when low performance in
terms of throughput and interruption time is faced, a large
number of PPHO events is one of the main reasons. If we
reduce PPHO events, we will logically and naturally obtain
good performance in terms of interruption time and through-
put. Therefore, performance evaluation should be mainly
dependent on the number of PPHO events occurring per the
total number of HO events, which is literally the concept of
HPIHOPP in Equation (9).

Second, many RLF HO events will also lead to lower
throughput and frequent outages. Therefore, we must again
distinguish between events that cause another. they are TLHO
and TEHO events that mainly lead to the wrong or failed HO
decision and therefore the amount of information exchanged
within the network system will be as little as possible per
unit time (this is literally the meaning of the concept of
low throughput). Thus, the evaluation of the HO decision
algorithm must also be key with regard to TLHO and TEHO
events (RLF HO events). This is because the performance
with regard to these events results in the performance of the
throughput indicator and the interruption or dropping of the
call during the HO execution procedure. HO decision making
(based on suitable HM and TTT selection) is what leads to
such events regardless of the HO implementation procedure
itself. The HO implementation is mainly not related to values
HM and TTT, but rather to network resource allocation, and
the UE itself represents another issue in terms of traffic man-
agement, which is beyond the scope of this study. As a result,
the indicators for evaluating the HO decision mechanism
(i.e., the mechanism for selecting the appropriate HM and
TTT) must be separated from those indicators used to eval-
uate the HO execution procedure. Consequently, considering
other KPIs such as throughput or interruption time in evalu-
ating the model, in our opinion, do not add any reasonable
value to the main aim of the work in the domain of this
study.

IV. THE HO PROBLEM IN REGARD TO MOBILITY
MANAGEMENT
Mobility management in cellular wireless networks is essen-
tial for providing seamless communication, depending on the
UE’s mobile situation. One of the responsibilities of radio
resource management is to maintain radio link communica-
tion between the UE and the eNB, while the UE is in the
coverage network area. This was achieved by implementing
a successful cell-to-cell HO. Therefore, the success of the
HO decision process is the process that establishes a new
radio link connection from the current serving cell to another
target cell in the network such that the channel outage or
QoS is not affected [48]. Hence, mobile UEs maintain radio
communication as they move within network coverage by
performing a successful serving-to-target cell HO. The target
cell provides better signal quality. Consequently, HO not only
maintains connections in both HetNets and non-HetNets, but
also improves both the performance of the entire network and
the UE’s QoS.
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Classically, HO algorithms can be divided into three
base categories: RSRP-based, RSRP with threshold, and
HM/TTT-based [48]. In the first category, the HO decision is
based only on the RSS. Thus, the HO is launched as soon as
the RSS of the current serving cell deteriorates, and the RSS
from the target cell is greater. For the second category, the
HO decision is based on two necessary conditions that should
hold together, by which the RSS from the serving cell is less
than a certain predetermined threshold (i.e., HM), and that the
RSS of the target cell is greater than that of the serving cell.
Finally, for the third category, the HO algorithm initiates once
the RSS of the target cell is greater than that of the serving cell
plus the predetermined HM value; thus, this inequality holds
for a predetermined specific time interval called TTT. The
HM and TTT units were dB and ms, respectively. The HM
and TTT values are chosen either statically for all over the UE
or dynamically for each UE according to its mobility state.
Making a robust HO decision is highly sensitive to selecting
the HM and TTT values. The HCP values control the over-
all system performance, especially the HOFR and PPHOR.
Intuitively speaking, the algorithm based on changing HM
and TTT, as a self-optimization algorithm, with regard to the
MRO issue, is the most practical and efficient technique for
making an HO decision during UE motion [49]. We believe
that any robust and hybrid algorithm, for example, thinking
of a combination of two or more HO decision parameters
such as RSRP, SINR, and velocity in one SON algorithm
to adaptively select HCPs for each UE, may contribute to
reducing the establishment of RLF HOs and UHOs. This was
the primary aim of the present study.

Conventionally, the HO decision algorithm in LTE-A sys-
tems depends on the RSRP and is expressed mathematically
as follows [50]:

RSRPtargeti (dB) ≥ RSRPservingi (dB)+ HM (dB)

for a time interval = TTT (10)

The inequality in (10) clearly shows the role of both HM
and TTT in determining the nature of the resulting HO event
(whether it is successful HO, UHO, or RLF HO), regardless
of the serving and target cells (macro-to-macro, macro-to-
small, small-to-macro, or small-to-small). Generally, to make
an HO decision, the RSRP of the serving cell should be con-
tinuously less than that of the target cell plus the HM during
a TTT. Fig. 5 shows the effectiveness of varying the HM and
TTT on the HO decisions [48] statically or adaptively. In this
study, the HM and TTT values will be adaptively adjusted
through two robust mathematical functions: 1) to compute the
proper HM depending on the RSRPs of both the serving and
target cells, subject to robust conditions on the average time
window of the SINRs of both the serving and target cells,
and 2) to compute the proper TTT in relation to the adaptive
HM and velocity of the UE. This means that the HCP values
are adaptively adjusted depending on several network factors,
that is, RSRP, SINR, and UE velocity.

FIGURE 5. HO decision in LTE-A [48].

V. PROPOSED SOLUTION
Inequality (10) indicates that theHO decision dependsmainly
on three parameters: RSRP, HM, and TTT. The RSRP is
a parameter related to the distance between the UE and
cell. According to Equation (2), the distance depends on the
location of the UE and the coordinates of the serving/target
cell. Therefore, the network core cannot control the RSRP
in the sense of optimization, because RSRP is ‘‘a parameter
imposed’’ on the system and thus the system must work
according to ‘‘its imposed value’’. Including RSRP into any
possible algorithm is visible in the form of a conditional
constraint that must be invested in determining the HCPs.
On the other hand, HM and TTT are not imposed on the
system; that is, the designer can control how they are selected.
Thus, HCPs could be chosen based on tight criteria related to
RSRP, SINR, or both, thereby ensuring the least number of
unwanted events such as TLHO, TEHO, and PPHO.

Our first main idea is that the HM should be chosen in
proportion to the coverage of both the serving and target cells
intended to serve the UE according to its relative locations
varying with time. As long as the UE is within a good
coverage of its serving cell (i.e., the SINR is good), the value
of HM must remain the same so that it should not be so
small that inequality (10) is satisfied. However, when the
UE reaches a good coverage range relative to another target
cell, the HM should be chosen based on the properties of
the coverage boundary between the current serving and target
cells, for example, according to the ratio of the RSRP of the
serving cell to that of the target cell. At the same time, both
serving and target cells should provide good SINRs to ensure
that there is no RLF HO. This is the basic idea that we will
rely on in determining HM according to a function that fits
the objectives mentioned above.

Our second main idea is that the TTT should be chosen
according to the HM resulting adaptively, and according
to the UE velocity at the same time. In the literature, the
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corresponding algorithms select HM and TTT independently
of the existence of any relationship between them. That is,
it is assumed that there is no correlation between the HM
and TTT. this study argues that this relationship is possible.
In other words, the TTT value should not be chosen in iso-
lation from the method of selecting the HM value, nor in
isolation from the UE velocity value.

Therefore, by combining these two main ideas, an adaptive
joint selection scheme for both HM and TTT could be devel-
oped, and a novel HetNet self-optimization mechanism based
on individual UE mobility status could be discovered.

A. HM ADAPTATION MODEL
Generally, the smaller the HM value, the greater the proba-
bility that UHO events will occur; for example, a macro-to-
small HO and then a small-to-the-same-macro-HO. However,
larger values of HM can result in depriving the UE of a
necessary and valid HO between two cells within the HetNet.
In other words, if a large and fixed HM is selected for all
UEs in the network (as traditional settings), the possibility
of the UE entering into a new and better coverage area of a
target cell will not coincide with the necessity of executing
a successful HO event; hence, the UE could unfortunately
remain connected to the original serving cell.

The HM selection for each UE seems to depend on the
user distance to both the current serving cell and target cell.
Therefore, according to Equations (1) and (3), the HM choice
should be performed according to the relative relationship
between the RSRP of the target cell and that of the current
service cell, as long as each UE moves within the network,
and this UE can exceed the boundaries of cell-to-cell cov-
erage regardless of the cell type (whether it is a macro or
small cell). In this way, the HM value of each UE mainly
depends on the properties of the target cell and the serving
cell (cell coordinates that determine the distances and hence
the RSRPs), whether the target and the serving cells are of the
same type (macro or small) or different (one is macro and the
other is small).

We could define a mathematical principle of selecting HM
according to the relative distances separating the UE from
both the target cell and the current serving cell, or according
to the ratio of the RSRP of these cells. In other words, the
choice of HM could correspond to the ratio of the RSRP of
both the target and serving cells, binding the UE to its serving
cell as long as the UE is inside the serving cell coverage and
will soon enter the target cell coverage. The UE is handed
over to the target cell, taking the corresponding HM value,
if and only if the SINRs of the UE with regard to both the
serving and target cells are good in the sense of avoiding
RLFs, and if the RSRP of the target cell is higher than that
of the serving cell. In this manner, when the RSRP of the
serving cell decreases (the UE distance to the serving cell
increases), the HM value should be changed to a suitable
boundary until the UE reaches the serving cell boundary and
starts to enter the target cell coverage, that is, the RSRP of

the target cell increases (the UE distance to the target cell
decreases). This leads to a suitable HM value when the UE
is on the serving-target boundaries and exceeds the serving
cell region. Because we do not want to lose the good coverage
obtained from both the serving and target cells, that is, good
SINRs are conditioned to avoid the occurrence of TLHO or
TEHO events, the maximum decrease in HM value should be
chosen. We interpret the HM chosen mechanism explained
above using the following positivist conditional equation,
(11), as shown at the bottom of the next page, where2 is the
SINR threshold that defines the channel outage probability of
the system, W (typically 200 ms [5]) is a time window used
to calculate the time average SINR that we use to compare
with 2 to judge whether an RLF event occurs, HMmax = 10
the typical highest HM value used in the 3rd Generation
Partnership Project (3GPP) standard [7], and tk represents the
moment of time at which the UE takes a new location in the
network, where k is the index of the simulation step 1t . For
the sake of clarification, if we choose 1t to be 10 ms, and
if we want to simulate the model within 150 s, we will have
15000 simulation steps for the entire simulation, meanwhile
W will correspond to 20 simulation steps, and tk will initialize
from the index k = 21, t21 = 210ms. Therefore, for each new
location of the UE, we check the average values of SINR
over a time window of length W = 200ms corresponds to
every previous 20 locations of the UE to compare with 2,
and checking for every new location, the RSRP values of both
the target and serving cell, such that if the three conditions of
Equation (11) are satisfied, the HM value is adapted to those
RSRPs.

Equation (11) chooses the maximum value among the
values corresponding to a range of moments in win-
dow W , where it maximizes the time-dependent function

HMmax

(
1−

(
RSRPservingi (t)

RSRPtargeti (t)

)2
)

in t ∈ [tk − W , tk ]. When

the RSRP of the serving cell is always larger than that of
the target cell, this time-dependent function always returns
a negative value; hence, Equation (11) returns zero. When
the RSRP of the target cell is equal to the RSRP of the
serving cell, then, at the next moment, the target cell likely
starts to provide a larger RSRP than the current serving
cell; hence, there will be a probable HO decision that
might be made. From here, we are interested in selecting
HM so that the result is subject to three severe constraints
commensurate with the requirements of the system. The
maximum value is chosen if and only if all three con-
ditions are satisfied. That is, obtaining the idiosyncratic
HM of each UE accurately depends on the fulfillment of
the three inequalities: 1) mean

t∈[tk−W ,tk ]

(
SINRtargeti (t)

)
≥ 2,

2) mean
t∈[tk−W ,tk ]

(
SINRservingi (t)

)
≥ 2, and 3) RSRPservingi (t) ≤

RSRPtargeti (t). When one of these three inequalities is not sat-
isfied, for example when RSRPservingi (t) > RSRPtargeti (t) ,∀t
whatever the SINRs are, the Equation (11) returns 0, because
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the quantity HMmax

(
1−

(
RSRPservingi (t)

RSRPtargeti (t)

)2
)

will equal to a

negative values all time, and this means that the UE will still
be served by the original serving cell, and there is no need
for this UE to be handed over to another cell in the network.
In any case, the adaptive HM will inevitably be positive and
in the range from 0 to 10 dB for all users in the network, and
over the entire simulation time.

It is clear that the value of HM defined in Equation (11) is
specific to each UE according to its individual mobility state
within the network. Here, it is the meaningful of ‘‘idiosyn-
cratic’’ adaptation of HM, which is one of the HCPs. From
here, it can be said that our mechanism of selecting the HM
is adaptive, and it determines the HM according to the UE’s
mobility state, to the fixed locations of cells in the network,
and to the cell type (small or macro).

B. TTT ADAPTATION MODEL
The mobility state of the UE in the network is determined
by its distance to each BS and its velocity. In the previous
subsection, we suggested a mechanism for determining the
appropriate HM value for each UE in the network according
to its successive positions during its motion. In this subsec-
tion, we will develop a mechanism to determine the value
of TTT based on the corresponding value of HM, as well as
based on the UE velocity. We assume here that the TTT value
must be suitable for the time-varying motion system of each
UE, and it must be related to the selected HM. In other words,
instead of changing the values of TTT and HM independently
based on an increase or decrease in their values by unjustified
steps as in the literature, we define here the pairs (HM, TTT)
based on a relationship that correlates the TTT andHMvalues
with each other; at the same time, this relationship is derived
from the properties of the time-varying motion system of
each UE.

We treat this issue as follows. Assume that a user moves
within the coverage of its current serving cell with velocity v
[m/s] and moves away from this cell to approach the coverage
area of a target cell of the same network. When the inequality
condition of (10) is satisfied, that is, the condition of the HO
triggering event A3 is satisfied, the TTT timer starts counting.
Thus, if the inequality continues to hold for a period equal
to TTT, the user will have moved a distance of v × TTT
[m]. According to 3GPP TS 36.331, the values of TTT are

typically chosen from a set of 16 different values, that is,
as 3GPP specifies, in [7]. TTT values are taken from {0, 40,
64, 80, 100, 128, 160, 256, 320, 480, 512, 640, 1024, 1280,
2560 and 5120 in [ms]}. This also means that the TTT could
change from 0 to 5.12 [s]. We then have 16 different distances
for the same UE. These different distances for the same user
imply different SINR values.

If a large fixed value of TTT is chosen, then the inequality
condition in (10) requires a long period of time to be fulfilled
during which the user will become within the target cell
coverage area and very far from the original serving cell. This
may lead to a TLHO event as long as the UE distance to the
original serving cell will have been significantly reduced, and
hence the corresponding SINR. On the other hand, if a small
fixed value is chosen for TTT, there is a high probability of
the occurrence of the PPHO event, as long as the inequality
condition of (10) will require a small period of time to remain
true.Moreover, there is a high probability of the occurrence of
the TEHO event where the user may not have become in suffi-
cient coverage area of the target cell to have a sufficient SINR
in this situation; thus, the communication between the user
and the target cell may be broken even if the HO process to
the target cell is completed. In both cases, the value of the user
velocity affects the occurrence of undesired events (TLHO,
TEHO, and PPHO), because different velocities will imply
different distances according to different values of TTT, and
hence lead to an extreme decrease in system performance if a
fixed TTT is selected regardless of both the UE velocity and
the suitable HM.

We note here that, depending on the value of TTT (whether
large or small), and on both the UE velocity and the HM,
a trade-off of a special type must be considered between
having good performance with respect to the TLHO (having
a few TLHO events by selecting a small TTT) with poor
performancewith respect to both the TEHO and PPHO events
(having many TEHO and PPHO events due to small TTT),
and vice versa. From this point of view, any mechanism of
choosing TTT should consider both the user velocity and
the corresponding suitable HM such that good overall per-
formance can be obtained (having a few TLHO, TEHO, and
PPHO events at the same time).

Therefore, in this study, we assume that the value of TTT
must be basically adaptive to the velocity of the user, and
must also be basically adaptive to the adaptive HM developed

HMadaptive = max
t∈[tk−W ,tk ]

0,HMmax

1−

(
RSRPservingi (t)

RSRPtargeti (t)

)2


subject to


mean

t∈[tk−W ,tk ]

(
SINRtargeti (t)

)
≥ 2,

mean
t∈[tk−W ,tk ]

(
SINRservingi (t)

)
≥ 2,

RSRPservingi (t) ≤ RSRPtargeti (t) : t ∈ [tk −W , tk ]

(11)
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in the previous subsection. In the following, we explain the
adaptive mechanism for selecting the TTT value according to
this assumption.

FIGURE 6. An illustration of a successful HO event with corresponding
terms.

Fig. 6 shows the RSRPs obtained from both the serving
cell and the target cell during the movement of a user with
a velocity of 30 km/h within HetNet consisting of 19 macro
cells and 41 small cells (femtocell), with TTT = 480 ms and
HM = 5 dB. Fig. 6 assumes that HO has been executed and
the UE has been handed over from the macro cell number
15 to themacro cell number 12, where this HO is initialized at
moment tHO = 87.10 s and started to triggered at the moment
t0 = 86.62 s, i.e., tHO − t0 = TTT = 480 ms. We plot-
ted Fig. 6 such that the red and blue colors represent the
serving and target cells, respectively. This representation is
considered before HO is executed. When HO is executed, the
serving cell status of the UE changes between the two cells,
and the color of the RSRP curve changes at that moment when
the HO decision has been made. The target cell becomes a
serving cell and takes the new red color, while the UE is no
longer linked to the previous serving cell, which is plotted in
blue.

The moment t0 corresponds to the first time that the
inequality in (10) is fulfilled; that is, at t0, we have

RSRPtargetmacro12(t0) ≥ RSRP
serving
macro15(t0)+ 5[dB].

The moment tHO corresponds to the last time the inequality
of (10) is fulfilled, and this corresponds to the moment when
the HO process is initialized; that is, at tHO, we also have

RSRPtargetmacro12(tHO) > RSRPservingmacro15(tHO)+ 5[dB].

If we zoom in the plot area around the HO decision event
in Fig. 6, we obtain Fig. 7. Fig. 7 shows the transition of the
serving cell state frommacro cellNo. 15 to macro cellNo. 12
at tHO = 87.1 s, and it also shows the moment t0.

In Fig. 7, points A, B, C, and D correspond to the val-
ues RSRPtargetmacro12(t0), RSRP

serving
macro15(t0), RSRP

target
macro12(tHO) and

FIGURE 7. An illustration of zooming in Fig. 6 around the HO region.

RSRPservingmacro15(tHO), respectively. In this regard, we can pro-
pose the following:

diff1 = RSRPtargetmacro12(t0)− RSRP
serving
macro15(t0)

diff2 = RSRPtargetmacro12(tHO)− RSRP
serving
macro15(tHO)

Here, we notice, according to (10), that:

diff2 > diff1 ≥ HM.

Hence, we can easily put:

diff1=α1 × HM; α1 ≥ 1, and diff2=α2 × HM; α2 > 1

where α1 and α2 are real positive numbers.
On the other hand, the point H in Fig. 7 represents the point

of intersection of the line segment ||AH|| perpendicular to the
line segment ||CD||, starting from point A. Without affecting
the generality, our main idea here, regarding the issue of HO,
is to focus on the geometric properties of the quadrilateral
ABCD obtained in Fig. 7. Quadrilateral ABCD generally
represents a non-isosceles trapezoid. In ABCD, we can see
that diff1 and diff2 correspond to the lengths of the parallel
sides ||AB|| and ||CD||, respectively. In addition, if we study
the RSRP plot (Fig. 6) as a function of the distance traveled by
the UE in the network environment, the height of the ABCD
||AH|| can be directly proportional to the quantity v × TTT,
by multiplying the time axis in Fig. 7. by velocity. Thus,
we could write:

‖AB‖ ≡ diff1 = α1HM,
‖CD‖ ≡ diff2 = α2HM, and
‖AH‖ ≡ vTTT⇒

Area Of ABCD =
‖AB‖ + ‖CD‖

2
‖AH‖

≡
α1 + α2

2
v×HM× TTT (12)

From Equation (12), We notice that v, HM, and TTT
could be correlated to each other via the time-varying UE
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state. The RSRPs of the UE relative to both the current serv-
ing cell and the target cell change with time while the UE
keeps moving through the network. Hence, we can say that
Equation (12) can confirm that there might be a reasonable
correlation between the UE velocity and the HCPs: TTT and
HM. This means that any choice of the pair (HM, TTT) for
each UE should consider such a relationship. Elucidating the
existence of this relationship is the most important contri-
bution of this study. For the sake of simplification, we can
assume that the area of the trapezoid ABCD is constant for
each valid HO. This means that the successful HO should
correspond to the same area of this trapezoid with regard to
both the current serving cell and target cell states. Therefore,
the pair (HM, TTT) for each UE could be chosen such that
the ABCD area remains approximately constant for each HO
executed on an individual UE. From this perspective, we can
consider the choice of an adaptive TTT such that there might
exist a nonlinear regression model between the variable TTT
and the variable (1/(v × HM)), assuming that the normalized
area of the ABCD takes the following formula:

Normalized Area Of ABCD =
Area of ABCD

a1+a2
2

∝ Constant, such that :

Constant ∝ v× HM× TTT⇔ TTT

∝
1

v× HM
(13)

In this context, we look for a formula that can represent the
relationship between TTT and HM via v. For this, we could
consider a proper nonlinear regression model that determines
the adaptive value of TTT according to the adaptive value
of HM obtained from Equation (11) and at the same time
according to the UE’s velocity v. To do that, we start from
Equation (12), where it is obvious that the range of the
resultant adaptive HM values is [0,10] dB, which corresponds
to 3GPP TS 36.331, [7]. On the other hand, the values of the
UE velocity we want to study in this study are in the range
[0,300] km/h. Because the values of TTT should be obtained
discretely from the set {0, 40, 64, 80, 100, 128, 160, 256,
320, 480, 512, 640, 1024, 1280, 2560, and 5120 in [ms]},
or continuously, TTT ∈ [0,5.120] [s], we used Microsoft
Excel to obtain such a nonlinear regression model between
TTT and 1/(v × HM)).

Table 1 shows the typical data of HM, TTT (3GPP TS
36.331, [7]), and v values that correspond to the range of
velocities we want to study in this paper. In Table 1., we also
provide the corresponding values of quantity (1/(v × HM)).
The main reason for arranging the data in Table 1 in this
manner (HM and TTT are both small, or both large in
columns 1 and 5) is that we want to have a special kind of
relationship between HM and TTT through a given value of
velocity v. This is explained as follows:

First, regarding the data arrangement in columns 1
(HM data) and 5 (TTT data) of Table 1, we want the pairs
(HM, TTT) to be such that HM and TTT are both small or
both large. Thismeans that one element of this pair (e.g., HM)

is not required to be large, whereas the other (i.e., TTT) is
small at the same time. This criterion is more compatible with
the requirements of the HO procedure in a network. If the
HM is large and the TTT is small, it is possible to deny the
user from better coverage of the target cell than the current
serving cell. This means that it is possible to have a target
cell that fulfills the inequality (10) condition with a small
TTT to achieve it. Therefore, a smaller HM value should be
obtained. On the other hand, if the HM is small and the TTT
is large, then we are facing the possibility of a large number
of PPHO, which will negatively affect the performance of the
network in terms of loading a cell with many users more than
this cell can.

Second, regarding the data arrangement in column 2
(v data) and columns 3 and 4 (v×HM and 1/(v×HM) data).
On the one hand, we look for a relationship between TTT
and 1/(v×HM), intuitively desiring a hyperbolic relationship
between v and TTT; that is, small values of TTT are desired
to correspond to large values of velocity, and vice versa. This
idea is obtained by analogy with equation (13). In addition,
this idea is an important system requirement because higher
UE velocities will increase the distance v × TTT; there-
fore, there is a high possibility of TEHO or TLHO events.
On the other hand, the reason for forming data of v × HM in
this manner is also intuitively derived from the ABCD area
relationship in Equation (12), because we are looking for a
relationship between TTT and v × HM.

TABLE 1. Typical data of TTT, HM, and UE’s velocity.

using Microsoft Excel (see the Appendix) and plotting the
TTT data vs. 1/(v×HM) data and checking a suitable trend-
line (Power Type) equation, we obtain Fig. 8. Fig. 8 illus-
trates the robust relationship between TTT and 1/(v × HM).
As a result, we propose such a relationship, as the following
equation represents the desired adaptive TTT with both the
adaptive HM value obtained from (11) and the velocity v:

TTTadaptive = 0.001
(

1
v×HMadaptive

)−0.974
(14)

We notice that Equation (14), by some sense of the relation-
ship between HM and TTT via v, is approximately equivalent
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FIGURE 8. The proposed nonlinear regression model of TTT vs. 1/(v∗HM).

to Equation (13). We call this model the hyperbolic model of
the relationship that governs the correlation of the TTT with
both HM and velocity. Mathematically, when Equation (11)
returns 0 exactly, (i.e., HMadaptive = 0 dB), the correspond-
ing value of TTT seems to be undefined or undetermined.
To solve this numerical problem, we assign 0 to TTTadaptive.
Logically speaking, this assignment will not affect the valid-
ity of the model as long as the zero value of HM will result
from the RSRP of the current serving cell being always larger
than that of the target cell. Thus, event A3 corresponding to
inequality (10) cannot occur regardless of the value of TTT,
as long as HM is always 0, and inequality (10) will not be
achieved at all. In fact, in this case, we can also choose a large
value for TTT, say 5120 ms, or even any large value, because
in this case whatever TTT is, inequality (10) will not be true
at all times.

C. ON THE METHODOLOGY OF DERIVING THE HCPs
EQUATIONS
The methodology adopted in this study was new and promis-
ing. This methodology focuses on finding a correlation of
some kind between the HM and TTT, so that the setting of
each is related to the other in the HO decision. We investi-
gated the system requirements that essentially reduce PPHOs
and RLF HOs (TLHOs and TEHOs) and addressed the issue
that HCPs should be chosen in such a way that the trade-off
between reducing the number of TLHOs and the number of
both TEHOs and PPHOs at the same time could be resolved.
Using Equations (11) and (14), this trade-off can be easily
resolved. The way of thinking that we follow in this paper
is based on positivist methodology. We analyze the system
requirements to obtain success and necessary HOs to avoid
RLF HOs (e.g., TLHOs and TEHOs) or UHOs (e.g., PPHO).
These requirements are achieved by making a sound HO
decision based on valid and suitable values of both HM and
TTT depending on both the velocity and location of both the
moving UE and stationary cells in the network.

Generally, the cell boundary is easy to define in a one-
tier macro-cell scenario because the radius of the macro cell

coverage can be defined. However, in the two-tier HetNet
scenario, small cells are normally deployed in the existing
macro cells. Thus, it is difficult to determine the cell coverage
by considering only the radius information of the macro or
small BS or both. The RSRP is a distance-based variable,
as shown in Equations (1) and (3). Thus, we could say that
choosing adaptive HM values could be based on considering
the distance of the UE to its serving cell and the distance to the
target cell boundary, that is, the UE’s location. The main idea
of an adaptive HM is to allow the HM to achieve a suitable
value when the UE approaches the target cell boundary from
the coverage of the current serving cell. Assuming that the
UE is moving from the serving cell (macro or small) to the
target cell (macro or small), the HM will reach a suitable
value in the sense of desired PPHO, TLHO, and TEHO
performance when both the RSRP and SINR of the target
and serving cell satisfy the corresponding conditions. The
purpose of the chosen HMmechanism using Equation (11) is
to bind the UE to its serving cell even if it is inside the target
cell coverage such that the possibility of obtaining a TLHO,
TEHO, or PPHO is minimal.

Moreover, it is the SINR that determines the validity of the
radio link between the user and the serving cell. If, during the
communication process, SINR is less than a certain threshold,
the communication will be broken with a high probability;
otherwise, the user will continue to communicate with the
serving cell. We have already referred to the threshold 2 in
Equation (11). In addition, by definition, the radio link of the
communication is described as good inmodern systems if and
only if the SINR value is greater than the threshold2within a
time window of length 200ms. Otherwise, there is an outage
and we say that there is a failure in the radio link, that is,
an RLF event [5]. TLHO-type or TEHO-type HO events are
undesirable in the context of HO decision issues. The TLHO
event occurs when a failure occurs in the radio link between
the user and the serving cell before the HO decision to the
target cell is initiated [43]. Therefore, it is said that there is a
late HO where the user is in a situation where the radio link
communication between theUE and the current serving cell is
weak and the HO process is not completed. The TEHO event
occurs when a failure occurs in the radio link between the
user and the target cell before the HO decision to the target
cell is completed [43]. Therefore, it is said that there is an
early HO where the user is in a situation where the radio
link communication between the UE and the target cell is
weak and the HO process is not completed. From this point
of view, we establish the conditions of Equation (11) so that
the SINR for both the target cell and the current serving cell
are considered in the HM decision. This prevents both TEHO
and TLHO from occurring simultaneously.

On the other hand, the main objective of presenting
equation (12) is to illustrate the existence of a relationship
between HM and TTT. This is the focus of our main idea in
this paper, which revolves around a new way of adapting the
values of HCPs by considering such a relationship. The x-axis
in Fig. 7 represents the time axis. Multiplying the time axis
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of Fig. 7 by the UE velocity quantity, that is, velocity× time,
we obtain the distance theUE travels between t0 and tHO. This
traveled distance is also related to the location of the UE rel-
ative to a cell BS, which is a target or serving one. The y-axis
in Fig. 7 represents the RSRP axis, and we know that RSRP
is a function of distance, as shown in Equations (1) and (3).
In this way, we interpret the quantity v × TTT as equal to
the length of the linear segment ||AH||, which represents the
height of the trapezoid ABCD in Fig. 7. This is explained as
follows: Point B in Fig. 7 represents the moment of time t0 at
which the inequality in Equation (10) (diff1 ≥ HM, i.e., A3
events or the HO trigger event) is satisfied for the first time
for a user moving at a speed of v in the network environment.
Point D in Fig. 7 represents the moment of time tHO when
the inequality in Equation (10) (diff2 > HM, i.e., A3 events
or the HO trigger event) is satisfied for the period of time
TTT [s] for the same user in the network. Here, it is how we
came out with both v and v × TTT. Regarding the alpha1
and alpha2 quantities, we previously stated that they are real
positive numbers such that we place α2 > 1 and α1 ≥ 1 in
order to mathematically convert the inequalities diff2 > HM
and diff1 ≥ HM into equalities, that is, to rewrite them as
diff2 = α2 × HM and diff1 = α1 × HM. At the moment t0,
diff1 will be greater than or equal to HM, while at the moment
tHO, diff2 will be exactly greater than the HM; thus, we put
the two real positive numbers α2 > 1 and α1 ≥ 1. In contrast,
from the trapezoid ABCD, we can see that diff1 and diff2
are the lengths of the parallel sides, that is, the two linear
segments ||AB|| and ||CD||, respectively. Here, it is how
we came out with alpha1,2. Finally, we derive equation (12)
using the law of the area of the trapezoid ABCD.

Equation (12) only shows the possibility of a relationship
between HM and TTT, but it is not directly applied in this
study. Instead, we extrapolated a similar relationship between
these HCPs in response to system requirements to obtain
the minimum number of PPHO, TEHO, and TLHO events.
This is consistent with the analysis proposed in Subsection 2
of Section V. The Appendix shows the simple steps for
obtaining Equation (14) using Microsoft Excel . Although
this methodology appears to be very simple, or even naïve,
in developing a specificmechanism for assigning TTT values,
it is promising and leads to desirable results in this regard.
Moreover, the method requires no steps to adjust the HCP
values according to the methods described in the literature.
Simply, we initially set an adaptation mechanism for HM by
means of positivistic Equation (11), and by the requirements
of an appropriate value of TTT that must be considered for
each UE according to its speed and HM value, we organized
Table 1, and inferred a possible relationship between HM
and TTT, as shown in Equation (14). In the Results section,
we show the time-varying curve of both HM and TTT for
several users moving in the network at different velocities.

D. EVALUATION THE PROPOSED SOLUTION
The HO decision algorithm proposed in this study is based on
adaptive HM and TTT values for each UEwithmany decision

parameters such as RSRP, SINR, and velocity. These decision
parameters are all included in the MR periodically sent to the
system. The HM value for each UE is adaptive to both the
RSRP and SINR using the positivist Equation (11). The TTT
value is adaptive to the adaptive HM and to the velocity of the
UE analogically to the positivist Equation (14).

The robustness of Equation (11) is that it accurately deter-
mines the appropriate HM values for each UE according to
the time average of its SINR over a time window whose
width is exactly equal to the width used to determine the
outage channel probability in the system. Equation (11) also
determines that the appropriate HM according to the RSRPs
obtained from both the current serving cell and the target cell
once the user enters the coverage area of the target cell and
its distance to the serving cell increases.

On the other hand, the robustness of Equation (14) is
evident from the fact that: First, it is derived from the analysis
of the HO procedure in a comprehensive manner. Second,
it is derived from the assumption that there should be a
relationship between the values of TTT and HM, such that
the velocity parameter is considered in such a relationship.
In fact, even in the real world, assuming a more realistic
model that takes into account the fast-fading or shadow-
fading phenomena of the communication channel, 1) the
trapezoid ABCD consideration remains realistic and exists,
2) the heads of such a trapezoid still represent true RSRP val-
ues received from both the target cell and the current serving
cell, 3) the trapezoid ABCD height also remains proportional
to the distance v× TTT; and 4) the lengths of the two bases of
the trapezoid ABCD (the small one ||AB|| and the large one
||CD||) remainmultiples (alpha1 and alpha2) of the value HM
at both moments t0 and tHO.

Our intention in referring to the trapezoid ABCD is only
to show the possibility of a correlation between HM, TTT,
velocity, and the rest of the system parameters. This seeks
to establish such a relationship to develop a more realistic
SON algorithm that controls the HO procedure in the net-
work. In addition, Equation (14) is fully consistent with the
analysis in [9, CH-5.3] regarding the relationship between
the TTT should be selected and the UE velocity. Although
the proposed solution in [9] includes selecting the TTT val-
ues according to the assumption of a prior threshold value
for HOFR, Equation (14), in this study, dispenses with any
performance threshold assumption of this type. Moreover,
Equation (14) considers the relationship between TTT and
v including HM, whereas in [9], only a relationship between
TTT and velocity is proposed. Furthermore, in the Results
section, we find that both HOFR and PPHOR ratios will be
very close to zero using Equations (11) and (14), and the
resultant performance is much better than that of [9], and
even better than other related works on SON algorithms such
as [42], [43], [48].

In fact, another relationship could be obtained to select an
adaptive TTT based on both the HM and velocity. Sorting the
data in column 3 of Table 1 (i.e., v × HM data) from largest
to smallest, and using the same sorting of the TTT data (from
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FIGURE 9. Another proposed nonlinear regression model of TTT vs.
(v × HM).

smallest to largest), and then exploring another nonlinear
regression model using Excel, we obtain Fig. 9. Fig. 9 is
somewhat similar to the curve shown in Fig. 8. We again
obtain the following power-liked trendline equation fitting
this TTT new curve as follows:

TTTadaptive = 162.92
(
v× HMadaptive

)−1.031 (15)

Equation (15) is also equivalent to Equation (14) and
can also be used to select an adaptive TTT for each UE.
It is interesting to point out that if we round the exponen-
tial −1.031 to −1 in Equation (15), we obtain the product
v× HMadaptive × TTTadaptive to be constant as if it represents
a constant ABCD area, and equivalently similar by analogy
to the statement in Equation (13).

E. THE PROPOSED ALGORITHM: SON BASED ON
ADAPTIVE HM AND TTT
Algorithm 1 describes the proposed adaptive HCP-based
SON algorithm. Using this algorithm, the mobile UE is
handed over according to the A3 event mechanism if and
only if the RSRP of the target cell is greater than the RSRP
received from the current serving cell, and if the average
SINR, over a time window W , computed relative to both of
those cells, is sufficient in the sense that it is greater than the
outage channel connection threshold 2. Thus, the values of
HM and TTT are determined according to this criterion and
are completely adapted to the user’s mobility status. Then,
based on these adapted values, the HO process is executed.
If the HO procedure is completed, the user is served by the
target cell; otherwise, the current serving cell continues to
serve him/her while he/she is in the HetNet. This algorithm
does not require any performance thresholds to control the
TEHO, TLHO, or PPHO events, as inmost studies.Moreover,
it greatly reduces the ratios of those events, as we will see in
the Results section.

Algorithm 1 is a novel distributed SON algorithm that
adaptively chooses HCPs based on user velocity, RSRP,
and SINR. The choice of HM (Equation (11)) depends on

Algorithm 1 : SON Based on Adaptive HCPs
1. Initialize HetNet’ parameters (Powers, BS Locations, Losses,

Fading, Gains, . . . etc.)
2. Inputs: 2, W
3. Output: HM, TTT and HO decision for each UEmoving in the

environment
4. Detect the current serving cell and the target cell periodically
5. Collect MR information for each UE (RSRPs, SINRs, v, loca-

tion) periodically
6. LOOP: for each UE
7. If the conditions of equation (11) are satisfied then
8. Compute HMadaptive according to equation (11)

for the UE
9. Compute TTTadaptive according to equation (14)

or (15) for the UE
10. If the inequality in equation (10) is satisfied by

HMadaptive for TTTadaptive then
11. HO decision← True
12. Send HRQ
13. Execute HO
14. Complete HO procedure
15. Handover the UE to the target cell
16. else
17. HO decision← False
18. Run HO Trigger Timer
19. The current serving cell remains the same
20. end if
21. Else
22. HO decision← False
23. The current serving cell remains the same
24. end if
25. end LOOP

the location of the UE in the sense that both RSRP and
SINR are calculated by considering the distances between
the UE and cells in the network. The choice of TTT
(Equations (14) or (15)) depends on the UE velocity and the
adaptive HM chosen.

The distributed SON entity is equipped at each eNB in the
network to collect related data and periodically optimize the
HCPs for each UE according to its mobility status. Each UE
receives the requested traffic over either small eNB (SeNB)
or macro eNB (MeNB) cells. The cells use the X2 inter-
face to communicate with each other during the HO deci-
sion procedure [7]. This procedure is supported by the X2
interface, which can exchange operational reports, parameter
configurations, and RLF status. At each SeNB and MeNB,
a distributed SON collects the HO information to optimize
HM and TTT using Equations (11) and (14). The HO action
is executed when the UE moves from the serving cell region
to the neighboring cell regions. The serving cell decides to
hand over that UE to the candidate target cell following the
MR that the UE periodically sends to its current serving cell
before the HO decision is made.

VI. SIMULATION RESULTS
Table 2 illustrates the simulation parameter settings. We sim-
ulated the proposed algorithm by considering six scenarios
and evaluating the resultant performance. For each scenario,
we use different values of the parameters X , N , and ST, such
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that the first five scenarios consider Tcrit = 6 s (the worst
case regarding the PPHO issue) as in [9], and for the sixth
scenario, we assume Tcrit = 2 s as in [42], [43], [48]. In the
first five scenarios, we compared our algorithm with [9] and
the classical setting, and ran the algorithms of [42], [43], [48]
for the sixth scenario. Only the author in [9] reviewed the
issue of adaptiveHMandTTT values in LTE-AHetNet, while
the rest of the references studied the issue of auto-tuning HM
and TTT values according to predetermined steps without
evidence of why these steps were chosen in this way. The
concept of adaptation fundamentally differs from the concept
of auto-tuning (or adjusting). The adaptation technique some-
howmeans setting the values of the HCPs in proportion to the
values of the decision-making parameters (RSRPs, SINRs,
velocity) by using a function robustly defined. Auto-tuning
simply reset the values of the HCPs according to the steps
that are not firmly defined. To compare the performance with
the classical cases of HCP settings (fixed HCPs), we consider
the data in Table 3.

We followed [9, Table. 3-1] in setting most of the system
simulation parameters, including the bandwidth of the LTE-A
HetNet system model scenario assumed in this study, where
the authors of [9] studied the same system model scenario.
In addition, we followed [42] in setting the HO execution time
to 50 ms.

It is important to point out here that it is true that
the HetNets scenario makes radio resource management in
macro-small networks challenging, but it is another aspect
in designing the overall system. However, macro cells and
small cells in HetNets share the available radio resources,
which means that they share the available bandwidth, from
1.25 MHz to 20MHz, in LTE release8 [54, p.24]. Thus, the
bandwidth value of 10MHz is suitable for the LTE-A HetNet
scenario. This bandwidth could be shared between all cells in
the network topology (LTE-A or even 4G) [53].

It is also true that this sharing may cause cross-layer
interference and co-layer interference. It would have been
interesting to explore this aspect, but it is beyond the scope
of this study because our proposed model focuses on select-
ing a pair of values for HM and TTT for each user based
on RSRP, velocity, and SINR. To simplify the simulation,
we want to indicate that the simulated model only considers
the interference power by calculating the SINR for each user
at any position and at any time moment, (see Equation (4)).
In addition, in the 5G HetNet model, macro cells and small
cells operate on different carrier frequencies only to avoid
interference [43], but in our LTE-A HetNet scenario, as in
[9, Table 3-1], we consider one value of carrier frequency for
both macro and small cells.

On the other hand, one could argue that a large bandwidth
should be used for small cells, but this is true only if the HO
decision algorithm is simulated for a 5G network, where high
radio carrier frequencies (for example, from the Ka-band)
and very high bandwidth up to 1 GHz should be considered.
However, we examine the proposed HO decision algorithm
using the case of LTE-A HetNets, as in [9], where the macro

cells are distinguished from small cells with regard to the
transmitted power value and hence in regard only to the
coverage area.

TABLE 2. System simulation parameters [9], [42], and [53].

TABLE 3. Common classic cases of fixed setting for the HCPs.

A. SCENARIO 1 (X = 1000, N = 41, ST = 150, Tcrit = 6)
For 1000 UEs moving at different speeds within 150 s, con-
sidering 41 small cells, Fig. 10 shows the rate of occurrence
of PPHO events in relation to the total number of HO events
executed. Fig. 11 shows the rate of occurrence of RLF HO
events (TLHOs, TEHOs) in relation to the total number of HO
events executed. The previous two figures show that the per-
formance of the proposed algorithm is much better than the
classical method that uses constant values for both HM and
TTT, as well as much better than the algorithm in [9]. On the
time-average of the ratios HPIHOPP(t) and HPIHOF (t), the
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FIGURE 10. PPHOR results of the scenario 1, X = 1000, N = 41,
ST = 150 [s], Tcrit = 6 [s].

FIGURE 11. HOFR results of the scenario 1, X = 1000, N = 41,
ST = 150 [s], Tcrit = 6 [s].

PPHOs and RLF HOs have rates of 2 and 3 per thousand,
respectively. By running [9], we obtained 33% for HOFR
and 1% for PPHOR. In particular, we observe from Fig. 11.
that there are cases of conventional settings in which the
performance in terms of immunity against RLF HOs is better
than that of [9]. This result is normal because the algorithm
in [9] is limited by a predefined RLF HO threshold, and there
is no standard to define that threshold in a fundamental way.
This implies the possibility of the existence of better instances
of fixed settings for the HCPs compared with [9]. We find a
similar result for the rest of the scenarios presented in this
section.

Table 4 shows a brief summary of the results in this sce-
nario, where the high performance of the proposed algorithm
can be observed in terms of very few PPHOs and RLF HOs.
For 1000 HOs executed within 150 s, there are only two
PPHOs, and there are only three RLF HOs by running the
proposed solution, and there are 10, 13, 20, and 10 PPHOs

and 330, 340, 260, and 160 RLFHOs considering the solution
of [9], and the classical cases 1st, 2nd, and 3rd, respectively.

TABLE 4. PPHOR and HOFR performance of the first scenario.

FIGURE 12. PPHOR results of the scenario 2, X = 1000, N = 91,
ST = 150 [s], Tcrit = 6 [s].

FIGURE 13. HOFR results for, X = 1000, N = 91, ST = 150 [s], Tcrit = 6 [s].

B. SCENARIO 2 (X = 1000, N = 91, ST = 150, Tcrit = 6)
For 1000 UEs moving at different speeds within 150 s,
considering 91 small cells (much more than that in the
first scenario), Fig. 12 shows the PPHOR time-varying
curve, whereas Fig. 13 shows the HOFR time-varying curve.
Figures 12 and 13 again show the high performance of the
proposed algorithm. The PPHOs and RLF HOs occurred at
rates of only two and five per thousand, respectively. This
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was obtained although the number of small cells in HetNet
increased from 41 to 91 for the same number of UEs and for
the same simulation time. Therefore, we conclude that even
for a larger number of small cells, which naturally implies
more ping-pong (of type: macro-to-small HO and then small-
to-macro HO), the proposed algorithm is impervious to both
PPHO and RLF HO events.

Table 5 shows a brief summary of the results in the sec-
ond scenario, where the high performance of the proposed
algorithm can also be observed in terms of very few PPHOs
and RLF HOs. For 1000 HOs executed within 150 s, there are
only two PPHOs, and there are only five RLFHOs by running
the proposed solution, and there are 12, 15, 23, and 21 PPHOs
and 525, 561, 425, and 298 RLFHOs considering the solution
of [9], and the classical cases 1st, 2nd, and 3rd algorithms,
respectively.

TABLE 5. PPHOR and HOFR performance of the second scenario.

FIGURE 14. PPHOR results of the scenario 3, X = 2000, N = 41,
ST = 250 [s], Tcrit = 6 [s].

C. SCENARIO 3 (X = 2000, N = 41, ST = 250, Tcrit = 6)
Figures 14 and 15 show the time-varying plots of PPHOR and
HOFR, similar to figures 10, 11, 12, and 13. Here, we increase
the number of UEs and make themmove within time STmore
than in the previous scenarios for the same HetNet configu-
ration. Again, we note from figures 14 and 15 the robustness
of the proposed algorithm and its immunity against UHOs
and RLF HOs. This is obtained although the number of users
has doubled compared to the previous two scenarios, and
the simulation time has nearly doubled. This implies that the
proposed algorithm maintains the same performance.

FIGURE 15. HOFR results of the scenario 3, X = 2000, N = 41,
ST = 250 [s], Tcrit = 6 [s].

Table 6 shows a brief summary of the results of this sce-
nario, where the high performance of the proposed algorithm
can also be observed in terms of very few PPHOs and RLF
HOs. Here, for 10000 HOs completed in the network within
250 s, there are only 20 PPHOs, and there are only six
RLF HOs by running the proposed solution, 120, 120, 190,
and 150 PPHOs and 2500, 2700, 1800, and 980 RLF HOs
considering the solution of [9], and the classical cases 1st,
2nd, and 3rd algorithms, respectively.

D. SCENARIO 4 (X = 2000, N = 91, ST = 250, Tcrit = 6)
Now, we consider the same settings as in the third scenario,
but with a larger number of small cells. We notice that

TABLE 6. PPHOR and HOFR performance of the third scenario.

FIGURE 16. PPHOR results of the scenario 4, X = 2000, N = 91,
ST = 250 [s], Tcrit = 6 [s].
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FIGURE 17. HOFR results of the scenario 4, X = 2000, N = 91,
ST = 250 [s], Tcrit = 6 [s].

our algorithm maintains a significantly better performance,
as shown in figures 16 and 17. Table 7 again confirms the
robustness of the proposed algorithm in comparison with
fixed HCPs and [9]. This means that the performance of our
algorithm is affected neither by an increase in the number of
users nor by an increase in the number of small cells, and this
performance is maintained even with prolonged mobility of
all users.

TABLE 7. PPHOR and HOFR performance of the fourth scenario.

E. SCENARIO 5 (X = 3000, N = 91, ST = 150, Tcrit = 6)
Now, we consider a scenario that represents as the worst case
compared to the previous scenarios. We consider 3000 users
moving again at varying velocities and facing 91 small
cells for a period of time equal to 150 s. As shown in
figures 18 and 19, we note the high performance of the pro-
posed algorithm even with a larger number of users and a
larger number of small cells. As shown in Table 8, the number
of PPHOs is nine per ten thousand, and the number of RLF
HO events is 61 per ten thousand, which is a near-perfect
performance compared to the traditional setting of HCPs and
that of [9].

F. SCENARIO 6 (X = 1000, N = 91, ST = 150, Tcrit = 2)
The previous scenarios dealt with a critical time situation
to calculate the number of PPHO events, as the worst case,
that is, Tcrit = 6 s. It is well known that the greater the
Tcrit , the greater the number of PPHOs, given that a greater
Tcrit increases the probability of re-handing over the UE to
the original cell in a sufficient time. In this scenario, we

FIGURE 18. PPHOR results of the scenario 5, X = 3000, N = 91,
ST = 150 [s], Tcrit = 6 [s].

FIGURE 19. HOFR results of the scenario 5, X = 3000, N = 91,
ST = 150 [s], Tcrit = 6 [s].

TABLE 8. PPHOR and HOFR performance of the fifth scenario.

consider a critical time smaller than the worst case, that
is, we choose Tcrit = 2 s, considering 1000 UEs moving
within 150 s, and facing 91 small cells. At first glance,
the number of PPHOs will certainly decrease compared to
the previous scenarios, but the proposed algorithm remains
very effective. By running the algorithms of [42], [43], [48]
within our environments and obtain the results represented
as plots, Fig. 20 shows the rate of occurrence of PPHOs in
relation to the total number of HO events executed. Fig. 21.
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shows the rate of occurrence of RLF HO events in relation
to the total number of HO events executed. These two fig-
ures show a comparison of the performance of our proposed
algorithm with the algorithms of [9], [42], [43], [48], but
our algorithm considers a more general user mobility model.
In this scenario, we assume a medium speed Vr = 90 km/h,
as in [42], [48], and the threshold of RLF HO is equal to 1%
as in [48] and 27% as in [9] with HM and TTT steps of 1 dB
and 50ms, respectively, as each of those algorithms assumed.

FIGURE 20. PPHOR results of the scenario 6, X = 1000, N = 91,
ST = 150 [s], Tcrit = 2 [s].

FIGURE 21. HOFR results of the scenario 6, X = 1000, N = 91,
ST = 150 [s], Tcrit = 2 [s].

Figures 20 and 21 show unequivocally that the algorithms
proposed in [9], [42], [43], and [48] do not solve the trade-
off problem between PPHOs and RLF HO reduction simulta-
neously. As shown in Fig. 21, the adaptive algorithm of [9]
is better than all algorithms (except ours) in terms of the
HPIHOF, but at the same time it gives worse performance
compared to the other algorithms in terms of the HPIHOPP,
as shown in Fig. 20. Similarly, algorithms [42], [43], [48]
perform well in terms of ping pong but, at the same time,

fail to match the same quality to obtain a good performance
in terms of RLF HO. As a comparison between these algo-
rithms, we find that the algorithm [48] is better than those
of [42], [43] in terms of RLF HO. This is because the
algorithm in [48] considers a performance threshold for the
RLF rate in determining the appropriate HCP values, but it
gives worse performance than [42], [43] in terms of PPHO.
In addition, Fig. 21 clearly illustrates that there might be
a classic case using fixed HCPs (case1) that results in a
better RLF HO performance compared with each algorithm
of [42], [43], [48], although an RLF threshold is used in [48],
although the main claim of both [42], [43] is that their pro-
posed algorithms outperform all classic cases. Hence, this is
a clear indication that the solutions provided by these algo-
rithms will not always be good, knowing that [42] and [48]
consider a strict set of velocities to evaluate the performance.
In this paper, we consider a more general mobility scenario
where we assume the UEs to move at arbitrary velocities
in the range from 30 km/h to 300 km/h without the need
to assume a medium velocity Vr , as proposed in [42], [48].
Moreover, we note that the algorithms of [42] and [43]
give approximately the same performance for each curve
in figures 20 and 21. This is normal because the algorithm
in [42] is just a slight increment over the work of [43]
proposed by the same authors. In [42], only velocity and
RSRP (without SINR) were considered in the mechanism
of determining the HCPs. In addition, the general conditions
and HCP steps of the original algorithm in [43] remained the
same in its updated version in [42]. On the other hand, our
proposed algorithm gives a very good performance for both
indicators, and thus it is more capable of solving the trade-off
issue, as is clearly evident from figures 20 and 21. It has the
ability to simultaneously minimize both PPHOR and HOFR.
This results in a very good reduction over time for both KPIs.
The ability of our proposed algorithm is demonstrated by the
robustness of the equations considered in the selection of HM
andTTT. It is very important to show here that the comparison
is based on the selection of Tcrit = 2 [s] for both our algo-
rithm and the algorithms in [9], [42], [43], [48]. Generally,
evaluating any SON algorithm by considering Tcrit = 2 s is
not sufficient. considering Tcrit = 2 is definitely a small time
to study the problem of PPHO as long as the nature of this
event itself is directly related to this quantity of time. If Tcrit
is very small, for example, 2 [s], there will certainly be very
few PPHOs, even with classical HCP settings. The best then
is to evaluate algorithms with a critical time greater than
that. By running this scenario frequently for Tcrit = 6 [s],
we notice that the performance of [42], [43], [48] degrades
significantly with respect to PPHOs. However, our algorithm
maintains good performance for this worst-case scenario as
Figures 10-19 show. On the other hand, these algorithms only
process the user mobility for a very specific set of values,
and assume a non-essential way to assign HM and TTT
values without justifying how the corresponding steps are
chosen, and without justifying how to choose the threshold
value for the HOFR. Therefore, our proposed algorithm can
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be described as a global algorithm in this research field,
which takes into account any potential user speed from 30 to
300 km/hwithout the need to define any threshold for PPHOR
or HOFR, and without the need to adjust HCPs by using
steps. Finally, figures 22 and 23 illustrate how the adaptive
HM and TTT change over time and velocity, respectively.
These two figures result from the simulation of the current
scenario, where there are 1000 users moving in the network
environment. Because showing HM and TTT curves for all
1000 users would be futile (not evident in one figure), we ran-
domly chose five users to obtain figures 22 and 23. We note
from figures 22 and 23 that specific values of HCPs are given
for each user and according to its velocity over time, such that
HM ∈ [0, 10] dB and TTT ∈ [0, 5.12] s. Thus, the system
individually deals with each user so that the SON algorithm
determines the appropriate HM and TTT values.

FIGURE 22. Illustrating how the adaptive HM changing over time and
velocity for five users having different speed, for the scenario 6, X = 1000,
N = 91, ST = 150 [s], Tcrit = 2 [s].

FIGURE 23. Illustrating how the adaptive TTT changing over time and
velocity for five users having different speed, for the scenario 6, X = 1000,
N = 91, ST = 150 [s], Tcrit = 2 [s].

VII. MORE RESULTS: DISCUSSION, ACCURACY AND
VALIDITY
In this section, we use the simulation results of the fifth
scenario (X = 3000 users, N = 91 small cells, ST = 150 s,

FIGURE 24. Illustrating the RSRP of the serving and target cells, for an
arbitrary UE moving with velocity of 30 km/h, (a) with shadowing fading
and (b) the average RSRPs.

Tcrit = 6 s) to discuss some important issues related to the
accuracy and validity of our model. Let us first consider an
arbitrary user served by a macro cell andmove with a velocity
of 30 km/h, taking into account its initial location in the
network. Fig. 24 illustrates the RSRP of both the target and
the serving cell of this UE. We notice from this figure that
RSRPservingi (t) > RSRPtargeti (t) is always satisfied, where
Fig. 24-(a) corresponds to considering the shadow fading gain
added according to the Equation (3), while Fig. 24-(b) repre-
sents the average RSRPs. As we found from the simulation,
both HMadaptive and TTTadaptive remain zero during the entire
UE’s mobility, which is consistent with the explanation listed
at the end of the two subsections V.1 and V.2. Hence, for
150 s, this UE will still be served by the same microcell,
although this UEmoves throughout dense small cells, and the
idiosyncratic pair (HM= 0, TTT= 0) is the most suitable one
for this UE as long as the RSRP of the serving cell is always
larger than that of the target cell, that is, there is no need to
make any HO decision.

FIGURE 25. Illustrating the RSRP of the serving and target cells, for
another UE moving with velocity of 30 km/h, (a) with shadowing fading
and (b) the average RSRPs.

VOLUME 9, 2021 154257



T. A. Achhab et al.: Robust Self-Optimization Algorithm Based on Idiosyncratic Adaptation of Handover Parameters

FIGURE 26. Illustrating the adaptive HM and TTT, for the second UE
moving with velocity of 30 km/h.

Let us now consider another UE moving at 30 km/h with
a deferent initial location. Fig. 25 illustrates the RSRPs
of both the target and serving cell, similar to Fig. 24, but
with different situations. For this UE, we found that both
HMadaptive (ranges from 0 to 10 dB) and TTTadaptive (ranging
from 0 to 350 ms) take different positive values during mobil-
ity, as shown in Fig. 26. In our simulation, we considered that
the macrocells were numbered from 901 to 919 (19 cells),
while the small cells were numbered from 1001 to 1091
(91 small cells). Fig. 27 illustrates the serving sequence of
the UE considered in the second example. We notice from
Fig. 27 that there is three HO decisions made for this UE,
the first is such that the UE is handed over from the small
cell numbered 1018 to the macro cell numbered 909 at the
moment t = 32.64 s, and then it is handed over from the
macro cell numbered 909 to the small cell numbered 1083 at
the moment t = 67.24 s and then, in a period of time equals to
3.16 s, that is less than the critical ping-pong time Tcriti = 6 s,
the UE is handed over back to the macro cell numbered
909 at the moment t = 70.4 s, which means that a ping-pong
event has occurred between the moments 67.24 s and 70.4 s.
We found that the first HO decision was successful without
the occurrence of an RLF event (neither TLHO nor TEHO),
but both the second and third HO decisions introduced a
UHO (a ping-pong event). This is a clear example that our
model does not completely eliminate ping-pong events, but
it can easily reduce their number as much as possible using
the idiosyncratic adaptive model for HM and TTT, providing
much lower HPIPPHOR than the literature as we have seen in
the previous section.

Let us now consider a third user moving with 90 km/h
again with an initial location different from those of the
previous two users. Fig. 28 illustrates the RSRPs of both
target and serving cell of this user. For this user, we found that
both HMadaptive (ranging from 0 to 10 dB) and TTTadaptive
(ranging from 0 to 214 ms) take different positive values
during mobility, as shown in Fig. 29.

FIGURE 27. Illustrating the serving sequence for the second UE moving
with velocity of 30 km/h.

FIGURE 28. Illustrating the RSRP of the serving and target cells, for the
third UE moving with velocity of 90 km/h, (a) with shadowing fading and
(b) the average RSRPs.

FIGURE 29. Illustrating the adaptive HM and TTT, for the third UE moving
with velocity of 90 km/h.

The accuracy of our model is shown in the third example.
From Fig. 28, we notice that there is a clear case in which the
RSRP of the target cell is greater than that of the serving cell
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in the time range from 50 to 100 s during the movement of
this user, and HM values were calculated as shown in Fig. 29.
However, our algorithm did not decide to send an HRQ until
after t = 100 s. The simulation indicates that, for this user,
if HRQ had been sent (between 50 and 100 s) there would
have been a TLHO or TEHO event. Thus, Equation (11) has
chosen values for HM that are suitable for the HO decision
where the SINR is relatively strong for both the current serv-
ing cell and the target serving cell (each one of the inequalities
of SINR is larger than 2). In addition, according to the
velocity value of the UE, Equation (14) returns a suitable
value for TTT that should force inequality (10) to be held
at the right moment. Otherwise, it would lead to a service
interruption due to TEHO or TLHO. Here, it is the meaning
of the ‘‘suitable adaptive’’ values of both HM and TTT, that
is, it is to prevent HRQ from being sent at the wrong moment.
Therefore, we say here that the pair (HMadaptive, TTTadaptive)
is idiosyncratic for this third UE such that the wrong HO
decision is prevented indirectly. The successful HO decision
is made after 100 s for this third user (actually at the moment
t = 126 s), where the target cell took the role of the serving
cell, that is, its color changed from blue to red according to
the color representation adopted in our simulations. Fig. 30
illustrates the serving sequence of the third UE ensuring that
there is no HRQ between 50 and 100 s, while this UE is
handed over from the small cell numbered 1001 to the macro
cell numbered 915 at the moment t = 126 s, again without
RLF HO events.

FIGURE 30. Illustrating the serving sequence for the third UE moving with
velocity of 90 km/h.

In general, it has been reported in the literature that setting
high values of HM and TTT at high speeds will cause a higher
rate of HOF when a user moves at high speeds. However,
there is still no standard definition about the meaning of ‘‘bad
high’’, ‘‘good high’’, ‘‘bad small’’, or ‘‘good small’’ values
of HM and TTT regarding to the PPHO and HOF issues.
In addition, there is no standard definition of speed limits
corresponding to each of these meanings. In fact, the RSRP
represents a random quantity in the communication mobile
systems owing to the randomness of the fading phenomena of

the communication channel; hence, both the RLF HO event
(TLHO or TEHO) and PPHO event are random events in the
first place. In this regard, one of the main ideas that brought
us to our model is that we consider that talking about ‘‘high
values’’ or ‘‘small values’’ of HM, TTT and UE’s velocity
should be relative and adaptive to the state of the user’s
mobility and to the state of cell positions in the network
(geographical positions, i.e., cell positions and its distances
to the user and hence the relative values of the RSRP and
the SINR). The fourth example confirms this view according
to the results of our proposed model. We show now that the
general idea that says ‘‘high values of HM and TTT during
high speed will cause higher rate of HOF when a user moves
in high speeds’’ is not always true. Fig. 31 shows the servicing
sequence for a user (from Scenario 5) moving at a velocity
of 240 km/h (‘‘very high’’ speed), where the UE is handed
over from the small cell numbered 1007 to the macro cell
numbered 915.

FIGURE 31. Illustrating the serving sequence for the fourth UE moving
with velocity of 240 km/h.

Fig. 32 shows the RSRP curves of both serving and target
cells of the fourth user, and expresses the state of the user
sites in relation to both the serving cell and the target cell.
We notice from Fig. 32 that the values of RSRP of the target
cell are greater than those of the current serving cell just
before the HO decision is made, and this means that the
third inequality in the Equation (11) has been achieved before
making the HO decision.

Fig. 33 shows the average SINR curves of the serving
cell and the target cell. we notice from Fig. 33 that the
SINR values for both the target cell and the serving cell also
achieve the first and second conditional inequalities of the
Equation (11), where both of them are on average greater than
the system threshold (2 = −35 dB) in each time window of
length W = 200 ms prior until reaching to the moment of
the HO decision. We notice here that the HO decision was
made here at the moment when the red and blue colors of
the curves were swapped (which means a state of transit,
i.e., service transition from the current serving cell to the
target cell, knowing that each curve of either serving or target
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FIGURE 32. Illustrating the RSRP of the serving and target cells, for the
fourth UE moving with velocity of 240 km/h, (a) with shadowing fading
and (b) the average RSRPs.

FIGURE 33. Illustrating the average SINR of the serving and target cells,
for the fourth UE moving with velocity of 240 km/h.

cell has two colors, red and blue to distinguishing between
before and after the HO decision is made, as we did in Fig. 6).

Fig. 34 shows the values of each of HM adapted according
to Equation 11 and the values of TTT adapted to the values
of HM and the ‘‘very high’’ speed of this user according to
the Equation (14), where the highest TTT value is 558 ms
corresponding to themoment of timewhen the HO decision is
made for this UE whose velocity equals 240 km/h. Note here
that the value of TTT in Table 1 corresponding to the high
speed of 230 km/h is 5120 ms, but the Equation (14) return
558 ms. In fact, it is not Table 1 what we use to select the
adaptive TTT, but themain aim of constructing Table 1 is only
to develop a proper TTT adaptive function in terms of both
adaptive HM and velocity, and this function is only expressed
by the Equation (14) and Fig. 8.

As the main result, and by zooming in Fig. 19, Fig. 35
confirms that the HPIHOF of our algorithm remains constant
between the moments 25.02 s and 25.03 s, which means
that there is no HOF event corresponding to this period of

FIGURE 34. Illustrating the adaptive HM and TTT, for the fourth UE
moving with velocity of 240 km/h.

FIGURE 35. Illustrating that the HPIHOF of the scenario 5 remains
constant between the two moments 25.02 and 25.03.

time, which confirms that the combination of relatively high
adaptive value of TTT with adaptive HM and high velocity
does not necessarily lead, according to our model, to an RLF
HO event.

This example shows that the ‘‘relative high velocity’’ along
with ‘‘high relative values of HM and TTT’’ do not necessar-
ily lead to RLF problems, as we have an HO here but without
an RLF HO event. That is, having high relative values of
HM, TTT, and velocity that do not necessarily lead to an RLF
event. Thus, it can be said that the value of the corresponding
TTT is not ‘‘so high’’ in this case, and it is even not ‘‘very
high’’ following the traditional view on the adjective ‘‘high’’
for TTT value since the high values of the TTT according
to the basic 3GPP are those that are more than 1024 ms,
but we obtained a value less than 560 ms. This is although
the velocity is high (240 km/h). This means that our model
is able to match this user state to the network and produce
appropriate values for both HM and TTT so that we have a
valid successful HO decision.
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Our proposed model presents a mechanism for choosing
the values of both HM and TTT adaptively according to
RSRP, SINR, and the user’s velocity without classifying
the velocity values into predefined groups. We developed
Equations (11) and (14) so that they look at the system holis-
tically. This means that they are suitable for any velocity
within the range considered in the manuscript. In this study,
we introduce the approach of selecting HM and TTT so that
it can be valid for any mobile communication scenario with
regard to the HO decision issue; and the most important
recommendation that can be obtained here is the need to think
about the existence of a relationship between HM and TTT
and study it in some scenarios. To the best of our knowl-
edge, this has not been previously discussed, in the literature,
regarding the possibility of such a relationship, or about its
investment in developing a mechanism for selecting the val-
ues of HM and TTT. Therefore, our study can be considered a
starting point in this direction. In this context, we encourage
readers to apply our proposed model to other scenarios in
terms of changing the type of network, for example, LTE-R,
or in terms of the pattern and nature of user mobility, for
example, high-speed railway scenarios. At the same time,
we recommend thinking about the HCPs (HM, TTT) in
another way, in the sense of looking for other formulas for
the relationship between them, which can be more accurate
or comprehensive than Equations (11) and (14).

Regarding the PPHO indicator results, the ping-pong indi-
cator defined in Subsection III.D.2 does not increase abso-
lutely over time. First of all, let’s focus on all the figures
related to this indicator in Section VI, then one can obviously
notice that the trend of variation of each those curves locally
changes from time to time. This is true not only for the curves
corresponding to our proposed algorithm’s performance, but
also for each curve of the other literature (as in [9]), we com-
pare with. For example, as shown in Fig. 20, in the time range
from 50 to 100 s, where the HPIHOPP tends to decrease for
some moments, to increase for some other, or to be constant
for some other moments. We can also observe this in Fig. 10.
In addition, as shown in Fig.18, after a specific time has
passed, some curves tend to be almost constant, on average,
with the passage of time. We also notice this in Figure 16.
However, one may expect that the general changes of curves
tend to be continually increasing, but this is only partially
true if two separate moments are considered, that is, by taking
two specific points from each curve, so that these two points
are very special. In this regard, we should emphasize here
that the mobility model that we impose on users moving in
a network environment plays an important role in obtaining
PPHO events. Returning to Subsection III.B, one can notice
that we impose on users to return to the network environment
in the event of exceeding the geographical boundaries of
this network. Therefore, the number of PPHO events can
relatively increase, because the user may return to the same
area from which he exited; thus, the same PPHO event will
be repeated again. Herein lies the power of our model in
selecting the adaptive values for HM and TTT considering

this worse case of mobility. Compared with Fig. 3-5, 3-6, 3-7
of [9], one can clearly notice the similarity of change ten-
dency of PPHO with [9]. We should add here that the liter-
ature we are compared with has adopted simulation method
so that the same speed is assigned to all simulated users to
calculate the number of PPHOs; however, the PPHORfigures
are obtained in this study so that all users move, during the
simulation run, at different speeds within the network. Herein
lies the power of our simulation approach.

VIII. FUTURE IMPROVEMENT
As a future plan, we could include further KPIs, such as
throughput, call drop rate (CDR), long interruption time (IT),
and HO delay, along with new applications of our proposed
algorithm in the fifth generation (5G) HetNets. We could
also consider a multi-tier (i.e., three or four tiers) HetNets
scenario including not only femto BSs, but also micro and
pico BSs. In this regard, we can compare the performance of
our model with the conditional HO models proposed for 5G
HetNets. However, HO parameter self-optimization is still an
up-to-date significant function that will be introduced in 5G
and even in the sixth generation (6G) mobile networks. The
automatic self-optimization operation characteristics would
enable this adaptation to be part of the next mobile gener-
ation with further improvements. Several SON algorithms
have been proposed to optimize HCPs automatically under
different scenarios. However, no study has investigated the
relationship between HCPs. From this standpoint, our pro-
posed solution appears to be a promising starting point in
this regard, by mathematically developing its main adaptive
equations with a general analytical approach, and utilizing
various simulation environments and scenarios to determine
which models perform better. The number of mobile commu-
nications will increase significantly in the near future. This
results in an increasing number of ultra-dense networks in
terms of small cells. This results in a significant increase
in the need for load balancing. This requires further self-
optimization to balance the load between the cells. There
are a plenty of work that deal with adjusting both of the
handover parameters according to the status of the network
load, e.g., [52]. However, as we mentioned before, the new
knowledge that our paper presents here is reflected in the
study of a possible relationship between the HCPs so that it
can be invested in adaptively selecting HM and TTT accord-
ing to the status of the network. The work in [52] deals with
the problem of adjusting the HCPs such that the HM takes
specific unjustified values in accordance with a non-general
classification of the UE velocity regarding only themacro cell
load (as shown in Table 2 of [52]) without considering the
small cell load case. This leads us to a possible improvement
in combining our solution with [52] by using our adaptive
technique directly in selecting the proper HM values. In fact,
the authors of [52] used only three categories of HM values
that were very small, which led to a large number of UHOs in
HetNet. In other words, [52] proposed an adjusting technique
only in the sense of the cell load without any processing to
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other system requirements with regard to KPIs. Moreover,
Table 3 of [52] again uses specific fixed and large TTT values
assumed for the three insufficient velocity categories, which
implies a large probability of increasing TEHO and TLHO
events. As a result, our work can be combined with [52] as
a future improvement in this field. This is in the sense of
directly evaluating our algorithm by incorporating the pro-
posed HO decisionmodel into the study of the load-balancing
issue in HetNets.

IX. CONCLUSION
In this work, we presented a completely adaptive mecha-
nism to setup the HCPs with regard to making HO deci-
sions within HetNet, considering the user’s mobility state.
This novel mechanism was formulated in the context of the
SON algorithm to support the MRO in LTE-A networks in
response to system requirements. The algorithm proposed
here aimed to reduce the number of PPHOs and RLF HOs
to almost zero. This new algorithm selects HCPs adaptively
to both the user’s location and velocity. This is achieved
by developing innovative functions that rely on basic HO
decision parameters, such as the RSRP and SINR. Hence,
a robust relationship between HM, TTT, and UE velocity
was discovered. This was done without the need for any
predefined HOFR or PPHOR thresholds or the need for
unjustified steps for tuning the HCPs. Our study showed that
HCPs are correlated with each other. This correlation is an
urgent need to determine the proper HCP values to make
a proper HO decision considering UE mobility. Thus, this
correlation could become necessary as a basic requirement
of any future SON algorithm considering the existence of
a functional relationship between HM and TTT, such that
they should not be set in isolation from each other, as in the
literature. As a basic result, we say that resetting HCPs to
meet the requirements of user mobility must, in some way,
assume a direct relationship between these parameters and
not be considered as independent parameters at the system
level. This consideration clearly raises the performance of the
system in general, as we have seen in the Results section, and
undoubtedly supports the need to consider such a relationship
between HM and TTT with regard to MRO.

APPENDIX
UsingMicrosoft Excel , we present here the derivation steps
of Equation (14) (the same steps are used for Equation (15)):

Step1: ImportingTTT data and 1
v×HMadaptive

of Table 1 into
an Excel worksheet, as shown in Fig. 36.

Step 2: Inserting a scatter plot for the above Excel data,
as illustrated in Fig. 37. Thus, we obtain figures 8 and 9.

Step 3: Add a trendline plot of type ‘‘Power’’ and check the
corresponding box to show the resultant equation, as shown
in Fig. 38.

The power trend line is very similar to the exponential
curve; it has a more symmetrical arc. It is commonly used to
plot measurements that increase at a certain rate. The trend

TABLE 9. List of abbreviations in A-to-Z order.

FIGURE 36. Importing TTT and 1/(v × HM) data into Excel worksheet.

lines method is a common mathematical method used in
the sense of nonlinear regression concept, aiming to find a
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FIGURE 37. Inserting a scatter plot for TTT and 1/(v × HM) data.

FIGURE 38. Inserting a scatter plot for TTT and 1/(v × HM) data.

suitable curve of a function fitting a sample of data and to
estimate the corresponding equation.
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