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ABSTRACT Fifth-generation (5G) cellular networks are a promising technology to meet the rapid growth
in wireless traffic. Small cells are critical in fulfilling the requirements of 5G networks. A heterogeneous
ultra-dense network (HUDN) is an enabling technology consisting of several types of small cells to enhance
the performance of 5G networks effectively. A critical issue of HUDN is the cell selectionmethod because the
traditional technique for cell selection is inapplicable in such a network. This study proposes a novel adaptive
cell selection (ADA-CS) scheme. It adapts to various characteristics of HUDNs and vehicle movements.
It performs six phases to select the best base station with which to be associated. Simulation results show that,
with low- and medium-speed vehicles, the ADA-CS scheme outperforms the traditional protocol in terms of
the average number of handovers by 42.39%. In addition, it is superior to some relevant recent schemes by
up to 36.53%. The adaptation feature of the proposed protocol provides additional improvements regarding
the average number of handovers with high-speed vehicles. Therefore, it achieves superiority in terms of the
average number of handover failures and unnecessary handovers. In addition, the ADA-CS scheme enhances
the average achievable downlink data rates and spectral efficiency per vehicle by 3.98% and 2.79% compared
with the traditional and the relevant recent schemes.

INDEX TERMS 5G, cell selection, 3GPP cellular networks, cone angle, handover, small cells, HUDNs,
adaptive association.

I. INTRODUCTION
Fifth-generation (5G) technology allows sharing of data and
accessing information anywhere and anytime for anyone
and anything [1]. Various 5G technology requirements are
needed to support many new services and application areas,
such as smart transportation, smart cities, and the Internet
of Things (IoT) [2]–[5]. 5G technology will provide high
data rates, energy efficiency, ultra-high reliability, extremely
low latency, and fully connected coverage [6]. To fulfill
these requirements, key enabling technologies have been
identified, such as massive multiple-input multiple-output
(mMIMO), millimeter wave (mmWave), and heterogeneous
ultra-dense network (HUDN) techniques [3], [7], [8]. Nowa-
days, wireless cellular networks are denser and many issues
must be addressed [9]. In the coming years, the prediction
is that the number of deployed small cells will increase
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exponentially [10], [11]. An ultra-dense network (UDN) is
defined by A. Gotsis et al.in [12] as a network where the
number of small cells is greater than the number of active
user equipments (UEs) [13]. AnUDN is defined in [14]–[17]
as a wireless network in which the density of small cells is
high, which means around 600 active users per km2. HUDNs
involve very dense, low-power, small cells, such as picocells
and femtocells, and high-power legacy macro-cells [6].

There are more advantages of deploying dense small cells
in legacy micro-cells than in conventional networks. The
distance between a user and the serving base station (BS)
will be small, resulting in high signal strength and, therefore,
high capacity. Users can deploy small cells, and the cost
of deployment will be decreased. Load balancing, which
means distributing incoming network traffic among cells,
can be achieved. The problem of blind- spot coverage holes
in macro-cells in 3G and 4G networks can be completely
solved. The configuration of small cells is flexible, and by
setting intelligent rules, interference can be decreased, and
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FIGURE 1. Cell selection issue in HUDNs.

energy efficiency can be improved [1], [18], [19]. Spectral
efficiency can be enhanced through efficient spectrum use by
reusing frequencies over relatively small distances [20], [21].
However, because of ultra-dense deployment and the uncer-
tainty of user deployment features, HUDNs face challenges,
such as radio resource allocation, cell selection, and interfer-
ence mitigation [18], [19]. Furthermore, increasing the den-
sity of the BSs will increase the average number of handovers
(HOs), leading to significant signaling traffic overhead for
moderate-to-high-speed users [22].

Cell selection refers to determining a BS to which UE will
be connected [23]. As defined in the third-generation mobile
partnership project (3GPP) technical specification, cell selec-
tion includes selection, reselection, and handover [24].
In Long Term Evolution (LTE) and beyond, handover tech-
niques are classified into hard and soft handover (HO).
In hard HO, the connection to the serving BS is broken before
the connection to the target BS is made, while soft HO makes
the connection before breaking [25]. In HetNets, there are
two types of HOs; namely, vertical HO (VHO) and horizon-
tal HO (HHO). VHO occurs between heterogeneous BSs,
while HHO happens between homogeneous BSs [26]. The
traditional cell selection scheme is based on received signal
strength (RSS) indicators (RSSI). In 5GHUDNs, this method
is inapplicable because of high-density heterogeneous cells,
which lead to complex interference and asymmetry of load
distribution [3], [27]. Cell selection and handover triggering
are still tricky problems [28]. Considering only one criterion,
the RSSI, could lead to unbalanced network loads, inefficient
handovers, and service interruptions [29]. Cell selection is
critical in improving the load balancing, spectrum efficiency,
and energy efficiency of 5G cellular networks [7]. Further-
more, cell detection and cell access times must be decreased
to satisfy the low latency requirements. Therefore, improving

a proper cell selection algorithm for 5G heterogeneous net-
works (HetNets) is challenging [30].

In 5G HUDNs, different coverage areas and densities of
deployed cells exist [31]. Furthermore, vehicles travel on
roads that have varying associated features, such as speed
limits, lane widths, and traffic volumes [32], [33]. In addition,
road vehicles vary in velocity and direction, depending on the
driver’s path and driving behavior. Because of these differ-
ences, there is a high probability that a non-ideal BS will be
selected. A non-ideal BS leads to a ping-pong effect or failure
in handover [34]. The ping-pong effect means that the number
of handovers in a specific period exceeds a threshold [35].
Figure 1 displays the cell selection issue in an HUDN where
a blue car should determine a BS to associate with, and signal
strength indicators are insufficient to select the best BS.

Most of the existing works use static and non-adaptive
methods to select cells. Adaptation can be performed by
pre-defining a set of thresholds to change the selection strat-
egy based on the characteristics of the vehicles and the net-
work environment. In HUDNs, the macro BS tier is still
required for high-speed vehicles, while the small BS tier is
used by low- and medium-speed vehicles [36]. Recent works
give high priority to BSs that have the strongest RSSI values
and low or no priority is given for dwell time in a cell.
In addition, there is a failure to include all the important
selection factors, i.e., RSSI, speed, direction, and load; recent
works depend on some factors and neglect others. In this
work, we propose a novel adaptive cell selection (ADA-CS)
scheme for 5G HUDNs that can adapt to different features of
HUDNs and vehicles. In addition, it considers all important
cell selection factors, with the best cell chosen carefully
in order to stay connected with a serving BS as long as
possible. In general, the main contributions of this study
are to:
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1) propose a novel adaptive cell selection scheme
designed for 5G HUDNs, called ADA-CS. It can
adapt to various features of vehicle movements and
HUDNs specifications. It has six phases to select the
best-associated BS.

2) evaluate the performance of the proposed ADA-CS
algorithm using the MATLAB 2020a software. The
evaluation was achieved in terms of the average
(a) number of handovers; (b) dwell time within a
serving cell; (c) number of handover failures (HOF);
(d) number of unnecessary handovers (UHO); and
(f) achievable downlink data rates and spectral effi-
ciency. Various scenarios are considered in this study to
prove the effectiveness of our ADA-CS scheme, using
several simulation parameters. The simulation results
show that the proposed scheme outperforms the tradi-
tional RSSI-based cell selection scheme. In addition,
it achieves improvements over Kapoor et al.’s schemes.

3) study the impact of small cells density on the perfor-
mance of a heterogeneous ultra-dense network.

The remainder of this study is arranged as follows.
Section II presents recent studies on cell selection for 5G
networks and their limitations. The proposed cell selection
scheme and the system model are described in detail in
Sections III and IV. Section V explains the results and dis-
cussion about the proposed cell selection strategy. Section VI
concludes the paper.

Lists of the main notations and all abbreviations used in
this paper are shown in Tables 1 and 3, respectively.

II. RELATED WORK
This section presents some of the most relevant recent studies
on cell selection for 5G networks. Cell selection studies differ
regarding scope, performance metrics, mobility information
awareness, problem-solving methods, and the number of
simultaneous BS associations. Mobility information, such
as movement velocity and direction, is a basis for many
applications.

In [37], Moon and Cho proposed a movement-aware
vertical HO strategy called modified RSS (RSS−α). The
handover decision is based on RSSI values and a combina-
tion factor (α). Numerical results demonstrate that RSS−α
enhances the system performance in terms of the proba-
bility of assigning mobile stations to femtocells with the
same number of HOs [38]. Habibzadeh et al. proposed a
decision-making handover algorithm for HetNets in [39].
The decision is made based on the received signal strength
and the traffic metric. The proposed scheme aims to enhance
the probability of femtocell BS assignment and to reduce the
number of unnecessary handovers. Simulation results demon-
strate that the proposed strategy outperforms the conventional
RSS−α algorithm. In [40], Habibzadeh et al. introduced
two traffic-aware spectrum handover (SHO) approaches for
cognitive HetNets. These approaches are called shared-to-
reserved (SR) and reserved-to-shared (RS) and they are based

TABLE 1. List of main notations.

on the channel reservation concept. Numerical results show
that the proposed schemes outperform the existing works
in terms of effective throughput, energy efficiency, blocking
probability of primary users and forced termination probabil-
ity of cognitive secondary users.

In [23], Goyal et al. improved an optimal cell selection
strategy for mmWave networks. The research concluded
that a user associates with one BS when there is minimal
or no reallocation cost. A user will connect to many BSs
simultaneously when the handover cost is high. Simulation
results indicate that the proposed strategy has the highest
average throughput per UE compared with the other schemes.
In [41], the problems of joint user association, through-
put maximization, and power allocation are presented in
H-CRANs. An outer approximation approach (OAA) based
on linear programming is used to simplify the NP-hard prob-
lem. Simulation results demonstrate that when the number
of admitted users increases, the system’s throughput will
increase. Cacciapuoti introduced a user association strategy
for mmWave networks in [42]. It overcomes the limitations
of the traditional RSS-based association by considering load
balancing and handover reduction. Furthermore, it consid-
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ers dynamic changes in the network topology caused by
UE movements.

Chen et al. proposed a novel virtual small cell selection
approach in [43]. It depends on the pattern search to increase
the ergodic sum rate of all mobile stations. Simulation
results show that the proposed selection approach has lower
computation complexity than a reference scheme. In [44],
Elkourdi et al. proposed a cell selection algorithm based on
the Bayesian game approach. This algorithm improves the
network performance regarding latency minimization and
the probability of proper cell association as a function of
traffic type. Simulation results demonstrate that the proposed
algorithm can achieve the 5G latency requirement with a
probability exceeding 80%.

In [45], Gharam et al. introduced a cell selection strategy
for 5G HetNets. It uses a non-cooperative game theory with
two players, representing UE and BS. Simulation results
show the effectiveness of the proposed strategy in minimizing
users’ blocking rate and improving the performance of 5G
HetNets. Alyaei et al. proposed a hard flexible cell associa-
tion scheme in [46] for non-uniform HetNets. The proposed
scheme depends on the location of users, and the cell region is
divided into inner, annular, and outer regions. In the inner and
outer regions, hard cell association is applied. In the annular
region, flexible cell association is used. Analytical results
proved that coverage and user throughput are significantly
enhanced.

In [3], Waheidi et al. proposed a user-driven multiclass cell
association algorithm. Two classes of devices are considered
in this work; namely, UE and low-power IoT devices. It uses
the multi-armed bandit (MAB) game to solve the cell associa-
tion problem. The performance results show that the through-
put and energy efficiency are within 10% of the centralized
solution. If there is mobility, the values will increase by <5%.
In [1], Lei et al. proposed a user association and power
control scheme for HetNets. The scheme was evaluated for
delay and total transmit power minimization. The simulation
results confirm that the proposed approach outperforms exist-
ing schemes under various system parameters.

Alizadeh et al. proposed a new user association scheme
for mmWave MIMO networks in [47]. The problem was for-
mulated as a mixed-integer nonlinear programming problem.
An algorithm called worst-connection swapping (WCS) was
designed to solve the user association problem. The simula-
tion results demonstrate that the proposed approach enhances
the network performance regarding load balancing through
moving the traffic from heavy-loaded BSs to non-congested
ones.

Lee et al. introduced a software-defined network (SDN)-
based handover scheme in [48] to fulfill the latency
requirement of 5G networks at <1 ms. It considers the
mobility information of UE. The SDN controller calculates
the next cell based on collected information using the lin-
ear programming problem-solving technique. The simula-
tion results proved that the SDN-based scheme could find
a cell with strong signal strength, low cell load, and long

sojourn time based on the movement direction. In [49],
Wickramasuriya et al. proposed a cell selection method that
uses a recurrent neural network (RNN) to predict the next
BS. A group of RSS values trained the RNN. The simulation
results confirm that the proposed scheme can predict the
optimal cell with an accuracy of over 98%.

In [50], Fan and Ansari proposed a throughput-aware
and green-energy-aware user association algorithm for Het-
Nets, called TAGE. An energy-throughput coefficient α
is used to manage the trade-off between the through-
put and on-grid power consumption. Simulation results
show that TAGE enhances the effective throughput and
conserves on-grid energy. Xu, Zheng, and Tang in [51]
introduced an energy-aware user association method based
on a matching-coalition game. It is designed for non-
orthogonal multiple access (NOMA)-based mobile edge
computing (MEC) networks. Simulation results show that the
proposed scheme is superior to other simplified schemes in
terms of minimizing energy consumption.

Kiishida et al. proposed a cell selection approach for 5G
multi-layered radio access networks (RANs) in [24]. It con-
siders the UE movement direction and velocity to decrease
the number of frequent handovers. The simulation results
proved that the proposed approach achieved an approxi-
mate 30% improvement in the number of handovers while
maintaining the average flow time. In [34], Kapoor et al.
proposed four mobility-aware cell selection schemes for a
5G ultra-dense small cell urban vehicular network. These
schemes are called the minimum distance (MD), next neigh-
bor on the same street (NN-S), next neighbor on the oppo-
site street (NN-O), and the minimum load (ML). The cell
selection problem was solved on the basis of the k-nearest
neighbor (KNN) algorithm and the azimuth angle. The MD
and ML schemes aim to select a small BS from the k-nearest
neighbor list that has the minimum distance and minimum
load, respectively. The NN-S and NN-O approaches target a
small BS in the list that has themaximum azimuth angle in the
range [0,π/2], and the minimum azimuth angle in the range
[π/2,π ]. With low-speed vehicles, simulation results show
that theMD approach has the highest handover rate compared
with the other methods.

In [52], two modified weighted methods of the Tech-
nique for Order Preference by Similarity to Ideal Solution
(TOPSIS) were proposed. These methods are called Pro-
posed Entropy TOPSIS (PE-TOPSIS) and Proposed Standard
Deviation TOPSIS (PSD-TOPSIS). They aim to manage the
handover process in heterogeneous networks using multiple
criteria; namely, SINR, Time of Stay (ToS), and the angle
between a BS and UE trajectory. To weight the attributes for
making a handover decision, the PE-TOPSIS uses the entropy
weighting technique, while the PSD-TOPSIS is based on a
standard deviation weighting technique. Simulation results
show that the proposed schemes are superior to the existing
methods in terms of the number of frequent handovers and
radio link failures. Furthermore, they improve the achieved
average user throughput.
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The Multi-Connectivity-based User Association Algo-
rithm (MCUAA) is proposed in [53] for 5G H-CRANs.
This is a polynomial time heuristic algorithm that depends
on Linear Programming Relaxation-Rounding (LPR-R) and
Generalized Assignment Problem (GAP) heuristics. Simula-
tion results prove that the proposed algorithm outperforms the
existing methods in terms of power consumption, achievable
rate, and time complexity.

Sun et al. in [54] developed two strategies to man-
age handovers in HUDNs, called movement-aware coordi-
nated multipoint handover (MACH) and improved MACH
(iMACH). MACH depends on the dwell time, while
iMACH is based on the dwell time and the nearest BS.
Simulation results demonstrate that the proposed meth-
ods outperformed the existing strategies in terms of han-
dover probability minimization, coverage probability and
throughput enhancements.

The recent cell selection studies presented in this section
have the following limitations:
• All works use non-adaptive cell selection strategies to
select an associated BS. Therefore, the existing cell
selection methods depend on fixed methods to select
cells. Adaptation can be implemented via pre-setting
some thresholds to switch between cell selection
schemes, since there are different tiers in HUDN envi-
ronments.

• Most recent studies give high priority to the closest BSs
that have the strongest RSSI values. On other hand,
the dwell time in a cell takes low or no priority in
selection of cells.

• Not all the important cell selection factors are included.
For example, the load balancing issue is considered in
some studies and these studies neglect other selection
factors, such as the speed of a vehicle.

• Some works are designed for specific topologies and
applying them to another environment leads to frequent
handovers.

Therefore, there is an urgent need for an adaptive cell selec-
tion algorithm that can adapt to various characteristics of
vehicles and HUDNs. The adaptive scheme is a strategy that
can select a cell dynamically, not statically, based on some
thresholds to enhance the performance of HUDNs. In addi-
tion, all cell selection factors should be considered in such a
way as to choose the best cell. Furthermore, a cell selection
algorithm should be applicable for applying for different
HUDN topologies.

III. PROPOSED CELL SELECTION STRATEGY
In a conventional handover process, a user vehicle period-
ically scans the signal strength of all neighboring BSs to
determine the most appropriate BS to associate with [55].
Only one criterion in HUDN leads to frequent HOs, unbal-
anced network loads, and service interruptions, which affect
overall network performance [29], [34], [56]. To address this
issue, this study proposes an adaptive cell selection scheme
(ADA-CS) for vehicles in HUDNs that considers multiple

criteria when selecting a cell. It refers to a scheme that can
adapt to distinctive characteristics of HUDNs and vehicle
movements.

A. MAIN FEATURES OF ADA-CS SCHEME
The main features of our ADA-CS strategy are:

• It adapts to different characteristics of vehicles and
BSs to choose the appropriate cells by setting some
predefined thresholds. In HUDNs, macro BSs are still
required for high-speed vehicles [36]. On the other hand,
low and medium speed vehicles can associate with small
cells to benefit from their advantages.

• It selects cells that have the longest dwell times based on
the directions and speeds of vehicles and by narrowing
the selection process, using a cone angle. The closest
cells that have the highest RSSI are not given a high
priority.

• It considers all the important cell selection factors;
namely, RSSI, the speed and direction of the vehicle, and
cell loads. A small BS that has a high load will not be
chosen, because the load distribution among small cells
is important to improve the QoS and to enhance system
capacity [57].

• TheADA-CS algorithm is applicable to different HUDN
topologies, where it is designed to be suitable for differ-
ent cell distributions and sizes.

B. CELL SELECTION PHASES
Macro and small BSs are represented by Bmacro and Bsmall ,
respectively. All BSs are denoted by B ∈ {b1, b2, . . . , bn}.
Distributed vehicles are represented by V ∈ {v1, v2, . . . , vm}.
The association variable between vehicle i and BS j is denoted
as aij. A user vehicle can only be associated with one BS at
a time. A ∈ {a11, a12, . . . , aij} shows the vehicle association
variable between vehicle i and BS j. If vehicle i is associated
with base station j, aij = 1, otherwise aij = 0.
The proposed scheme has six main phases, as shown in

figure 3, which are

1) Configuration phase: The configuration information
is set in this phase, which includes the values of speed
threshold (Ŝ), RSSI threshold (R̂), load threshold (L̂),
and cone angle (θc).

2) Decision-making phase: The decision is made on the
basis of the vehicle’s speed. If the vehicle’s speed is
greater than the speed threshold, which was set in the
previous phase, the decision will be selection from the
macro BSs as shown in equation (1).

X1 = {bj|bj ∈ Bmacro}, ∀ vi ∈ V with si > Ŝ (1)

If the vehicle’s speed does not exceed the speed thresh-
old, the decision is to select from a small BSs as illus-
trated in equation (2).

X1 = {bj|bj ∈ Bsmall}, ∀ vi ∈ V with si < Ŝ (2)
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Therefore, the decision at the end of this phase is
between two possible selections; the macro or small
BSs.

3) Filtering phase: This phase depends on the decision
made in the previous stage. The RSSI values of the
neighboring stations, whether they are macro or small
BSs, are calculated according to the decision. If the
decision is to select from the macro BS, single filtering
is applied to the macro BS based on the RSSI threshold
as described in equation (3).

X2 = {bj|bj ∈ X1 & RSSIij > R̂} (3)

However, dual filtering is applied if the decision is to
select from the small BSs. The first filter is based on
the RSSI threshold (equation (3)), whereas the second
filter depends on the load threshold (equation (4)).
Therefore, small BSs with a load higher than L̂ will not
be selected, to avoid the blocking probability caused by
exceeding the cell’s capacity and tomaintain the system
performance.

X3 = {bj|bj ∈ X2 & Lj < L̂} (4)

4) Narrowing phase: This phase is based on the value of
the cone angle that was set in the configuration phase.
The selection is narrowed to the BSs within the cone
angle, depending on the vehicles’ azimuths. This phase
excludes remote BSs and BSs that are not located in the
vehicle’s direction (equation (5)).

X4 = {bj|bj ∈ X3 & bj within θc} (5)

5) Selecting phase: One BS is chosen to be associated
with. If the decision in the decision-making phase is
to choose from the macro BS, the macro BS with
the largest RSSI value will be chosen, as shown in
equation (6).

X = {bj|bj ∈ X2 & bj has max(RSSIij)} (6)

However, if the decision is to choose from the small
BS, the small BS within the cone angle and with the
minimum angle relative to the vehicle’s current location
will be chosen (equation (7)).

X = {bj|bj ∈ X4 & bj has min(θij)} (7)

6) Handover triggering phase: The handover is trig-
gered based on the predefined RSSI threshold R̂ and the
signal power received by a vehicle i from the serving
BS j. The HO trigger condition that should be fulfilled
is defined in equation (8).

RSSIij < R̂, ∀ bj ∈ B & vi ∈ V (8)

The pseudocode for the proposed adaptive cell selection
scheme is presented in Algorithm 1.
Let us take an example of the proposed cell selection

strategy (Figure 2). This example has a single macro BS and

Algorithm 1: Pseudocode for the Proposed Adaptive Cell
Selection Scheme
input : Bmacro; Bsmall .
output: X .
=========== Configuration Phase ===========
Set Ŝ, R̂, L̂;
Set θCone;
for i =1:m do

======= Decision-Making Phase =======
if si > Ŝ then

X1 = {bj|bj ∈ Bmacro};
else

X1 = {bj|bj ∈ Bsmall};
end
========== Filtering Phase ==========
X2 = {bj|bj ∈ X1 & RSSIij > R̂};
if X1==Bsmall then

X3 = {bj|bj ∈ X2 & Lj < L̂};
======== Narrowing Phase ========
X4 = {bj|bj ∈ X3 & bj within θc};

end
========= Selecting Phase ===========
if X1==Bmacro then

X = {bj|bj ∈ X2&bj has max(RSSIij)};
else

X = {bj|bj ∈ X4 & bj has min(θij)};
end
==== Handover Triggering Phase =====
if RSSIij < R̂ then

TriggerHO;
end

end

a high-density small BS. In the configuration phase, the con-
figuration information is set. The thresholds of speed, RSSI,
and loads are assumed to be 120 km/h, -80 dBm, and 90%,
respectively. The vehicle’s speed is 80 km/h, and the azimuth
between a vehicle’s direction and north is 45◦. The cone
angle is assumed to be 90◦. In the decision-making phase,
the vehicle’s speed is compared with the speed threshold. If it
does not exceed it, as in this example (80 km/h < 120 km/h),
a decision is made to select a small BS. In the filtering
phase, the small BSs are first filtered by removing small BSs
with RSSI below the threshold (Figure 2a). Further filtering
is done on the basis of the cells’ loads (Figure 2b), where
small BSs with a load higher than the load threshold (90%
in this example) will be excluded. In the narrowing phase,
the selection will be narrowed to those small BSs inside the
cone angle (90◦ in this example), (figure 2c). The selection
phase is where one small BS is selected that has the lowest
azimuth between it and the vehicle direction (Figure 2d).
Handover is triggered when the RSSI of the serving small BS
is lower than a pre-defined threshold.

C. CELL SELECTION CONSTRAINTS
There are some constraints that restrict vehicle
association:
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FIGURE 2. Example of the proposed cell selection scheme.

FIGURE 3. Phases of the proposed cell selection strategy.

1) Vehicle association constraint: A user vehicle can be
associated with only one BS at a time, where a hard
HO is applied. Therefore, we have

C1 :
∑
j

aij = 1, ∀ vi ∈ V. (9)

This constraint can be bypassed when a soft HO tech-
nique is applied to allow vehicles to perform make-
before-break handovers.

2) Number of associated vehicles constraint: The num-
ber of vehicles associated with a BS bj should not
exceed the effective load of the BS, which is denoted
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as Lj

C2 :
∑
i

aij = Lj, ∀ bj ∈ B; 0 ≤ Lj ≤ NV . (10)

3) Total power constraint: The maximum transmission
power limit of vehicle vi, denoted as ptxmax , from BS
bj should not be exceeded.

C3 :
∑
i

aijptxij ≤ ptxmax , ∀ bj ∈ B. (11)

4) QoS constraint: The minimum achievable data rate for
each vehicle, denoted as Rmin, should be maintained.

C4 :
∑
j

aijrij ≥ Rmin, ∀ vi ∈ V. (12)

5) Cross-tier interference constraint: the summation of
cross-tier interference should not exceed the maximum
interference limit, denoted as Imax .

C5 :
∑
i

∑
k∈B,k 6=j

aijptxkjζ (d)kjhkj 6 Imax , ∀ bj ∈ B.

(13)

6) Service constraint: the dwell time in a cell (C/s) should
exceed the HO latency, denoted by τi to avoid service
interruption.

C6 : C > τis, ∀ bj ∈ B & vi ∈ V (14)

IV. SYSTEM MODEL
A. DEPLOYMENT AND OPERATION MODEL
This study considers a mmWave-based ultra-dense network
consisting of two tiers of BSs. Tier 1 includes traditional
macro-cells, and tier 2 consists of high-density 5G small cells.
Small BSs work in overlay with the macro BSs, where the
macro BS tier operates at a carrier frequency of 2 GHz with
a bandwidth of 10 MHz, while a carrier frequency of 28 GHz
is used by the small BS tier with a bandwidth of 500 MHz.
The available spectrum is shared among base stations based
on a graph-coloring algorithm [58], which is described in
section IV-D. Macro BS is assumed to be placed on a regular
hexagonal grid. Small cells are distributed randomly within
macro-cells, as shown in figure 4.

User vehicles are deployed randomly within the range
of the network. Each vehicle has related information, such
as the initial location, speed (km/h), and azimuth (degree).
The vehicle association in the downlink of such a net-
work is considered and the hard HO is assumed. The posi-
tion of vehicles is updated every tc milliseconds based on
vehicle direction and speed. In this paper, network-initiated
handover is considered, where a vehicle initiates the han-
dover process, selects the target BS and informs the net-
work, which decides whether the handover is performed
or not.

FIGURE 4. System model.

B. CHANNEL MODEL
In this study, 3GPP path loss models are used on the basis
of 3GPP TR 38.901 version 16.1.0 in [59]. In an urban
macro-cell (UMa) environment, the height of BSs is higher
than that of the surrounding buildings. However, the height
of BSs is shorter than that of the surrounding buildings in
an urban microcell (UMi) environment. Table 2 shows that
the path loss models that are used for macro and small tiers
are 3GPP UMa and UMi, respectively. For the macro BS tier,
the UMa-NLOS model is defined in equation (15).

PLUMa−NLOS = max(PLUMa−NLOS ,PL ′UMa−NLOS ) (15)

TABLE 2. Simulation parameters.
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PL ′UMa−NLOS = 13.54+ 39.08 log10(d)+ 20 log10(fc)

− 0.6(hV − 1.5) (16)

where fc is the carrier frequency (GHz) and d is the distance
between a macro BS and a vehicle in meters. The height of a
vehicle in meters is denoted as hV and it must satisfy 1.5 m
6 hV 6 22.5 m condition.
For a small BS tier, the UMi-LOS (street canyon) model is

represented in equation (17).

PLUMi−LOS =

{
PL1 10 m 6 d 6 d ′BP

PL2 d ′BP 6 d 65 km
(17)

PL1 = 32.4+ 21 log10(d)+ 20 log10(fc) (18)

PL2 = 32.4+ 40 log10(d)+ 20 log10(fc)

− 9.5 log10((d ′BP)
2
+ (hBS − hV )2) (19)

where d ′BP is the breakpoint distance defined in equation (20).
The height of the BS and the effective BS antenna height are
denoted by hBS and h′BS , respectively. The effective height of
the vehicle is represented by h′V . The velocity of light in free
space (c) equals 3 x 108 m/s.

d ′BP = 4 h′BS h
′
V fc/c (20)

h′BS = hBS − hE (21)

h′V = hV − hE (22)

As shown in equation (23), the effective height, hE , equals
1 m for UMi. For UMa, hE equals 1 m with a probability
of 1/(1+M) and it is selected from a discrete uniform distri-
bution (12,15, . . . ,(hV -1.5)) otherwise. Equation (24) shows
the definition ofM .

hE =



1 m for UMi

1 m for UMa

with probability = (
1

1+M
)

(12, 15, . . . (hV − 1.5)) m for UMa

with probability = (
M

1+M
)

(23)

M =

 0 hV < 13 m

(
hV − 13

10
)1.5 g 13m 6 hV 6 23 m

(24)

g =

 0 d 6 18 m

(
5
4
)(

d
100

)3 exp(
−d
150

) 18m < d
(25)

Equation (26) gives the standard deviations of shadow fading,
σSF , of UMi and UMa. Shadowing is assumed to be log-
normal. The Rayleigh-fading channel should exist between
a vehicle and the connected BS. It is an exponentially dis-
tributed random variable with a unit mean.

σSF =

{
4 dB for UMi
6 dB for UMa

(26)

C. NUMBER OF HANDOVERS
Handover (HO) or handoff is defined as the process of trans-
ferring a connection from a current serving BS to another
in the network [60], which is a critical process to address in
wireless cellular networks due to the mobility of the UE [61].
Figure 5 presents the principal symbols used to prove the HO
laws used in this section. R is the radius of a cell, whether it is
a macro -cell or a small cell. The entering angle to move into
a cell and the exiting angle to move out of the cell are denoted
by θi and θo, respectively. Vehicle speed is represented by s.
T is the dwell time within the cell. A chord of a circle is a line
of which both endpoints lie on the boundary of the circle [62].
The dwell distance is denoted by a random chord (C) of
the coverage circle that passes through points Pi and Po.
The angle subtended by the chord is represented by 2. The
symbol A is the apothem of the circle, which is a line segment
from the BS to the center point of the circle chord. The sagitta
of the circle is denoted by S, which is a line segment from the
chord’s center point to the midpoint of the arc subtended by
the chord [63], [64].

FIGURE 5. Illustration of the principal symbols used to prove the
probabilities of HO failure and unnecessary HO.

Handover failure (HOF) occurs if a handover process is
initiated but not completed [65]. In other words, it happens
when the dwell time inside a cell is shorter than HO latency
(τi) [66].
Lemma 1: Let HO latency to move into a cell be denoted

by τi and the time threshold of HOF be denoted by T1; then,

PHOF =


2
π
[sin−1(

sτi
2R

)− sin−1(
sT1
2R

)] 0 6 T1 6 τi

0 τi < T1
(27)

and

T1 =
2R
s
sin(sin−1(

sτi
2R

)−
2
π
PHOF ); 0 6 PHOF 6 1 (28)

Proof: Please see Appendix.
Unnecessary handover (UHO), or false handover,

is defined as the meaningless operation of switching a vehicle
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connection from one BS to another [67]. It occurs when the
total dwell time of a vehicle within a cell is smaller than the
total HO latencies for moving in and out of the cell [66].
Lemma 2: Let HO latencies to move into a cell and to move

out of the cell be τi and τo and the time threshold of UHO be
denoted by T2; then,

PUHO =


2
π
[sin−1(

s(τi + τo)
2R

)

− sin−1(
sT2
2R

)] 0 6 T2 6 (τi + τo)

0 (τi + τo) < T2

(29)

and

T2=
2R
s

sin(sin−1(
s(τi + τo)

2R
)−

2
π
PUHO); 06PUHO 6 1

(30)

Proof: Please see Appendix.
Equations (28) and (30) are derived from equations (27)

and (29) for specific values of PHOF and PUHO. In this study,
the target PHOF and PUHO are assumed to be 2% and 4%,
respectively.

The number of HOF, NHOF , is calculated using equa-
tion (31). Equation (32) calculates the number of UHO,
NUHO, where NHO is the total number of handovers.

NHOF = PHOF × NHO (31)

NUHO = PUHO × NHO (32)

D. DATA RATES AND SPECTRAL EFFICIENCY
Small cells enabling technology aims to provide high capacity
and spectral efficiency with low deployment cost [68], [69].
The achievable downlink data rate is based on the signal-
to-interference-plus-noise ratio (SINR) and channel resource
allocation. Equation (33) represents SINR formula at a vehi-
cle vi that is associated with BS bj ∈ B.

γij =
ptxjζij(d)hij∑

k 6=j(ptxk ζik (d)hik )+ δ2
, ∀vi ∈ V and ∀ bj ∈ B.

(33)

where ptx is the transmission power of base station bj and
ζ (d) is the path loss function associated with distance d.
The channel gain is denoted as h, which includes shad-
owing and Rayleigh fading, as described in section IV-B.
The interference issue between cells is managed based on
a graph-coloring algorithm [58]. The reason behind select-
ing this method is that it is an efficient way to manage
interference problems in a random topology network, such
as UDN [58], [70]. The interference graph is modeled as
G = (N ,L) whereN signifies nodes that represent BSs and L
are links between two adjacent BSs. The available frequency
resources are modeled as colors, where each node must have
a color, with the constraint that two adjacent nodes should use
different frequency resources and the number of colors should
be as few as possible. Therefore, interference can be avoided
by assigning different colors (resources) to adjacent BSs.

δ2 is the additive white Gaussian noise (AWGN) power,
which can be calculated as shown in equation (34), where
N0 and BW are noise power spectral density and subchannel
bandwidth, respectively.

δ2 = NoBW (34)

Based on Shannon’s formula, the achievable downlink data
rate when the vehicle vi associated with base station bj is
given by equation (35). Spectral efficiency (SE) of vehicle
vi served by BS bj, is given in equation (36).

rij = BW log2(1+ γij) (35)

ηij =
rij
BW

(36)

V. SIMULATION RESULTS AND DISCUSSION
In this section, the proposed adaptive cell selection scheme
is evaluated using a MATLAB simulator. The performance
metrics for this study are the average dwell time, average
number of HOs, average number of HOFs, average number
of UHOs, and average achievable downlink data rates and
spectral efficiency per vehicle. The performance evaluation
was studied from two perspectives, which are vehicle speeds
(section V-A) and the small BSs density (section V-B). Fur-
thermore, a comparison has been performed among the pro-
posed ADA-CS scheme, the traditional cell selection scheme,
and four methods proposed by Kapoor et al. [34].
A two-tier HUDNwith seven macro-cells and high-density

small cells that are uniformly overlaid on the edge is studied.
The maximum transmission power of macro and small BSs
is set to 46 and 30 dBm, respectively. The thermal noise
density is -74 dBm/Hz. The radius of the macro-cells and
small cells is 1400 m and 200 m, respectively. Table 2 shows
the simulation parameters.

A. RESULTS FROM VEHICLE SPEEDS PERSPECTIVE
This section focuses on evaluating the HUDN performance
in view of vehicle speeds, where speeds from 20 to 120 km/h
are considered. Figures 6 and 7 show the relationship between
the average dwell time and average number of HOs versus
vehicle speeds. As shown in the figures, as vehicle speed
increases, the dwell time decreases and the number of HOs
increases. The proposed ADA-CS protocol aims to select
cells that have the longest dwell time. However, it defines a
certain speed threshold (80 km/h in this example). Thus, when
the speed threshold is exceeded, the vehicle’s association is
switched to the nearest macro BS to avoid the ping-pong
effect. The traditional RSSI-based method is the worst in
terms of the dwell time and, thus, the number of HOs. The
reason for this is that it chooses the closest BS which has
the strongest RSSI, regardless of the direction of a vehicle.
Therefore, ADA-CS outperforms it in terms of average num-
ber of HOs by 42.39% when the Ŝ is not exceeded. The
MD scheme is the second worst protocol because it selects
the BS that has the strongest RSSI in the vehicle’s direction.
Thus, our proposed protocol achieves superiority by 36.53%.
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FIGURE 6. Average dwell time vs speed.

FIGURE 7. Average number of handovers vs speed.

The NN-S scheme limits its choice to a BS that has the
maximum azimuth angle from the k-nearest neighbor list
in the range [0,π /2]. Our ADA-CS outperforms the NN-S
scheme in terms of the average number of HOs by 36.14%.
For the ML method, the cell selection depends on the load
value, which is a variable value based on the number of
associated vehicles. Relying on load value to choose a cell
without considering the dwell time is not sufficient. Thus,
the proposed ADA-CS surpasses it by 34.97%. NN-O is the
best scheme among Kapoor et al.’s methods in terms of the
average dwell time and average number of HOs because it
chooses the BS from the k-nearest neighbor list in the range
[π /2,π ] that has the minimum azimuth angle. Therefore,
the entry point will be before the center of the cell and, thus,
the dwell time will be longer than the rest of Kapoor et al.’s
schemes. However, NN-O still gives priority to small BSs

FIGURE 8. Average number of handover failures and unnecessary
handovers. The ADA-CS algorithm switches from the small BS tier to the
macro BS tier when a speed threshold (80 km/h in this example) is
exceeded, to avoid increasing the average numbers of HOFs and UHOs.

that have the highest received signal, so our scheme surpasses
it by 34.16%. With vehicles traveling at a speed higher than
Ŝ, additional improvements are achieved by ADA-CS due to
the adaptation property that makes the vehicles associate with
the macro BS tier. These improvements in the length of dwell
time are estimated at up to 30.9% compared with the other
protocols. Figure 8 shows the effect of vehicle speed on the
average number of HOFs (Figure 8a) and the average number
of UHOs (Figure 8b). The proposedADA-CSmethod is supe-
rior to the traditional method for the average number of HOFs
andUHOs by 42.95% and 43.11%, respectively. The reason is
that the proposed protocol chooses a BS that a vehicle can stay
associated with for the longest possible time. Kapoor et al.’s
schemes give high priority to the nearby BSs that have the
strongest RSSI, without regard to the dwell time and the speed
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FIGURE 9. Average dwell time vs small cell density.

FIGURE 10. Average number of handovers vs small cell density.

of the vehicle. Therefore, the ADA-CS scheme outperformed
them in terms of HOFs andUHOs by up to 37.3% and 37.04%
with vehicles at speeds lower than Ŝ. The ADA-CS algorithm
avoids increasing the average numbers of HOFs and UHOs
when speed increases by setting a speed threshold. Exceeding
Ŝ leads to an association with the nearest macro BS instead
of small BS to maintain an acceptable network performance
level. Thus, ADA-CS achieves additional enhancement with
vehicles at speeds greater than Ŝ by up to 43.17% and 43.3%
in terms of HOFs and UHOs compared with the other cell
selection strategies.

B. RESULTS FROM NETWORK DENSITY PERSPECTIVE
Future 5G cellular networks are expected to be dense because
of the deployment of numerous small cells [71]. In this
section, we have studied the impact of small cell density on

FIGURE 11. Average number of and handover failures and unnecessary
handovers.

the performance of the HUDN. In this scenario, the speed
of a vehicle is assumed to be 80 km/h and the numbers of
considered small BSs are 200, 400, and 600 small BSs/ km2.

Figures 9 and 10 show the relationship between the density
of small cells versus the average dwell time and the average
number of HOs. On the basis of the proposed ADA-CS
scheme, when the small cell density increases, there are more
small BSs to choose from and thus the cell with the longest
dwell time is selected. Increasing the density resulted in
improvement in average dwell time and number of HOs by
2.35% and 3.38%. For traditional and Kapoor et al.’s pro-
tocols, increasing density means finding closer cells. When
a small BS is not located in the vehicle’s direction, making
the small BS closer to the vehicle means increasing the dwell
time. On the other hand, making the small BSs closer that
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FIGURE 12. Achievable downlink data rates and spectral efficiency per vehicle.
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TABLE 3. List of abbreviations.

are located in the vehicle’s direction leads to a reduction in
the dwell time. Therefore, the average number of HOs of the
traditional method is increased by 0.66%. For Kapoor et al.’s
schemes, the increase in the average number of HOs is
up to 5.76%.

Figures 11a and 11b shows the impact of small cell density
on the average number of HOFs and UHOs. The simulation
results show that the proposed ADA-CS improves the average
number of HOFs and UHOs by 3.42%. On the other hand,
using the traditional cell selection method, the mean number
of HOFs and UHOs increased by up to 0.67%. The average
number of HOFs and UHOs deteriorated with Kapoor et al.’s
methods by up to 5.55%.

Figure 12 shows the achievable downlink data rate
(figure 12a) and spectral efficiency (figure 12b) of a vehicle
during the simulation time with different small BSs density.
As shown in the figure, we found that the proposed ADA-CS
protocol selects the small cells in the vehicle’s direction that
have the longest dwell time. Therefore, a vehicle associates
with a small cell when the vehicle is located at the edge of the
cell and, whenever the vehicle moves forward, the achievable
data rate increases. The data rate value reaches its peak when
the vehicle is in the middle of the cell so that it is close to
the small BS. Then, the data rate will decrease until the RSSI

value is lower than the predefinedRSSI threshold. In this way,
the ADA-CS scheme guarantees a high average downlink
data rate compared with the other methods. The traditional
RSSI-based method selects the nearest small BS, whether it
is located in the vehicle’s direction or not. Vehicle movement
leads to a decrease in the achievable data rates until R̂ reached.
Therefore, the average downlink data rate is less than under
the ADA-CS scheme by 3.98%. Kapoor et al.’s schemes
select small BSs in the vehicle’s direction but they give high
priority to the nearest small BSs. Thus, vehicle movement
leads to a data-rate reduction and reaching the peak ADA-CS
data-rate value is not always guaranteed. Consequently, our
protocol outperforms Kapoor et al.’s methods by an average
of 2.79%. As the spectral efficiency is the achievable data
rate divided by occupied bandwidth, the ADA-CS algorithm
is superior to other cell selection strategies for the reasons
given here.

VI. CONCLUSION AND FUTURE WORK
Recently, the cell selection issue in 5G networks has attracted
researchers’ attention because the conventional RSSI-based
method might no longer apply to the current generation of
cellular networks. In this study, the problem of cell selec-
tion on the downlink of an HUDN is studied where single
connectivity is enabled. An adaptive cell selection strategy is
proposed that can adapt to various characteristics of vehicle
movements and HUDN environments. To select an associated
BS, the proposed algorithm passes through six phases. The
simulation results prove that the proposed scheme achieves
improvements over the traditional, MD, NN-S, NN-O, and
ML cell selection schemes. In terms of the average num-
ber of HOs, it achieves superiority with low- and medium-
speed vehicles by 42.39% compared with the traditional
method and up to 36.53% in comparison to Kapoor et al.’s
schemes. For high-speed vehicles, the adaptation property of
the ADA-CS scheme allows it to achieve additional reduction
of the average number of HOs by up to 29.96% compared
with the other methods. ADA-CS can select the best BS,
with the longest dwell time, to avoid the ping-pong effect.
Furthermore, it achieves superiority regarding the average
number of HOFs and average number of UHOs. Regard-
ing the achievable downlink data rates and spectral effi-
ciency, the ADA-CS strategy is superior to the traditional and
Kapoor et al.’s schemes by 3.98% and 2.79%, respectively.
For future work, studies will be performed to assess the effect
of changing the values of the proposed protocol thresholds;
namely, speed, load, and RSSI. Furthermore, a comparison of
the impact of cone angle values on network performance can
be applied. Additional performance metrics can be applied,
such as the vehicle’s power consumption, energy efficiency,
and delay. Energy can be saved explicitly by introducing two
power-operating modes for small base station, i.e., awake and
sleepingmodes that operate according to the traffic loads. The
proposed cell selection strategy can be enhanced to accom-
plish the cell selection process based on machine learning
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techniques, such as eXtreme Gradient Boosting (XGBoost),
support vector machine (SVM), KNN, and RNN.

APPENDIX
PROOF OF LEMMA 1 AND 2
Proof:When a vehicle enters and exits a cell, it intersects

the coverage circle at two points (Pi and Po) forming a
random chord (C), (Figure 5). The length of any chord can
be calculated by knowing the values of the radius (R) length
and themeasurement of the angle subtended by the chord (2).
To prove lemma 1, we first derive the length of C , which can
be denoted as

sin(2/2) =
0.5C
R

C = 2R sin(2/2) (37)

Using equation (37), the formula of the angle2 can be given
as

2 = 2 sin−1 (
C
2R

) (38)

If 2 is uniformly distributed between [0, π] then,

Pr[0 ≤ 2 ≤ π] = g(2)

=
1
π

(39)

The probability density function (PDF) of the chord C is
given by

f (C) = g(2).
d2
dC

(40)

d2
dC
=

d
dC

[2 sin−1(
C
2R

)]

=
2√

1− ( C2R )
2
.
d
dC

[
C
2R

]

=
1

R
√

4R2−C2

4R2

=
2

√
4R2 − C2

(41)

By substituting equations (39) and (41) into equation (40),
we obtain

f (C) =
2

π
√
4R2 − C2

(42)

Next, we focus on calculating PHOF , which is defined as the
probability that the dwell time of the vehicle in a cell falls
within a range between T1 and τi. On the basis of integration
by substitution where u = iC

2R and du
dC =

i
2R , we have

PHOF = Pr [T1 ≤ T ≤ τi]

= Pr [sT1 ≤ C ≤ sτi]

=

∫ sτi

sT1
f (C) dC

=

∫ sτi

sT1

2

π
√
4R2 − C2

dC

=

∫ sτi

sT1
−

4iR

π
√
4R2u2 + 4R2

du

= −
2i
π

∫ sτi

sT1

1
√
u2 + 1

du

= −
2i
π

ln(
√
u2 + 1+ u)

∣∣∣sτi
sT1

= −
2i
π

ln(|

√
1−

C2

4R2
+
iC
2R
|)
∣∣∣sτi
sT1

= −
2i
π

ln(|R
√
4R2 − C2 + i|R|C|)

∣∣∣sτi
sT1

= [
2
π
sin−1(

C
2R

)]
∣∣∣sτi
sT1

=
2
π
[sin−1(

sτi
2R

)− sin−1(
sT1
2R

)] (43)

According to equation (43), the formula of the time threshold
of HOFs (T1) is given by

2
π
sin−1(

sT1
2R

) =
2
π
sin−1(

sτi
2R

)− PHOF

T1 =
2R
s

sin [sin−1(
sτi
2R

)−
π

2
PHOF ] (44)

The proof of lemma 2 can be driven similarly based on the
definition of PUHO. The probability of UHOs means that the
dwell time of the vehicle in a cell falls within a range between
T2 and (τi + τo).

PUHO = Pr [T2 ≤ T ≤ (τi + τo)]
= Pr [sT2 ≤ C ≤ s(τi + τo)]

=

∫ s(τi+τo)

sT2
f (C) dC

=

∫ s(τi+τo)

sT2

2

π
√
4R2 − C2

dC

=

∫ s(τi+τo)

sT2
−

4iR

π
√
4R2u2 + 4R2

du

= −
2i
π

∫ s(τi+τo)

sT2

1
√
u2 + 1

du

= −
2i
π

ln(
√
u2 + 1+ u)

∣∣∣s(τi+τo)
sT2

= −
2i
π

ln(|

√
1−

C2

4R2
+
iC
2R
|)
∣∣∣s(τi+τo)
sT2

= −
2i
π

ln(|R
√
4R2 − C2 + i|R|C|)

∣∣∣s(τi+τo)
sT2

= [
2
π
sin−1(

C
2R

)]
∣∣∣s(τi+τo)
sT2

=
2
π
[sin−1(

s(τi + τo)
2R

)− sin−1(
sT2
2R

)] (45)

On the basis of equation (45), the formula of the time thresh-
old of UHOs (T2) is given by

2
π
sin−1(

sT2
2R

) =
2
π
sin−1(

s(τi + τo)
2R

)− PUHO

T2 =
2R
s

sin [sin−1(
s(τi + τo)

2R
)−

π

2
PUHO]

(46)
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