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Abstract: Mobile broadband (MBB) services in Lagos, Nigeria are marred with poor signal quality
and inconsistent user experience, which can result in frustrated end-users and lost revenue for
service providers. With the introduction of 5G, it is becoming more necessary for 4G LTE users to
find ways of maximizing the technology while they await the installation and implementation of
the new 5G networks. A comprehensive analysis of the quality of 4G LTE MBB services in three
different locations in Lagos is performed. Minimal optimization techniques using particle swarm
optimization (PSO) are used to propose solutions to the identified problems. A methodology that
involves data collection, statistical analysis, and optimization techniques is adopted to measure key
performance indicators (KPIs) for MBB services in the three locations: UNILAG, Ikorodu, and Oniru
VI. The measured KPIs include reference signal received power (RSRP), reference signal received
quality (RSRQ), received signal strength indicator (RSSI), and signal-to-noise ratio (SINR). Specific
statistical analysis was performed, and the mean, standard deviation, skewness, and kurtosis were
calculated for the measured KPIs. Additionally, the probability distribution functions for each KPI
were plotted to infer the quality of MBB services in each location. Subsequently, the PSO algorithm
was used to optimize the KPIs in each location, and the results were compared with the measured
data to evaluate the effectiveness of the optimization. Generally, the optimization process results
in an improvement in the quality of service (QoS) in the investigated environments. Findings also
indicated that a single KPI, such as RSRP, is insufficient for assessing the quality of MBB services
as perceived by end-users. Therefore, multiple KPIs should be considered instead, including RSRQ
and RSSI. In order to improve MBB performance in Lagos, recommendations require mapping and
replanning of network routes and hardware design. Additionally, it is clear that there is a significant
difference in user experience between locations with good and poor reception and that consistency in
signal values does not necessarily indicate a good user experience. Therefore, this study provides
valuable insights and solutions for improving the quality of MBB services in Lagos and can help
service providers better understand the needs and expectations of their end users.

Keywords: 4G LTE; key performance indicators; particle swarm optimization; probability density
function; quality of service; optimization; dense urban environment

1. Introduction

Improving the quality of service (QoS) of mobile broadband networks depends on
quality control and network performance monitoring [1,2]. For recent networks, such as
5G and 4G, network performance can only be monitored by critically analyzing relevant
mobile broadband (MBB) metrics such as the reference signal received power (RSRP),
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reference signal received quality (RSRQ), received signal strength indicator (RSSI), and
download throughput, among others. Equally important is a real-life test of how to target
user equipment (UE) using the resource block (RB) allocated across different types of
devices [3,4]. Despite the development and implementation of the fifth-generation network
(5G) in leading nations of the world by the fall of 2020 [5], developing countries such as
Nigeria still linger behind in the infrastructure and hardware required to implement 5G
technology. When other factors influencing the adoption and acceptance of technology in
society, such as religion and governmental policies, are considered, developing countries
in Africa, such as Nigeria, may not have the technological drive nor the capital required
to implement 5G technology across the nation very soon. The ever-increasing number of
mobile broadband (MBB) subscribers find a ray of hope for better connectivity through
the optimization of existing 4G LTE networks widely available across the country through
mobile network operators (MNOs) such as the Emirates Telecommunications Corporation
(Etisalat) and the Mobile Telephone Network (MTN).

As wireless technologies continue to advance and become widely adopted in daily
and industrial applications, it is essential to note that this progress is not limited to cellular
communications. Recent advancements in wireless technology have also paved the way
for the deployment of autonomous vehicles, which can self-drive for several kilometers
across different terrains by utilizing low latency and high data rates, particularly from the
4G/5G network, for the establishment of situational awareness [6]. Situational awareness,
otherwise known as user localization, is critical to achieving reliable, full autonomy, es-
pecially in the establishment of vehicle-to-everything (V2X) communication [7]. As such,
the metrics used to monitor MBB networks evaluate mobile communication and establish
relevant documentation that can be used to enhance throughput values, especially in dense
urban environments where vehicles need to maintain high levels of communication with
pedestrians, other vehicles, and devices for safe navigation.

Achieving the high throughput and low latency levels specified for 5G networks
requires transmission bandwidths of high magnitude. However, the scarcity of available
spectra, otherwise known as unlicensed spectra, makes it difficult to sustain these con-
ditions. Millimeter waves (mmWaves) have been used for 5G network deployment, as
they offer significantly higher bandwidths than lower frequencies. Unfortunately, the
short wavelengths of mmWaves mean they are easily blocked by obstacles, especially in
dense urban areas. In practice, massive multiple-input multiple-output (mMIMO) and
beamforming techniques have been used to effect directional communications to sustain
the operation of the network, especially in dense environments. The work [8] proposes a
reduced-complexity algorithm based on a pseudo-maximum likelihood (ML) approach
capable of predicting unknown multipath constraints using spatially smoothed adaptive
beamforming to arrive at an appropriate likelihood function. This helps to address the
problem of direct position estimation (DPE) for multi-antenna receivers, especially in
environments where a dynamic multipath is considered.

Although this paper seeks to extensively address the communication lapses common
in MBB networks in the areas considered, it is noteworthy to state that, as in the case of
autonomous vehicles, recent networks such as the 5G network find application in a wide
variety of fields, including virtual reality, augmented reality, remote surgery, and very
high-quality video streaming [9]. There are three main categories of 5G use cases: enhanced
mobile broadband (eMBB), ultra-reliable low latency (URLLC), and massive machine-type
communication (mMTC). While eMBB focuses on providing faster download and upload
speeds and improving network capacity to support high-bandwidth applications such
as streaming video, online gaming, and virtual reality, URLLC focuses on supporting
low-latency and high-reliability applications such as autonomous vehicles, industrial
automation, and remote surgery. Finally, mMTC supports large-scale deployments of
connected devices and sensors, such as smart cities and the internet of things (IoT).

An abundance of literature exists that seeks to address the problems common in wired
and wireless communication technologies. For instance, Sowmya and Teja [10] opined
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that issues involving the difficulty of transferring information between the sender and
receiver using wireless communication systems could be addressed using minimization
optimization techniques. The application of particle swarm intelligence and optimization
(PSI and PSO) was seen when they focused on finding the best conditions for the signal-to-
noise ratio (SNR) using a dynamic particle swarm optimization (DPOS) algorithm for a
5G network. Thus, PSO is used in our search for optimal KPIs for the 4G LTE network. As
the development of the cellular service market continues to advance radically, spurring
high levels of competition between MNOs, sophisticated methods that foster better service
provision, better network coverage, and reductions in cell reselection, handover time, and
requirements have been highly encouraged and adopted by MNOs [11]. Several works
show the relevance of establishing different relationships between network parameters and
the QoS provided via an optimization process [3,12].

The multidimensionality of the processes and requirements characterizing an eventual
improvement in the service provided and the experience quality of an MBB network user
involve changes in the qualitative methods adopted in both the design and the operation of
the network in question. In some cases, major re-routing and replanning of the hardware
positions within the target areas become indispensable if substantial levels of improvements
are to be achieved [13–16]. These changes are costly but, nonetheless, not as expensive
as the implementation of 5G. Moreover, with increasing subscribers and network service
prices, MNOs have the corresponding income to help them sustain their quest to ensure
better QOE for end users.

In [17], Imoize et al. extensively measured selected MBB KPIs in Victoria Island
and Ikoyi in Lagos, Nigeria. Their work detailed the behavioral dynamics of the 4G LTE
network in the two areas, followed by an extensive error analysis comparing the behavioral
patterns formed with respect to missing data from the measurements. However, their work
did not pay attention to other densely populated areas in Lagos, such as UNILAG. Similarly,
Ref. [18] treated the characteristics of MBB networks with a focus on 5G-related operational
codes and architecture using simulations. While adopting varying research approaches,
none proposed practical network optimization methods. This work seeks to use recent
measurement data from the areas considered in [17], increase the sample space to enhance
the universality of the results obtained by adding UNILAG (another urban settlement in
Lagos, Nigeria), analyze the network performance of an already deployed 4G LTE network
in those areas, and perform minimal optimization using the PSO algorithm to suggest
practical solutions to the problems of the 4G LTE network in the environments considered.

This study aims to delve into the complexities and scope of a live 4G LTE network,
analyze its performance through selected propagation measurements, and provide opti-
mized solutions to the problems faced by the network in the area. Cutting-edge drive
test equipment from Huawei Technologies is adopted to ensure congruence with real-life
conditions. Since this study seeks to address 4G LTE shortcomings and comprehensively
evaluate its key performance indicators in Nigeria, the measurements will focus on vital
indicators, otherwise referred to as key performance indicators (KPIs), such as RSRP, RSRQ,
RSSI, PCC PHY DL throughput, and PDCP DL throughput. All measurements will be
conducted at a working frequency of 1876.6 MHz. The propagation measurements will be
taken over a distance of one kilometer at 100-m intervals. All measurements will begin at a
reference distance of 100 m from the base station. The results will be extracted, scrutinized,
and refined in MATLAB after the collection of measurements. The primary goal is to
develop novel models that are tailored to the unique characteristics of the environments
investigated in this study.

1.1. Key Contributions

For financial and scientific purposes, optimization of service provision or production
processes aims at providing solutions that minimize input while sufficiently attaining the
required output. This study brings to light the possibility of improving the QoS by adopting
a minimization technique. Furthermore, it aims at suggesting optimized KPI values within



Future Internet 2023, 15, 181 4 of 35

the capacity of the MNOs, which are also conveniently within recommended standard
values. The specific contributions are comprehensively summarized as follows:

i. We provide an extensive 4G LTE mapping and signal performance measurement
overview in UNILAG, Ikorodu, and Oniru VI of Lagos, Nigeria. As a fast-growing
economy, Lagos provides a thriving environment for adopting networking opti-
mization. This can serve as the bedrock for improved network performance and
user experience.

ii. A detailed analysis and data visualization of the measured parameters has been
performed using MATLAB R2021a and presented in appropriate tables and figures.
The decision to use the data as obtained for the analysis makes the results obtained
closer to reality than if the choice of completing missing data was adopted.

iii. The relevance of adopting a multidimensional approach in the examination of the
QoS and QoE of 4G LTE through metrics such as RSRP, RSRQ, SINR, throughput
downlink (DL), and uplink (UL), rather than using a single parameter, will also
be tested.

iv. The specific optimized value range for metrics such as the RSRP, RSRQ, and SINR
are suggested, while recommendations for implementing the optimized values for
all the test environments are made in line with the specific challenges in the areas.

1.2. Paper Organization

The chronological arrangement of the remaining sections of this paper is as follows:
Section 2 shows the origin and economic impact of wireless technology in Nigeria and
details varying aspects of 4G LTE. Section 3 details the methodology of obtaining and
processing the data measured. It also specifies the area covered, the driving test (DT) tool,
and the performance metrics considered. Section 4 shows the analysis performed and the
results obtained. Relevant findings and trends in the results are also discussed. Finally,
Section 5 concludes the paper.

2. Theoretical Background

Mobile broadband (MBB) and wireless networks are increasingly impacting the
economies of nations across the globe. MBB has created efficient business environments
through effective communications and connectivity [19]. The World Bank also reckons that
internet broadband has the propensity to create opportunities and avenues for job creation,
helping developing countries to attain strategic development goals (SDGs) [20]. In Nigeria,
the MBB market saw a leap from 400,000 to 92 million active subscribers between 2001
and 2016. Surprisingly, with over 48% of the entire population as active MBB subscribers,
the reduced price of mobile phones is not the only factor responsible for the widespread
adoption of wireless technologies. The endless desire for connection, the explosion of the
internet, and gaming, among other reasons, are why people gravitate toward using MBB
networks such as 4G LTE.

However, it is important to note that the exponential growth in the number of MBB
subscribers in Nigeria has not always been the same in recent years. Following the liber-
alization policy reform of the Nigerian telecommunication industry in 2001, investments
in wireless infrastructure have witnessed sporadic increases, which have only multiplied
as more subscribers join different MNOs. Were it not for the poor wire/wireless internet
infrastructure deployment in the country, which makes it difficult for the newest technolo-
gies such as 5G to be easily implemented, there is no telling the economic and sociological
impact that wireless technologies could have in Nigeria. In the struggle towards better
connection and communication in Nigeria, over 95% of internet connection is done over
mobile broadband, which is led by major network providers such as MTN, Etisalat, Global
Communication (GLO), and Airtel. The market was estimated to contribute over $6 billion
to the national GDP in 2016. With such a level of impact, it is, therefore, necessary for
network services such as the 4G LTE used in the nation to be optimized while plans are
made for deploying 5G in the near future.
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2.1. Related Work

In 2022, Imoize et al. analyzed the KPIs of 4G LTE networks, essentially applying the
piecewise cubic Hermite interpolating polynomial (PCHIP) algorithm to mitigate the effect
of missing data obtained during a driving test (DT) in a dense urban environment [17].
Their observance of a half-normal distribution for the parameters more connected with
the throughput is a good indicator that MNOs have maintained a skewness towards
obtaining better data transfer rates. Furthermore, while trying to curb the inevitable
data loss due to poor distance and other environmental factors such as building density,
they compared the data with missing values to a filled data set and found no significant
difference between them.

For academic and industrial purposes, El-Saleh et al. conducted indoor and outdoor
evaluations of 5 MNOs in Malaysia [1]. The study presented the operational levels of the
signal quality and uplink and downlink throughput. To clearly define critical differences in
the observed MNOs, the study stretched to less-considered parameters such as the ping
and handover of all the network providers. Since the study focused on describing the
overall QoE and other related network issues, the equipment used during measurements
had 3G and 4G network compatibility.

Going by these developments, Isabona et al. [18] explored the low-density parity-check
(LDPC) and polar codes conducive to 5G operation. They also compared these codes to
the operating codes for 4G LTE. For a work targeted towards confirming the viability of
the promise of a seemingly better communication technology that enables high-reliability
connections, they spelled out the implication of using new 5G codes and the potential
performance of a 5G architecture. On a practical note, however, Magray et al. [21] presented
real-world deployment parameters while successfully integrating coplanar waveguide
(CPW)-fed antennas and other simple devices to produce a special 4G LTE band known as
category 7. The experiment was targeted toward smartphones, and a typical smartphone
was used. Despite the improvements presented by 5G technology compared to the 4G
LTE and older generations, there is still a need for periodic and empirical performance
evaluation of cellular network technologies. Although signal coverage, among other
parameters, is essential to determining the QoS of a wireless network, signal quality is also
relevant. According to Isabona et al., and other researchers, 4G has better signal quality,
while 4G LTE network has a range of signal coverage [18,22].

While the world speeds off into the adoption of 5G technology, the potential of the
4G network has not been fully harnessed and designed to have repeating patterns in its
frequency to curb the problems of channel irregularities, frequency error, and time lag;
a 4G network may be just enough to meet the average user requirements. One of the
problems experienced most of the time concerning the QoE a user receives is due to service
providers not meeting the standard specifications contained in the 3GPP. Coupled with
the fact that different environmental conditions are left to the providers to address based
on their hardware assets and the skills of their operators, the lack of implementation of
the standard 3GPP signals provides a platform for estimating the time of arrival (TOA) in
areas with MBB signal deficiencies, as discussed in [23]. In a work aimed at solving the
problem of poor mobile network performance problem in Brazil, a limited region with
poor networking infrastructure and coverage was selected. The number of base transceiver
stations (BTS) and the power they transmitted for optimal coverage of the region were then
analyzed, as presented in [24].

Based on social cloud computing, there have been suggestions of models that use
image measurements to optimize the QoS and QoE [25–28] of wireless networks. The
limitation, however, is that these suggestions do not include practically implementable
mappings for achieving the models [11]. Similarly, in [27], the focus was on improving
video quality in social clouds. These clouds formed a basis for which voice and video
calling services in budding social networks and gaming were developed [29]. Physical
KPIs explored certain relationships between the QoE and the QoS [30–32].
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2.2. Long-Term Evolution (LTE)

In the context of the 3rd Generation Partnership Project (3GPP), LTE can be described
as the flexible radio technology behind the 4G cellular network. During its first release, data
transfer rates of 300 Mbps were recorded in different conditions [33]. These speeds had
poor radio delays of less than 5 ms. LTE is operational across a wide variety of frequency
spectrum allocations and operates across varying frequency or time-division duplexes
(FDD or TDD). This makes it possible for LTE to provide solutions for wide-range system
bandwidths [13]. In addition, LTE and other recent network technologies, such as 5G, bring
to light the advantages of wireless technology, such as lower cost, mobility, and ease of
installation for users.

In 2015, Ozovehe and Usman [34] compared the effective coverage of several mobile
broadband operators (MNOs) in Nigeria. The study found that one operator’s network was
comparatively better and that optimization could improve its performance. Deepak and
Balaji [35] also compared multiple input multiple outputs (MIMO) transmission techniques
over 4G networks and found that optimized data quality produced the best image quality.
Additionally, in [36], Navita conducted a comparative analysis of MIMO, OFDMA, and
synchronized channel frequency division multiple access and found that OFDMA provides
the best quality of service. This performance was linked to its minimal signal-to-noise ratio
at the least considered bit error rate.

4G networks have always had better quality compared to 3G. In 2011, this was clearly
illustrated in a study by Kumar and Yadav [37] in which they used the universal mobile
telecommunication service (UMTS) and mobile worldwide interoperability for microwave
access (WiMAX) as the bases for 3G and 4G, respectively. Interestingly, while trying
to improvise on better ways to improve packet data forwarding between multiple base
stations, Amin and Ylä-Jääski [38] found that frequent polling during handover was the
most efficient technique. Afroz et al. in 2015 [39], studied the relationship between four LTE
measurements with emphasis on the effect of signal-to-noise ratio on the transfer rate of a
network. They detailed their findings in [23], and this work laid the foundation for further
studies, such as one conducted by other researchers in mobile broadband technologies.
Notable researchers who have cited this work include Tanhatalab, Jadeh, and Esfahani,
who in [40] provided solutions for improving data transfer rates by optimizing some
propagation parameters. These studies provide valuable insights into the performance and
optimization of all the network generations and their LTE networks. Thus, these empirical
studies and other works provide quality grounds for examining the efficacies of existing
mobile networks and comparing the network technologies. A summary of the related work
is given in Table 1.

Table 1. Summary of the related works.

Reference Scope and Focus Contributions Limitations

[1]

A comprehensive analysis of
the existing MBB performance

in an urban area: Cyberjaya
City, Malaysia.

Provides suggestions, such as the
deployment of more indoor hotspots
for MBB providers to improve their

performance networks.

The suggestions and methods
used are solely for the
environment studied.

[5]
Examination of important

challenges in the
implementation of 5G.

Extensive documentation of possible
5G technological challenges common in

mmWave communication, D2D
communication, and security.

No measurement of actual
data to ascertain the degree of

impact of the challenges
discussed.

[7]

Development of a 5G
navigation system that utilizes

the downlink channel in an
opportunistic approach.

Presentation of a 5G structure capable
of exploiting the downlink channels
using an experimental approach in
evaluating the performance of the

proposed structure with real 5G signals.

Addresses the 5G network,
which is yet to be

implemented in developing
countries such as Nigeria.
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Table 1. Cont.

Reference Scope and Focus Contributions Limitations

[8]

Addressing the dramatic
complexity of plain maximum
likelihood (ML) formulation

in direct position
estimation (DPE).

The proposition of a
reduced-complexity algorithm based

on the pseudo-ML approach.

A theoretical approach backed
by simulations forms the core

of the study.

[9]

A detailed review of existing
cost-efficient and small-scale
testbeds for the investigation

of network slicing
functionalities in 5G.

Provision of a detailed study comprised
of software packages and criteria for

small-scale state-of-the-art testbeds for
deploying network slicing.

It is unspecified if the methods
developed can be applied to
areas where the 5G network

has not been deployed.

[10]
Use of DPOS to reduce the
asset portion and energy

proficiency in 5G systems.

Provision of minimal solutions that
address the energy and asset portion

consumption in 5G networks.

A completely theoretical
approach devoid of

experimental data is adopted.

[12]

Prediction of the QoE for
over-the-top (OTT) services in

LTE technologies and their
corresponding effects.

Establishes the need for the monitoring
of the QoS and QoE of MBB networks

for the improvement of user experience.

The measured data were not
optimized, nor were

suggestions made as to how
MNOs can provide better

service for user.

[13]
An extensive review of the

elements of wireless
communication.

Categorization and comparative
analysis of varying types of wireless

communication technologies.

There is a need for the
analysis of specific

performance metrics of the
technologies discussed.

[17]
Extensive measurement and
performance analysis of 4G

LTE in two urban areas.

An update of measurements and
analyses performed in previous work

in the environment.

The analysis did not address
the question of the

distribution and optimization
of the QoS in the

environments considered.

[18]
Experimental measurement

and analysis of 4G and
5G networks.

An empirical comparison between 4G
LTE and 5G NR networks.

Extensive research and
analysis without optimization
or suggestion for better QoS in

4G LTE networks.

[21] Design of conformal 4G and
5G MIMO antenna.

Proposal of a MIMO antenna design to
be integrated electrically.

Design of MIMO antenna
without actual testing and

optimization of user
experience.

[25]

Qualitative QoS strategies that
measure the image quality
and QoS for download and

uploading of images.

Use of deep learning techniques to
classify the quality of images.

The work was focused on
algorithmic logic, leaving out

the place of actual testing,
implementation, and

optimization.

[34]
Performance analysis of the
KPIs for the GSM networks

in Minna.

Measurement and analysis of network
KPIs in Minna, Nigeria.

A costly suggestion of
physical modifications of

hardware without simulation.

In conclusion, the studies presented here have shown how 2G, 3G, and 4G LTE net-
works can be improved in terms of their performance. These include the use of KPIs,
reducing interference, deploying MIMO-OFDMA multiple access technology, optimizing
handover mechanisms, and modulating network parameters. In addition, these stud-
ies highlight the importance of continued research and development in mobile network
performance optimization as technology advances and new challenges arise.
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2.3. Optimization

We will now discuss the theoretical framework for optimizing the experience of a 4G
LTE network user applying particle swarm optimization (PSO). PSO is an optimization
algorithm that searches for solutions by simulating the behavior of a swarm of particles
considered a population. It searches for the optimal solution in a high-dimensional search
space while information is shared among swarm members. The algorithm works by
iteratively updating the position and velocity of the particles based on their current best
performance and the best performance of the entire swarm. PSO has been successfully
applied in various fields, including wireless communications, and has proven timeless in
optimizing wireless networks.

Closely related to PSO is harmony search optimization (HSO), a dynamic version
of the algorithm that combines PSO with other optimization techniques, such as genetic
algorithms (GA), artificial neural networks (ANN), and fuzzy logic, to create a hybrid opti-
mization algorithm. In HSO, the aim is to leverage the strengths of multiple optimization
techniques and combine them into a single hybrid algorithm. Although the results are
considered more efficient, PSO remains an effective optimization process that can handle
complex and highly constrained optimization problems.

4G network architecture plays a role in any process, ensuring successful optimization.
Generally, 4G network architecture consists of various components, such as the base station,
the mobile terminal, and the core network. These components work together to provide
the required QoS to the end users. For example, the base station provides radio coverage
and manages data transmission between the mobile terminal (user equipment) and the
core network. While the user equipment affords the user access to the network, the core
network manages and routes the data to its destination.

To optimize the QoS of 4G networks, various metrics, such as signal strength, data
rate, and packet loss rate, must be considered and optimized. This approach has been
used in different works in the past for effective optimization, and is summarized in the
following steps:

i. Modeling the 4G network: First, a network model is developed taking into account
the physical characteristics of the network, operational base stations, active users,
the frequency spectrum available, and the user’s proximity to a base station.

ii. Defining the objective function: A mathematical representation of the QoS metric to
be optimized is developed within a predetermined boundary. For example, in the
case of 4G networks, common objective functions may include maximizing the data
rate, minimizing the latency, or maximizing the energy efficiency of the network.

iii. Selecting the optimization algorithm: Depending on the objective function and
the characteristics of the 4G network, an informed choice can be made between
applying PSO or HSO as the optimization algorithm. For example, if the objective
function is complex and the network is large, HSO may be a better choice. On the
other hand, if the objective function is simple and the network is small, PSO may be
a more efficient choice.

iv. Implementing the algorithm in MATLAB: Once the optimization algorithm has
been selected, a thorough implementation in MATLAB is required. This will in-
volve writing code that implements the algorithm, defining the parameters for the
optimization, and setting up the objective function.

v. Running the optimization: Once the algorithm has been implemented in MATLAB,
the optimization can then be run, specifying the initial conditions and the number of
iterations. The algorithm will then iteratively update the parameters of the network
until the objective function is optimized.

vi. Analyzing the results: Finally, the optimization results can be further examined to
determine the optimal configuration of the 4G network. This may involve plotting
the results, comparing the results to the baseline, or determining the impact of the
optimization on the QoS metric.
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3. Experimental Design

This paper adopted a repeatable and thoroughly scrutinized methodology for data
measurement, collection, and analysis, and trends were identified where obvious. This
section details the campaign strategies, equipment, materials, and algorithms used in the
sorting and optimization of broadband KPIs of interest. We will keep in mind that while a
holistic approach was used in the acquisition of the data, a more selective approach was
used in determining the KPIs to be analyzed for trends, patterns, and those optimized
using the PSO algorithm.

For the more pragmatic application of the optimized metrics obtained, specific areas
of Lagos, Nigeria, and a commercial MNO with nationwide coverage (Etisalat) have been
targeted for the execution of the measurement, experiment, and optimization procedures.
These methods can subsequently be adopted in other geographical areas and MNOs for
the effective analysis and optimization of the metrics which are closely knitted to the
user’s experience and the quality of service of the mobile network. The campaign involved
measurements obtained with a personal computer equipped with GENEX Assistance
Version 16, a standalone software program with its accompanying Genex version 16 probe
for obtaining different network KPIs. A GPS unit was also necessary to determine the
distance between test sites (stations). For accuracy, a 4G compatible Huawei Modem E392
with LTE upload speed up to 50 Mbit/s and download speed up to 100 Mbytes/s is used at
a moderate speed of 30 km/h. A moderate speed ensures uniformity in the results obtained
from the test terminal station in the test car. Data measurements were recorded against the
global positioning system (GPS) coordinates (longitude and latitude), and the DT assistant
also logged the time.

Once the DT was completed and the data logged into the CSV files for the three
locations, the viability of the data was then checked with a bird’s eye view for obvious
discrepancies and non-conformity with threshold values for the KPIs obtained. Though
there was no need for a test rerun, as the data held substantial quality to pass the viability
test, it was important to establish sets of rules to ensure the data obtained could efficiently
be used to represent the network conditions of the MNO in the areas considered. Once the
data viability test was passed, the data was then imported into MATLAB for an extensive
statistical analysis to observe the measure of dispersion and correlation in the network
quality obtained at the different locations. As shown in Tables 2–4, the relevant measures
of dispersion, such as the range, median, standard deviation, and variance, show the
distribution characteristics of the data obtained. The skewness factor is also used to show
the asymmetry of the measurement and further establish the viability of the DT.

The KPIs are graphically interpreted and monitored at the next stage for signal levels
and operational intricacies. As a means of ensuring the efficiency of the methodology, the
signals for each KPI are compared for the different areas considered. From this process, the
QoS and bandwidth strength at different locations of the DT can be shown, and positions
with the least network performance can be noted for subsequent optimization procedures.

Starting from the experimental planning, DT, the MATLAB simulation, and analysis
of the data obtained, the optimization process holds a high level of relevance, and care
is taken to write the PSO algorithm, specify the upper and lower boundaries, and seek
ways to ensure that swarm intelligence is used in its purest form to ensure accuracy of the
optimization solution derived from the objective function chosen. The RSRP and SINR
are used to develop the objective functions and boundary conditions for the optimization
process. Optimized solutions are then tested against industry-recommended values to
ascertain their practicality and usefulness to the telecommunication industry. Figure 1 is a
flowchart representation of the methodology.
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Figure 1. Flowchart of optimization and measurement.

Table 2. Measurement Parameters.

Parameters Values

Operating frequency (fop) 1876.6 MHz
Downlink frequency (f↓) 1872.6 MHz

Uplink frequency (f↑) 1776.6 MHz
Receiver antenna height (ha) 1.5 m

Transmitter antenna height (ht) 30 m
Average building height (hb) 15 m

Average inter-building distance (db) 20 m
Transmitter-receiver distance (dtr) 100 m
Base station transmitter power (Pt) 46 dBm

Table 3. Statistical data of the measurements from UNILAG.

Statistical Measure RSRP
(dBm) RSRQ (dB) PCC/SINR

(bps)
RSSI

(dBm)
DL EARFCN

(bps)
PCC PHY
DL (bps)

PDCP DL
(bps)

Range 53.90 16.69 34.71 46.31 0.00 28,822.94 28,040.11
Minimum value −112.95 −18.62 −8.63 −82.23 1876.00 68.00 0.00
Maximum value −59.05 −1.93 26.08 −35.92 1876.00 28,890.94 28,040.11

Median value −92.21 −8.96 4.84 −69.25 1876.00 − −
Mean value −91.74 −9.35 5.53 −68.06 1876.00 − −

Standard deviation 8.51 2.25 6.43 7.85 0.00 − −
Variance 72.49 5.05 41.40 61.63 0.00 − −
Skewness 0.74 −0.83 0.54 0.91 − 2.08 2.11

Number of Missing
values 0 0 0 0 0 87 27

% of missing values 0.00 0.00 0.00 0.00 0.00 2.41 0.75
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Table 4. Statistical data of the measurements from Ikorodu.

Statistical Measure RSRP
(dBm) RSRQ (dB) PCC/SINR

(bps)
RSSI

(dBm)
DL EARFCN

(bps)
PCC PHY
DL (bps)

PDCP DL
(bps)

Range 62.74 21.94 41.76 51.05 4524.00 23,805.70 19,223.97
Minimum value −117.99 −22.38 −11.76 −85.05 1876.00 80.00 0.00
Maximum value −55.25 −0.44 30.00 −34.00 6400.00 23,885.70 19,223.97

Median value − − − − − − −
Mean value − − − − − − −

Standard deviation − − − − − − −
Variance − − − − − − −
Skewness 0.66 −1.92 −0.18 1.02 4.10 0.57 0.66

Number of Missing
values 9 9 9 9 9 85 79

Percentage of missing
values 0.66% 0.66% 0.66% 0.66% 0.66% 6.20% 5.76%

3.1. Materials and Experimental Setup

While a great deal of open and premium software is available for drive test (DT),
Genex Assistant v16 was used in this study, as it bridges the gap between 3GPP MBB and
the 4G LTE network. Besides being widely available, it also has a friendly interface for
interacting with the data monitoring and acquisition process. The features of a DT assistant,
such as the GENEX v16, are widely used in the measurement and study of network services
and parameters, as they make test procedures practical, accurate, and convenient. Notable
features of the DT assistant are:

• Allows minimal modification of the terminal device and requires less technical knowledge.
• Automatic measurement and logging of DT data at rapid and programmable sessions.
• Mobility and ease of installation across multiple operating systems (for example,

Windows, Linux, Mac).
• Universal and applicable across different terminal devices, such as mobile phones, for

measuring network parameters without special equipment.

3.2. Relevant 4G LTE Performance Metrics

The performance of a 4G LTE MNO, such as the Etisalat LTE network, can be monitored
via a plethora of metrics. However, while some metrics directly impact the end user’s
experience and the QoS, some are not as valuable in determining the performance and
possible optimization of the network. For better optimization, a few of the most important
metrics are considered in this study, and a handful of them are optimized. The KPIs
considered are presented in Sections 3.2.1–3.2.5.

3.2.1. Reference Signal Received Power

In bandwidth, the average power that carries reference signals across resource ele-
ments to specific cells is referred to as the reference signal received power (RSRP). In other
words, it represents a metric that can efficiently tell how much quality of service a terminal
is allocated. In terms of its structure, eighty-four resource elements make up a resource
block. In the frequency domain, this amounts to 180 KHz. In the time domain, these blocks
reach a threshold of 0.5 ms. Since the network is targeted towards operating terminals, in
the time-frequency grid, users are allotted resource blocks according to their proximity to
the base station and the capability of their equipment. In general, higher values of RSRP
measured from a user are an indicator of a higher network quality experience. Measured in
decibel-milliwatts (dBm), the RSRP shows how many resource blocks (RB) a user receives
to transfer data. High bit rates have also been noticed where high modulation is used on
account of a high number of resource blocks, made available due to improvements in the
RSRP measurements on a terminal. In handovers and cell reselection cases, the RSRP can be
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used in conjunction with the reference signal received quality (RSRQ) to determine when a
user terminal switches from a signal antenna to receiver antennae.

Mathematically, RSRP is defined in Equation (1) as:

RSRP (dBm) =
P0

N
(1)

where Pr = received signal power and N = number of resource blocks.

3.2.2. Reference Signal Received Quality

As stated earlier, the reference signal received quality (RSRQ) is a useful MBB metric
used to examine cell reselection and handover. The relationship between the RSRQ and the
RSRP can be seen in Equations (2) and (3). In terms of its application, in situations where
the RSRP is not sufficient to determine the cell reselection and handover, the RSRQ must be
used alongside the RSRP.

RSRQ = 10 log10(N) + RSRP(dBm)− RSSI(dBm) (2)

RSRQ = (N × RSRP)/RSSI (3)

where N = number of resource blocks.

3.2.3. Received Signal Strength Indicator

Closely associated with the RSRP and the RSRQ is the received signal strength indicator
(RSSI). According to Afroz et al. [39], the distinguishing factor here is that, unlike the RSRP,
the RSSI is evaluated in orthogonal frequency division multiple (OFDM) symbols. These
are obtained from the co-channel serving and non-serving cells, the thermal noise of the
user’s device, and the adjacent channel interference. The RSSI can also be computed from
Equation (2) when the RSRP and RSRQ are determined.

3.2.4. Signal-to-Noise plus Interference Ratio

The received signal comes with unwanted parts, which are not very useful to deter-
mine the user’s experience, nor do they paint an accurate picture of the signal sent by
the MNO’s equipment. The signal-to-noise plus interference ratio (SINR) is a metric that
captures this unwanted noise in the received signal and can be computed by the user’s
equipment. Since the resource block (RB) is the property of the user’s device that is used
to measure the SINR, the SINR becomes very important in predicting a modulation code
scheme (MCS) that will guarantee a good throughput for the user to transmit data. A
poor SINR measurement value on a user’s device translates into low throughput resulting
from the lower-order MCS being applied to the signal. In general, low SINR values are
associated with fewer bits per modulation symbol, resulting in low QoS for an MBB user.
The SINR is captured mathematically in Equation (4):

SINR =
P0

∑n
1 (PI + Nb)

(4)

where

SINR = ratio of signal to interference plus noise (dB).
Pr = resource block reading on UE for received signal power.
PI = neighboring cell interference power on an average.
Nb = background noise power.

3.2.5. Throughput

Evaluated based on Shannon’s law as a function of SINR and bandwidth, the measure
of how fast data is transmitted over all resource blocks that a user is assigned is known
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as the throughput. It is location sensitive, as a user closer to the base station has a higher
chance of getting more than a device far from the station. In maximum scheduling, the
scheduler in the station (eNodeB) reports using the channel quality indicator (CQI) to
get information about the user’s channel quality experience and uses this information to
assign RB to the user terminals. The request for this information is usually sent by the
user equipment (UE), as different equipment at the same location (or a similar distance
away from the base station) can receive different resources due to the difference in the
device used. In this study, the PCC PHY DL throughput and the PDCP DL throughput are
recorded and analyzed.

With a major difference being the link being measured, the PCC PHY DL throughput
and the PDCP DL throughput are quite similar, and both measure the rates of data delivery.
While the PCC PHY DL throughput measures a physical link for the rate of successful data
delivery in a 4G LTE network, the PDCP DL throughput is measured over a logical link.
Although both measurements are in bits per second (bps), their purpose is different, as
PCC PHY DL throughput presents a contextual mapping of the exact speed at which data
is successfully delivered, while the PDCP DL throughput ensures, through a variety of
protocols, that the data is properly transmitted by compressing and decompressing data,
and sorting and interpreting the data transmitted.

It is widely believed that the throughput is sufficient to evaluate the network perfor-
mance of an MNO [1]. Also known as data rate, the throughput of a network can efficiently
evaluate the performance of two different user devices or MNOs in a test area. Greater
bandwidth from an MNO can also result in higher data rates leading to a smoother user
experience. Due to its level of relevance, many works in wireless network technologies use
the throughput (data rate) as a major KPI. This wide adoption of the throughput is seen
in [41,42].

Generally, the throughput is determined using Equation (5)

T =
L
S

(5)

where

T = throughput,
L = slot time measure of payload information transmitted
S = slot time length.

Equally important are the cell and user throughput denoted by Tcell and Tuser; they
describe the data rates available per cell and user, respectively. While they describe similar
concepts for the cell and the user, they depend on widely different factors. These dependen-
cies are represented in Equations (6) and (7) for the cell and user throughput, respectively.

Tcell =
∑15

0 S
0.002× (N + Ni)

(6)

Tuser =
∑15

0 S
0.002×∑15

0 Nbu f f
(7)

where

Tcell = cell throughput
Tuser = user throughput
S = sum of acknowledged data scheduled every 2 ms.
N = sub frames obtained every 2 ms.
Ni = all subframes without pending user data.
Nbu f f = user buffers scheduled for every 2 ms sub− frame.
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3.3. Drive Test Procedure

The drive test procedure involved a test vehicle where the test equipment was installed.
The setup was comprised of a GPS, a computer, and a terminal station. An average
speed of 30 km/h was maintained to simulate traffic conditions. A terminal connection
was established using the 4G LTE-compatible Huawei Modem E392. Upon a successful
connection, the download of five files totaling 20 GB was initiated. Whenever the connection
dropped, the simultaneous download was continued once the network was restored. Also
important is adherence to the planned cluster during the drive test. All measured data
from the different sites were then saved in appropriately named csv files and exported to
MATLAB for analysis and optimization.

3.4. Measurement Parameters

While the performance metrics are important, equally relevant to the success and
consistency of this study are the parameters against which the network values are measured.
Lagos is an urban city, and the areas of Lagos are considered to have certain parameters in
common. These parameters include the average distance between buildings (20 m) and the
10 m street width. Additionally, the operating frequency, working height of the transmitter,
and the receiver to transmitting antennae distance were 1876.6 MHz, 30 m, and 1 km,
respectively. Table 2 shows the measurement parameters and their corresponding values.

3.5. Optimization Algorithm

Presented in Algorithm 1 is a representation of the general PSO algorithm. It shows
a roadmap to the execution of the algorithm. It can be modified to suit specific problems
with objective functions that set relevant variables defining the problem to be solved. PSO
adopts an interconnected swarm where every particle is aware of the states of the positions
visited by other particles in the swarm. Equations (8) and (9) describe the position and
velocity of the individual particles in the swarm.

At every iteration, the position and velocities of each particle are updated, giving
every particle a sense of the current position and velocity and, thus, the global best position
and velocity of the swarm.

xi,d (it + 1) = xi,d (it) + vi,d (it + 1) (8)

vi,d (it + 1) = vi,d (it) + C1 × Rnd(0, 1)× [pbi,d (it)− xi,d (it)] + C2×
Rnd(0, 1)× [gbd(it)− xi,d (it)]

(9)

where

i = particle’s index, specifying the particle to be examined;
d = dimension being considered, each particle has a position and a velocity for each
dimension;
it = describes the iteration number of the process;
xi,d = position of the ith particle in dimension d;
vi,d = velocity of the ith particle in dimension d;
C1 = constant for the cognitive acceleration component;
Rnd = stochastic component of the algorithm, a random value between 0 and 1;
pbi,d = a location in dimension d that intercepts with the best locations in the dimension of
particle i;
C2 = constant for the cognitive and social components;
gbd = a location in dimension d that intercepts with the visited locations in the dimension
of all the particles.
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Algorithm 1: PSO algorithm with the objective function, the upper and lower bound for
obtaining the global and personal best positions and velocities of a swarm

Input: i: particle’s index, specifying the particle to be examined
d: dimension being considered
it: describes the iteration number of the process
xi: position of the ith particle in dimension d
vi: velocity of the ith particle in dimension d
c1: constant for the cognitive acceleration component
c2: stochastic component of the algorithm
pbest,i: a location in dimension d that intercepts with the best locations in the dimension
of the particle i
cbest: constant for the cognitive, and social component
gbest: a location in dimension d that intercepts with the visited locations in the dimension
of all the particles
t: time of iteration

Output: gbestopt: Optimized global best positions
pbestopt: Optimized personal best positions

1. START
2. % Initialize the swarm
3. for i = 1 to Population size do
4. % Populate the swarm
5. xi = random initialization within bounds
6. vi = random initialization within bounds
7.
8. % Ensure all particles are within the sample size
9. if xi > max permissible limit
10. xi = max permissible limit
11. else if xi < min permissible limit
12. xi = min permissible limit
13. end if
14.
15. % Evaluate the objective function for the current position
16. fi= objective function (xi )
17.
18. % Initialize the personal best for each particle
19. pbesti= xi
20. fpbesti= fi
21. % Update the global best if the current particle is better
22. if fi < fgbest
23. gbest= xi
24. fgbest = fi
25. end if
26. end for
27.
28. % Perform PSO iterations
29. for it = 1 to Max iterations do
30. for i = 1 to Population size do
31. % Update the velocity and position of each particle
32. vi = w × vi+c1 × rand() × (pbesti−xi) + c2 × rand() × (gbest− xi)
33. xi = xi +vi
34.
35. % Check that optimized results are within max and min permissible limits
36. if xi > max permissible limit
37. xi = max permissible limit
38. else if xi < min permissible limit
39. xi = min permissible limit
40. end if
41.
42. % Evaluate the objective function for the new position
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Algorithm 1: Cont.

43. fi= objective function (xi )
44.
45. % Update the personal best if the new position is better
46. if fi < f_pbest_i
47. pbesti= xi
48. fpbesti = fi
49. end if
50.
51. % Update the global best if the new position is better
52. if fi < fgbest
53. gbest= xi
54. fgbest= fi
55. end if
56. end for
57. end for
58.
59. % Output the optimized global and personal best positions
60. gbestopt= gbest
61. pbestopt= pbesti
62. STOP

4. Results and Discussions

An analysis of the existing performance parameters based on statistical functions
and swarm intelligence was executed. In order to ensure that the network is providing a
high-quality user experience, the network KPIs being considered are analyzed by the use of
MATLAB to check for their consistency with national and international specifications. All
the measurements from the three areas were tabulated and detailed in comma-separated
values (csv). During the analysis, a fraction of the data collected was missing. In the bid to
execute efficient analysis, it is common for researchers to attempt replacing missing data
using the piecewise cubic Hermite interpolating polynomial (PCHIP) algorithm and other
error analysis techniques. In this analysis, care is taken to ensure that the data is used
as obtained to avoid wide disparity between the original results and possible alterations
made during the analytical process of introducing approximated block values into the
entire process.

4.1. Extensive 4G LTE Mapping and Signal Performance Measurement

The network mapping and performance at the three locations are presented in
Figures 2–7. In an attempt to compare signal strengths across the different metrics used, the
performance at each location for the metrics has been set side by side. Figure 2 compares
the received signal received power (RSRP) performance for UNILAG, Ikorodu, and Oniru
VI. A similar comparison approach is adopted in Figures 3–7. Figure 3 shows the reference
signal received quality (RSRQ) monitoring and comparison for the three locations. Figure 4
depicts the received signal strength indicator (RSSI) coverage in three locations and shows
how the three locations vary in signal strength. Figure 5 shows the ratio of the packet
component carrier (PCC) to the signal-to-noise ratio (SINR) for each location. This is a good
indicator of the stability of the signals and the download speeds obtainable in the locations.
Figures 6 and 7 show the speeds as well as the efficiency of the network for physical and
logical links.
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Figure 2. Signal monitoring of the reference signal received power (RSRP).

Figure 3. Signal monitoring of the reference signal received quality (RSRQ).
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Figure 4. Signal monitoring of the received signal strength indicator (RSSI).

Figure 5. Signal monitoring of the ratio of the packet component carrier (PCC) to the signal-to-noise
ratio (SINR).
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Figure 6. Signal monitoring of the packet component carrier (PCC) physical (PHY) downlink
(DL) throughput.

Figure 7. Signal monitoring of the packet data convergence protocol (PDCP) downlink (DL) throughput.
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4.2. Statistical Data Analysis and Visualization of Measured Data

The statistically analyzed data from the measured values in the three locations are
presented in this section. Tables 2–4 are the statistical data for UNILAG, Ikorodu, and
Oniru VI, respectively. As expected, missing data influences the computational results, as
seen especially in Tables 3 and 4. Therefore, all the considered metrics are analyzed in order
to show their face value comparison, especially at specific locations. The percentage of
missing data is also computed to ascertain the statistical viability of the computed data. A
summary of the statistical data of the measurements from Oniru VI is presented in Table 5.

Table 5. Statistical data of the measurements from Oniru VI.

Statistical Measure RSRP
(dBm) RSRQ (dB) PCC/SINR

(bps) RSSI (dBm) DL EARFCN
(bps)

PCC PHY
DL (bps)

PDCP DL
(bps)

Range 34.37 10.27 − 33.94 0.00 26,750.17 24,837.20
Minimum value −88.25 −14.65 − −63.93 1876.00 175.80 0.00
Maximum value −53.88 −4.38 − −29.99 1876.00 26,925.97 24,837.20

Median value −72.63 −9.02 − −49.25 1876.00 − −
Mean value −74.10 −9.17 − −50.75 1876.00 − −

Standard deviation 5.58 0.86 − 5.61 0.00 − −
Variance 31.09 0.74 − 31.49 0.00 − −
Skewness −0.29 −1.03 − −0.32 − 1.02 1.01

Number of Missing values 0 0 1208 0 0 11 3
Percentage of missing

values 0.00% 0.00% 100% 0.00% 0.00% 0.91% 0.25%

4.3. The Measure of Data Distribution
4.3.1. A Multidimensional Approach to the Examination of the QoS Obtained

Figures 8–13 compare the metrics individually in forty bin histograms. Figure 8 is the
histogram of the RSRP for the three locations. A strategy that presents the result for the
locations in subplots has been adopted to ensure that the trends are seen. Figure 9 shows
the histogram for the RSRQ obtained at different distances from the base station. Figure 10
shows the signal strength distribution for the three locations as recorded. Figure 11 shows
the ratio of the packet component carrier (PCC) to the signal-to-noise ratio (SINR) for
UNILAG and Ikorodu. The measured data from Oniru VI was not sufficient enough to
compute the histogram for the PCC/SINR. Figures 12 and 13 are the histograms for the
download speeds (PCC-PHY and PCDP) obtained in all locations.

Clear trends can be seen in the histograms (Figures 8–14), which will form the basis of
the discussion in Section 4.5. Figure 8 shows that the RSRP data for two out of the three
locations follow the shape of a normal distribution. Although the Oniru VI values are
slightly skewed to the left, the same trend is not seen in UNILAG and Ikorodu values on
the first and second subplots. This indicates that despite having respective means, the
distributions of the RSRP values for the three locations have different characteristics. The
shape of the Oniru histogram indicates that the value of the mean is much less than the
median or mode [43]. The presence of outliers on the right end of the Oniru VI value
histogram suggests the possibility of a wide disparity between the RSRP values recorded
in certain locations compared to the overall data set. However, the Ikorodu values show a
more clustered distribution of the data on the left and right of the modal values.
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Figure 8. Histogram of reference signal received power (RSRP).

Figure 9. Histogram of reference signal received quality (RSRQ).
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Figure 10. Histogram of received signal strength indicator (RSSI).

Figure 11. Histogram of the ratio of the packet component carrier (PCC) to the signal-to-noise
ratio (SINR).
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Figure 12. Histogram of packet component carrier (PCC) physical (PHY) downlink (DL) throughput.

Figure 13. Histogram of packet data convergence protocol (PDCP) downlink (DL) throughput.
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Figure 14. Probability density function of the reference signal received power (RSRP).

In the case of the RSRQ, the histograms seem to follow a normal distribution; however,
on closer observation, it is clear that the values are pulled to the right for each of the
subplots, indicating that more of the data is higher than the mean value. In Figure 10, the
histograms are right-skewed, indicating that the median signal strength is lower than the
mean value. It is also a sign that many of the values are near the lower end of the range, and
higher values are infrequent. Figures 12 and 13 show that the download speeds shown by
the throughput values are positively skewed. The bimodal shape of the PDCP throughput
in the Ikorodu area shows that there are lower speeds recorded in that area compared to
the mean values obtained for the area. In Figures 12 and 13, the download speeds obtained
in Oniru VI show a wider spread of values and they are less skewed to the right compared
to the speeds recorded at UNILAG and Ikorodu.

4.3.2. Probability Density

Equally important is the consistency in our measured data. Say an optimal RSRP, RSSI,
and throughput value are found. What would be the probability of finding these values
in the area where this experiment was conducted? Figures 14–19 present the normalized
probability distribution function of the measured data. The probability of obtaining specific
metrics values is also presented, and a normalized curve is used to show the congruence
of the data. Figure 14 is the probability density function of the RSRP values for the three
locations. Figure 15 highlights how the RSRQ values are distributed, with Oniru VI showing
higher chances (about 0.9 pdf value) of obtaining the −7 dB to −9 dB range. Measured
in decibels, the most probable RSSI values obtainable in the three locations can be seen in
Figure 16. Figure 17 shows a probability density function (pdf) of the ratio of the packet
component carrier (PCC) to the signal-to-noise ratio (SINR) for two locations. In terms of
download speeds, Figures 18 and 19 show the most probable download speeds over the
network at the three locations using the physical and logical links, respectively.
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Figure 15. Probability density function of the reference signal received quality (RSRQ).

Figure 16. Probability density function of the received signal strength indicator (RSSI).
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Figure 17. Probability density function of the ratio of the packet component carrier (PCC) to the
signal-to-noise ratio (SINR).

Figure 18. Probability density function of the packet component carrier (PCC) physical (PHY)
downlink (DL) throughput.
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Figure 19. Probability density function of the packet data convergence protocol (PDCP) downlink
(DL) throughput.

In line with the deductions from the histograms in Figures 8–14, the PDF graphs and
curves provide more detailed information on the likelihood of sustaining various values
for the different metrics considered. As expected, we observe that certain value ranges are
more readily available, with corresponding higher probabilities of being obtained in the
sample space (environment). For example, the PDF curve for RSRP in Unilag assumes an
almost bimodal shape with two peaks, indicating that the data record a pattern where two
ranges of values are more likely to be obtained in the environment. This confirms existing
literature that wireless network parameters are not evenly distributed and may occur in
clusters [44–48]. Although a similar graph is seen in the RSRP curve for Ikorodu, there is a
significant disparity between the modal values. Additionally, it is important to note that
the three graphs are skewed to the right, with fewer outliers found in the Oniru VI graph.

However, the graph in Figure 15 is similar to a bell-shaped curve slightly tilted to
the right, which is expected of real-world data. Describing the RSRQ values for the three
locations, we can observe that the curve forms a kurtosis greater than three with heavy
tails, especially in Ikorodu. This confirms that we have a normal distribution, even if the
graph is slightly skewed to the right. The PDF functions for the PCC DL and the PDCP
DL are almost identical in each case. This may indicate that the MNO has made efforts to
provide hardware that can sustain similar physical and logical download speeds.

4.4. Optimization Results for the Specific Metrics

Algorithm 2 shows the pseudocode modifications made to the general PSO algorithm
in Algorithm 1 to suit the measured data for the optimization of the specific
objective function.
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Algorithm 2: PSO algorithm with the objective function, the upper and lower bound for obtaining the global
and personal best positions and velocities of a swarm

Input: objective function ( f )
upper and lower bound of the search space
population size (N)
maximum number of generations max_gen
inertia weight w
cognitive constant c1
social constant c2

Output: gbestopt: Optimized global best value
pbestopt: Optimized personal best value

1. START
2. % Step 1: Initialization
3. for i = 1:N
4. x(i, :) = random initialization within the search space
5. v(i, :) = zeros(1,dimension) % Initialize velocity to zero
6. pbest(i, :) = x(i, :)
7. pbest_ f itness(i) = f (x(i, :))
8. end for
9.
10. % Initialize global best position and fitness
11. [global_best_fitness, idx ] = min(pbest_ f itness)
12. gbest = pbest(idx, :)
13.
14. % Step 2: Main loop
15. for t = 1 : max_gen
16. % Loop through each particle in the swarm
17. for i = 1:N
18. % Step 3: Update particle velocity and position
19. v(i, :) = w× v(i, :) + c1× rand(1, dimension).× (pbest(i, :)− x(i, :)) . . .
20. +c2× rand(1, dimension).× (gbest− x(i, :))
21. x(i, :) = x(i, :) + v(i, :)
22.
23. % Step 4: Check if the new position is within bounds
24. % Apply boundary conditions
25. for d = 1: dimension
26. if x(i, d) > xmax then
27. x(i, d) = xmax
28. v(i, d) = −v(i, d) % Reverse velocity if out of bounds
29. else if x(i, d) < xmin
30. x(i, d) = xmin
31. v(i, d) = −v(i, d)
32. end if
33. end for
34.
35. % Step 5: Update personal best
36. fitness = f (x(i, :))
37. if fitness < pbest_ f itness(i)
38. pbest(i, :) = x(i, :)
39. pbest_ f itness(i) = fitness
40. end if
41.
42. end for
43.
44. % Step 6: Update global best
45. [current_best_ f itness, idx]= min(pbest_ f itness)
46. if current_best_ f itness < global_best_ f itness
47. global_best_ f itness = current_best_ f itness
48. gbest = pbest(idx, :)
49. end if
50.
51. end for
52. STOP

A comparison between the measured values and the optimized solutions from the
PSO algorithm for the RSRP, RSRQ, RSSI, and SINR is shown in Table 6. Mean values for
the metrics have been selected for the different locations to indicate the viability of the
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values, and where the mean values could not be computed due to excessive missing data,
the “−” symbol has been used to fill in the gap.

Table 6. Summary of optimized and unoptimized results.

Metric
Mean of Unoptimized Values Optimized

ValueUNILAG Ikorodu Oniru VI

RSRP (dBm) −91.74 − −74 −72.54
RSRQ (dB) −9.35 − −9.7 9.04
RSSI (dBm) −68.06 1.9396 −50.75 69.42
SINR (dB) − − − 15.57

Table 7 presents a comparison between the optimized and unoptimized values. The
best value from the RSRP optimization found was−72.54 dBm, with an RMSE of 10.11 dBm
for the optimized values compared to 68.51 dBm for the original values. Similarly, for the
RSSI optimization, the best value found was also −69.42 dBm, with an RMSE of 9.21 dBm
for the optimized values compared to 68.51 dBm for the original values. Furthermore, the
best RSRQ value found was −9.04 dB, with an RMSE of 4.38 dB for the optimized values
compared to 9.62 dB for the original values.

Table 7. Summary of comparison between optimized and unoptimized results.

RSRP (dBm) RSRQ (dB) RSSI (dBm) SINR (dB)

Optimized Value −72.54 −9.04 −69.42 15.57
RMSE of Original Data 68.51 9.62 68.51 −

RMSE of Optimized Solution 10.11 4.38 9.21 −
Difference in RMSE −58.40 −5.24 −59.30 00.00

In addition, we also applied PSO to optimize the signal-to-interference-plus-noise
ratio (SINR) values using the already optimized RSRQ, RSRP, and RSSI values. However,
we found no improvement in the RMSE of the SINR values because we used the already
optimized values against themselves.

4.5. Discussion of Results

The obtained results are discussed as follows:
The comprehensive summary of the performance metrics from the DT in Lagos (UNI-

LAG, Ikorodu, and Oniru VI) in Tables 2–4 show a compromise with existing
literature [49–51]. Where the available data was not enough to compute the result re-
quired, the use of a dash (−) has been adopted in the tables. It is clear from Tables 2–4
that the RSRP for the three locations has a maximum value within the −50 dBm range.
This appears to be the threshold that Etisalat provides across the areas covered. Also
noteworthy is the range of the RSRP, which goes from as low as 34.37 dBm in Oniru VI to
53.90 dBm in UNILAG and 62.74 dBm in Ikorodu. The close gap in the values obtained in
the case of UNILAG in Table 3 may be dependent on the proximity of the structures and
the topographical layout of the terrain. Such tight value difference may be beneficial, as
users in the area of poor RSRP values (allocated less RB) would experience a QoS close
to that of users receiving the highest RSRP in the area. The highest values of RSRP were
obtained in Oniru VI (Table 5). It will, however, not be accurate to state emphatically that
users in this area experience better 4G LTE QoS because they record the highest RSRP
values. As seen in Table 4, Ikorodu records higher RSRQ values (−0.44 dB) than Oniru
(−4.38 dB), suggesting that users may experience seamless cell reselection and handover
rates in Ikorodu compared to Oniru VI.

Also noteworthy is that the values obtained from the UNILAG area consistently lie
within the highest and lowest values of RSRP and RSRQ. On the surface, this suggests fewer
erratic signals compared to the other areas, but this is quickly disputed by the simulation of
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the RSRP and RSRQ values shown in Figures 2 and 3, respectively. NCC recommends RSSI
values of −95 dBm at the edge of the cell radius of the base transceiver station. As seen in
the values obtained, while there is a record at Ikorodu of −85.05 dBm, a value very close
to the recommended signal strength, and −82.23 dBm for UNILAG, Oniru VI happens
to lag as a distant third with −63.93 dBm. This is most likely caused by poor network
mapping and routing coupled with a poorly executed urban housing design. Low RSSI can
quickly have an unfavorable effect on user network reception. The erratic RSSI simulation
in Figure 4 shows how unreliable the QoE a user in Oniru VI tends to get is when other
signal-reducing factors, such as UE distance from the transceiver, physical obstruction to
the wave propagation, and radio interference, are considered. However, one may associate
the poor RSSI values in the area with these same factors, as Oniru VI is an urban settlement
with all the aforementioned limiting factors in abundance. Despite the commendable RSSI
values obtained in Ikorodu and UNILAG, the degree of dispersion of the signal recorded
en route to the area is also not encouraging. With a range of 46.31 dBm and 51.05 dBm for
UNILAG and Ikorodu, respectively, it is clear that a user at the high receiving end will
experience network quality that is greatly dwarfed by a user at the low end of the spectrum.

Marred by missing values of about 0.91% to 5.76%, the throughput (data rate) obtained
is considered unreliable for making informed inferences. Furthermore, it became difficult
to compute the standard deviation and variance of these KPIs without compromising the
practicality of the data by using sophisticated algorithms such as the PCHIP to presumptu-
ously fill in the missing data blocks. However, the data obtained was sufficient to monitor
the signal speeds and download bits per second obtained at different distances from the
base station.

Since it is common to experience signal clusters in wireless communication services
such as MBB networks where certain areas from the base transceiver station (BTS) have
high signal strengths while other areas are marred with low signal coverage experience,
Figures 8–13 shows how the various network KPIs are distributed at 50 block locations
away from the base stations in the three areas. From Figure 8, it is clear that the signal
clusters around about 0.9 km away from the BTS. With a sharp build-up, it can be said the
MNO signal in Ikorodu has a wider spread and reaches most of the area. For Oniru VI,
however, it indicates areas where it may be difficult to get reception despite a strong area
of clustered network strengths elsewhere. Figure 9 helps visualize the distribution of the
RSRQ values in Tables 2–4. The lean distribution in the RSRQ signal across the different
areas confirms the strong variance values in Tables 2–4. Figures 8–13 overview how the
different signals are distributed across the areas.

From Figure 14, we can predict a 0.07 chance of finding a −90 dBm RSRP value at any
part of UNILAG. Though different values are true for Ikorodu, Oniru VI has a denser value
range and there is a higher chance (0.2) of finding an RSRP signal value from −70 dBm
to −73 dBm at any given part of Oniru. This is a very interesting analysis, as it shows
us the possibility of establishing a near-consistent network reach. Despite being low, a
0.2 chance of obtaining the peak RSRP values in Oniru shows that when optimized, Oniru
VI can experience a more uniform spread of the MBB strength. In contrast, the lower
RSRP values quickly decrease in their respective availability, making it difficult to maintain
such a spread. It is therefore important that the cause of the sharp network decline in the
area be investigated and such problems addressed before the application of optimized
network parameters. Unimpressive probabilities are also associated with the RSRQ of
Oniru Island. While there is a near-unity probability prediction to get an RSRQ value of
−9 dB, it quickly becomes difficult to get lower or higher values, as the probability of
getting any value declines sharply. From Figures 15–19, the trend of high signal values
having high probabilities and lower or less common values having a sharp decline in
availability is seen in Oniru VI, confirming a fundamental network planning problem in
the area. Another culprit could be the size of missing data in the measured values.

In general, our experimental design choice of maintaining the integrity of the measured
data has been followed in earnest. This is why all plots and statistical analyses were done
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without filling in the missing data by use of appropriate algorithms. As seen in Figures 2–7,
visual perception of the data confirms our informed guess from the statistical analysis.
While the RSRP values in Oniru VI (green) seem to maintain a lower level of variance
compared to the signals from UNILAG and Ikorodu, its values barely make it past the
−65 dBm values, which are considered unacceptable [17]. Sharply contrasting with the
consistency in the Oniru values is the Ikorodu set of measurements. Having the highest
range, it is clear that the best and worst RSRP values and the effect of such values are
common in Ikorodu. In Figure 3, the consistency in values is still maintained by the
Oniru VI values. As expected, Ikorodu values are also the most varied, and stability is
mostly found in the UNILAG values. Technically, this confirms our initial inference that
cell reselection and handover would be more seamless in UNILAG than in Ikorodu and
worst in Oniru VI. Regarding signal strength, it is clear from Figure 4 that UNILAG and
Ikorodu record better value ranges. However, the most consistent values in Oniru may be
an advantage here as users across different areas within the network reach will experience
almost similar signal strengths when available.

Surprisingly, Figures 5–7 indicate that high data rates are more common in the UNI-
LAG and Oniru areas compared to Ikorodu. Although more erratic, the throughput signal
levels indicate that more data speeds are recorded in UNILAG than in Ikorodu. As stated
in Section 4.2, this may be due to actual MBB differences or owed to the lapses in the
measurement data obtained.

While executing the PSO in Algorithm 2, it is important to highlight at this point that
in assigning the upper and lower boundaries, the least and highest values obtained during
the test were used so that the swarm was forced to search within the sample space of the
3086 rows of data recorded during the test for the RSRP, RSRQ, and RSSI optimization
procedures. The SINR values were not measured, and as such, a prior initialization of data
was performed using an appropriate objective function. As presented in Table 6, we can see
that the optimized values, though not exactly the values set by the NCC, are much closer to
the specified values. Nonetheless, these values have considered the environmental factors
and the hardware limitations of the MNO in operation.

4.6. Findings

From the data analyzed and real-life experience while using the MNO network in
real-time, the trends and patterns can be summarized in the following findings:

1. The RSRP or any other relevant KPI is not sufficient enough on its own to determine
the QoS of an MNO, as observed from the UE.

2. To get better MBB performance in Lagos, especially the sample space researched, a
thorough mapping and possible replanning of the routes and the hardware used may
be necessary.

3. From the probability distribution functions, the chances of getting the best value
obtained from the PSO optimization are 0.02, 0.018, and 0.035 in UNILAG, Ikorodu,
and Oniru VI, respectively.

4. For instance, in areas such as UNILAG, the QoS of one user at a location with
good receptivity is greatly dwarfed by the experience of a user at a location with
poor reception.

5. Though there seems to be a consistency in value with the data obtained in Oniru VI,
the measured values generally indicated poorer user experience in that area.

5. Conclusions

Based on the findings of this study, it can be concluded that relying solely on a single
KPI, such as RSRP, is insufficient for assessing a mobile network operator’s quality of service
as perceived by end-users. In order to improve mobile broadband performance in the areas
under study, a detailed mapping process and potential route and hardware redesign may
be required. This can help with issues such as congested networks and insufficient network
coverage. According to the probability distribution functions, there was a relatively small
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chance that the PSO optimization would produce the best results in each of the three areas
under consideration. However, the results showed that the PSO successfully optimized the
RSSI and RSRP values, significantly reducing the RMSE of −59.30 dBm and −58.40 dBm
between the original and optimized values, respectively. Although the improvement in
RMSE for the SINR (0 dB) and the RSRQ (−5.24 dB) was not as significant as in the case of
RSRP and RSSI, the optimized values can still contribute to better network planning and
optimization, leading to improved network performance and quality user experience. The
findings also highlight the significance of network reception in influencing user experience.
One user’s QoS in a location with good reception differs significantly from one with poor
reception. Finally, while the values obtained in Oniru VI are consistent, the results indicate
a generally worse user experience than in UNILAG and Ikorodu. These findings could
provide mobile network operators with valuable information for improving their services
and user experience. Future research could explore alternative optimization algorithms
and additional network parameters to improve the accuracy and application of the results
obtained. Future work will provide correction factors for applying the optimized models
in other related dense urban environments.
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Abbreviation Meaning
4G Fourth Generation
5G Fifth Generation
BTS Base Transceiver Station
CPW Coplanar Waveguide
CSV Comma Separated Values
DL Downlink
DPE Direct Position Estimation
DT Drive Test
eMBB Enhanced Mobile Broadband
UE User Equipment
FDD Frequency Division Duplex
GPS Global Positioning System
IoT Internet of Things
KPIs Key Performance Indicators
LDPC Low-Density Parity-Check
LTE Long Term Evolution
MATLAB Matrix Laboratory
MIMO Multiple Input Multiple Output
ML Maximum Likelihood
MNOs Mobile Network Operators
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mMIMO Massive Multiple Input Multiple Output
mMTC Massive Machine-Type Communication
mmWaves Millimeter waves
NCC Nigerian Communications Commission
OFDMA Orthogonal Frequency Division Multiple Access
PCC PHY DL Throughput Physical Channel Control Downlink Throughput
PDCP DL Throughput Packet Data Convergence Protocol Downlink Throughput
RMSE Root Mean Square Error
UL Uplink
UMTS Universal Mobile Telecommunication Service
URLLC Ultra-Reliable Low-Latency
V2X Vehicle-to-Everything
WiMAX World Wide Interoperability for Microwave Access
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