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KEYWORDS Abstract Enhanced mobile broadband is an essential target in fifth-generation (5G) networks with
Mobile broadband; higher demands among service consumers. It offers very high-speed Internet connections for several
Mobile network operator; geographical areas: urban, suburban, and rural. Many mobile network operators (MNOs) contin-
Drive test; uously monitor the quality of service in terms of multiple services to guarantee high network per-
Spectrum efficiency; formance. To the best of our knowledge, no extensive studies and analyses are conducted on
Quality of experience; mobile broadband (MBB) services that cover various implementation scenarios and several perfor-
?Guality of service; mance metrics. This study comprehensively analyzes the existing MBB performance in an urban

area: Cyberjaya City, Malaysia. The measurement data were collected through drive tests from var-
ious MNOs supporting 3G and 4G technologies: Maxis, Celcom, Digi, U Mobile, and Unifi. Sev-
eral performance metrics, such as signal quality, throughput (downlink and uplink), ping, and
handover, were measured during the drive tests. The data measurements were conducted in two sce-
narios: outdoor and indoor environments. Measurement results of the outdoor drive test demon-
strate that the maximum average throughput with downlink and uplink data rates is 14.3 and
7.1 Mbps, respectively, whereas the minimum average ping and loss are 36.5 ms and 0.14, respec-
tively, for all MNOs. However, the in-building measurements achieve an acceptable overall average
data rate of 2 Mbps. This paper provides several suggestions and recommendations for MBB
providers to improve their performance networks and quality of experience to meet customers’
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satisfaction. Several limitations not considered in this study and can point to possible future work

are presented.

© 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Mobile broadband (MBB) networks are growing extremely
fast with the support of high-speed Internet access. The
demand for data is rapidly increasing due to a massive number
of users accessing data through several cellular technologies
and various Internet services. Thus, monitoring network per-
formance is extremely important to improve the quality of ser-
vice (QoS). With an increasing load on existing networks and
an increasing user base taking Internet connection for granted,
performance and quality measurement become essential for all
concerned stakeholders. Therefore, next-generation networks
provide enhanced MBB, which supports high-speed data,
video streaming with low latency, and seamless mobility. Sev-
eral factors, such as a variety of user devices, physical impair-
ments, mobility, and accessibility configuration, affect the real
measurement of MBB performance [1]. The measurement
experiment is conducted on end-users with the support appli-
cation to collect various network data to verify the QoS and
quality of experience (QoE). QoS measures key network per-
formance metrics (signal quality, throughput, ping, available
bandwidth, packet loss, jitter, and delay). QoE focuses on
actual individual user experience factors beyond the service
(content, user, context, and system factors). In [2], the authors
highlighted the importance of QOoE in cellular networks with
various radio access technologies (4G, 5G, and beyond), where
they provide the literature on the most developed measurement
methods in QoE. The QoE is further investigated by using dif-
ferent metrics and models for web QoE estimation [3]. The
Web QoE helps mobile network operators (MNOs) under-
stand their end-user’s usage service pattern, perceive quality,
and point toward areas to be improved. In [4,5], the authors
investigated the QoS and QoE by conducting an experimental
study of the current MBB supporting 3G and 4G networks in
Malaysia. The data are collected through a drive test by run-
ning a specific application installed on smartphone handsets
from several rural regions. The measurement data of three
MNOs are associated with several performance indicators,
such as coverage, latency, satisfaction, and speed for two
MBB services: web browsing and video streaming. The mea-
surement data presented in [6] are used to analyze several
key performance indicators (KPIs), such as signal quality
and download throughput of an operational 4G long-term
evolution (LTE) network. The data measurements are con-
ducted by drive test at a relative speed of up to 30 km/h.
The KPI results are analyzed based on probability distribution
functions and statistical models. However, these data measure-
ments are insufficient to evaluate the performance of MNOs
that consider different technologies and operators. Aceto G.
et al. [7] analyzed and estimated the available bandwidth and
measured the Transmission Control Protocol (TCP) achiev-
able throughput of different MNOs in Europe for 3G and
4G technologies. The intrusiveness and time cost are two per-
formance metrics used for analyzing the MNO. The experi-

mental results show that the achieved throughput leads to
different profiles in terms of time evolution. This condition
affects the accuracy of available bandwidth estimation due to
similar differences between estimated bandwidth and through-
put for small measurement intervals. In [8], the authors pre-
sented a data collection survey to analyze the signal strength
and throughput at public transit bus trips at three different
times of the day. In [9], two MNOs were investigated to ana-
lyze their actual mobile service providers in terms of latency.
This study examined whether the existing network infrastruc-
ture is suitable for the implementation of vehicle-to-vehicle
and vehicle-to-infrastructure to enable vehicular applications.
Arshad et al. [10] conducted a study to benchmark and ana-
lyzed the QoE of five MNOs in Pakistan. The network perfor-
mance is measured using various metrics over 3G and 4G
mobile networks. In [11], the authors performed 4G data mea-
surements across different mobility scenarios: static, pedes-
trian, car, bus, and train. This work focused on the
throughput performance metric for two major Irish MNOs.
Table 1 summarizes several studies that focus on investigating
mobile network performance in different countries. These
studies are basic and only limited to a few KPIs and measure-
ment scenarios. Thus, this study provides the customers with a
good insight into subscribing to the best MNO. Customers can
choose the MNO based on network coverage and data rate.
The currently deployed networks are mostly 4G and 3G net-
works in the tested area. In this context, this study aims to
measure and study the performance of the current 3G and
4G mobile networks to pinpoint the lack of the current net-
works in the tested area. This will be helpful for operators to
understand these limitations in order to consider them in the
planning strategy of 5G networks. It will also be helpful for
researchers to understand the main challenges facing the
implementation of mobile networks in various areas based
on different KPI. We have tried to offer a large set of measure-
ments in order to provide a more comprehensive study that
can consider more KPI and investigate the performance of
the various networks from different perspectives.

The readers who are more interested in such studies from
the operators’ side or researchers from the academic side will
better understand the users’ experiences and related issues of
the current networks from different operators and will try to
contribute to solving these issues more efficiently. In addition,
it enables all experts in this field from academic and industry
sides to contribute and provide suggestions and solutions for
the highlighted challenges. Consequently, the comprehensive
and detailed performance evaluation that we have done of dif-
ferent mobile network operators is providing a significant sci-
entific outcome to the academic and industrial sides.

1.1. Key contributions

This study investigates and evaluates the performance of
recent MNOs in Cyberjaya City, Malaysia, for user plane
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Table 1 Summary of comparison between several studies.
Ref/year Country  Scope Environment Signal quality Throughput Latency Handover Free-

urban rural outdoor indoor RSRP RSRQ SNR DL UL Ping Loss dlzics

Aceto et al. [7], Europe  / v Vv Vv
2018
Shayea et Al. [4], Malaysia 4 V4 V4 V4 Vv
2020
Imoize et al. [6],  Nigeria  / V4 Vv Vv V4
2020
Shayea et al. [5],  Malaysia +/ Vv Vv 4
2017
Elsherbiny et al. Canada / V4 Vv Vv Vv
8], 2020
De Andrade et al. Brazil 4 Vv 4
91, 2016
Arshad et al. [10], Pakistan +/ V4 Vv 4 4 4 Vv
2016
Raca et al. [11], Ireland 4 Vv 4 4
2018
Aljahdhami et al. Oman 4 V4 4 4
[12]
This work Malaysia / Vv 4 4 Vv 4 4 4 4 4

and control plane. Cyberjaya City is known as an “intelligent
city” where it is equipped with high-technology infrastructure,
facilities, and amenities. Thus, it should support high Internet
access with high speed of MBBs. This work is a comprehensive
experimental study that evaluates and analyzes the perfor-
mance of existing biggest main MNOs from different perspec-
tives. This study is useful for those working on industry and
academic sides to get more understanding of the users’ experi-
ences and related issues of the current networks. The key con-
tributions of this paper are summarized as follows:

1. We provide an overview of the spectrum bands for each
technology assigned to existing MNOs in Malaysia, where
the regulator allocates each operator a licensed frequency
band. We clarify the spectrum gap that causes the MNOs
to acquire new spectrums or refarming the existing ones
due to tremendous growth in MBB services and
applications.

2. We conduct a field data measurement of all existing MNOs
in a dense urban city. The data measurements are collected
in two different environments between February and April
2021 at off-peak and peak hours.

3. We evaluate and analyze the existing network performance
by using several performance metrics, such as signal qual-
ity: (reference signal received power [RSRP], reference sig-
nal received quality [RSRQ)], signal-to-noise ratio [SNR]),
throughput (downlink [DL] and uplink [UL]), ping and
loss, and handover.

4. We provide several suggestions and recommendations for
MBB providers to improve their performance networks
and QoE to meet customers’ satisfaction.

5. Several limitations of this study that point to possible
future work are presented. Guidelines and an excellent plat-
form are provided for researchers in their study on MBB
evaluation. This work benefits the MNOs to improve their
performance networks in a particular tested area.

1.2. Paper organization

The rest of this paper is organized as follows: Section 2 pro-
vides a background on the spectrum bands assigned to MNOs
in Malaysia. Section 3 describes the methodology of the data
measurements in terms of geographical area, drive test tools,
and MNOs. Section 4 explains the performance metrics used
for network performance evaluation. Section 5 discusses the
experimental results and performance evaluation. Section 6
highlights the research finding and future directions. Section 7
concludes the paper. The structure of this paper is shown in
Fig. 1.

2. Background on Malaysia MNO

This section presents the background on the spectrum bands
assigned to Malaysia MNOs. The network performance of
MNOs and the optimization process are discussed.

2.1. Spectrum bands

MBB subscriptions in Malaysia increase yearly, with 17.6 mil-
lion and 38.8 million subscriptions recorded in 2014 and 2019,
respectively. The population coverage of MBB service is
94.7 % and 79.7 % for 3G and 4G technologies, respectively,
at the end of 2018 [13]. Five national MNOs: Maxis, Celcom,
Digi, U-mobile, and Unifi (known as “Webe,” which is a sub-
sidiary of Telekom Malaysia) are providing MBB services in
Malaysia. Each operator is allocated a licensed frequency band
by the regulator known as the Malaysian communications and
multimedia commission (MCMC), a Malaysian agency regu-
lating the communications and multimedia industries. Fig. 2
shows the number of spectrum holdings by MNOs. Six spec-
trum bands, namely 850, 900, 1800, 2100, 2300, and
2600 MHz bands, are assigned or allowed to be used by oper-



930

A.A. El-Saleh et al.

Experimental Setup Data Collection

Outdoor Scenario

Indoor Scenario

Section 5

Section 1 Section 3 Section 7
. Results and .
Introduction Methodology . X Conclusion
Discussion
1 2 3 4 5 6 7
Section2 Section 4 . S.ect'lon 6
Performance Limitations and
Background . -
Metrics Future Directions

General MNOs Signal Level And

Spectrum Bands

Performance Quality
Ping And Packet
Loss
Fig. 1
140
WES0MHz ™S00 MHz » 1800MHz © 2100MHz N2300MHz = 2600 MHz
— 120
N
-
= =
-
£ =
T 80 a5 35
2 35
2 60 35
]
@
E 40 40 a0 -
=] r
I BN | :
, ' B N M
Maxis Celcom Digi U mobile Unifi
MNOs

Fig. 2 Allocated spectrum bands for all national MNOs.

ators to provide MBB service [13]. In [14], MCMC presented
spectrum policies to enable mobile broadband goals in Malay-
sia. These spectrum policies highlight various experiences and
approaches related to Malaysia’s market conditions and con-
nectivity goals.

All MNOs hold approximately 74 % of the spectrum avail-
able for MBB service. However, three MNOs (Maxis, Digi,
and Celcom) have deployed 2G, 3G, and 4G/LTE technologies
and covered at least 85 % of the population with MBB ser-
vices. Celcom provides Unifi with domestic roaming on 3G
and 2G [15]. The tremendous growth in MBB services and
applications, such as the Internet, video streaming, and gam-
ing, has contributed to a great rise in the spectrum demand.
However, most spectrum bands are allocated, and the residual
bands are extremely expensive and limited. Consequently, the
MNOs are forced to choose between two costly options:
acquiring a new spectrum or refarming the used spectrum.

In [16], the authors developed a forecast model to predict
the expected needed spectrum and determine the spectrum
gap in the future. This study was conducted in 2018, aiming
to predict and calculate the spectrum needs for available
MNOs (Maxis, Digi, Celcom and U mobile) in Malaysia,
2020. The spectrum bands for the four MNOs were

Spectrum Sharing Spectrum Bands

Throughput

Geographical Area Indoor Systems

Fair Usage Policy Deployment Scenarios

Handover

MBB Services Mobility Management

Diagrammatic view of this paper.

430 MHz in 2015, and the study forecast spectrum bands in
2020. Several metrics were considered for developing the fore-
cast model: growth of data traffic, spectrum efficiency and site
number, currently available spectrums, and average network
utilization. The results show that Malaysia requires an addi-
tional spectrum of around 307 MHz to accommodate the
tremendous rise in the increase in mobile data demands. Thus,
the crucial need for the spectrum gap becomes a significant
problem that needs to be resolved to meet the expected data
requirements. However, this study did not include MNOs such
as Webe and YTLC, where both operators occupied a spec-
trum band with a total of 120 MHz. Moreover, operators such
as REDtone, Altel and AsiaSpace do not provide MBB service
to end-users with a total spectrum band of 90 MHz [14]. In
terms of 5G spectrum bands, MCMC offers 100 MHz of the
3.5 GHz band and 2x30 MHz of the700 MHz band for the first
stage [13]. Therefore, the total current of MBB spectrum bands
is 710 MHz, including 5G spectrum bands. A good spectrum
allocation strategy can enhance mobile coverage and quality
and develop affordable digital innovation to maximize socioe-
conomic benefits.

2.2. Optimization process

The MNOs are required to monitor their networks continu-
ously to improve or maintain performance and provide better
QoS to the customers. Various improvements can be con-
ducted in terms of network coverage, capacity, and service
quality. These improvement elements are important to keep
QoS consistent and deliver an optimal QoE to the customers.
The MNOs consider capital expenditures and operating
expenses during the optimization process.

Call trace and drive test data are data measurements that
help MNOs monitor their network performance over a specific
period of time and solve the network problems affecting the
QoS. Consequently, this process minimally affects the cus-
tomers’ satisfaction levels and the MNO’s business. The opti-
mization process can be summarized in three sets of
activities, as shown in Fig. 3.



Measurement analysis and performance evaluation of mobile broadband cellular networks 931

e Drive test: it is the common measurement tool utilized by
MNOs to evaluate and improve their network performance
in terms of coverage, capacity, and QoS after upgrading
and reconfiguring the network. This test is used in the plan-
ning stage of network development. Drive tests can be clas-
sified into several types: optimization and troubleshooting,
network benchmarking, and service quality monitoring.
The drive test is usually conducted with the assistance of
a motor vehicle equipped with a measurement tool that
can record and detect various parameters of serving
MNO in a given geographical area. The collected data are
stored in log files and then analyzed using post-processing
tools.
Data analysis is the second optimization process used to
determine if problems or performance degradation that
make the network perform poorly are found. In this pro-
cess, large amounts of drive test data analysis are conducted
in terms of received signal quality, throughput, network
coverage, latency, and handover. The analyzed data help
to improve the customer experience through troubleshoot-
ing, new technology roll-out, and efficient network opti-
mization. Data analysis is used to prepare reports and
make suggestions and recommendations to MNOs for fur-
ther improvements.

e Action Step: it is the last optimization process used to refine
network performance and provide a better user experience
in terms of addition or deletion of neighbor cells, redesign-
ing of radio planning, parameter optimization on cell tow-
ers (i.e., adjusting antenna azimuth, tilt, type, and tuning
handover margin), and reducing the power levels of sectors
to avoid cell overshooting. Consequently, properly tuning
these network optimization measures leads to improved
data rate, coverage and reduced call drops and handover
failure.

3. Methodology and experimental design

This section presents the test methodology of the measurement
campaign to evaluate the existing MNOs with several perfor-
mance metrics relevant to user experience. The data collection

D

Drive Test

Optimization

===
Data Analysis

,

Process

Action Step

Fig. 3 Optimization process of mobile network performance.

was conducted on a commercial Android application devel-
oped by Gyokov Solutions called “G-NetTrack” installed in
OPPO Fls handset [17]. Several applications were initially
tested in terms of performance metrics, logfile recording, test-
ing continuity, and steadability. After careful comparison and
investigation, G-NetTrack was selected for the data measure-
ments for the following reasons.

e G-NetTrack allows customizing test sets close to the con-
sumer experience of MBB access. These datasets are then
tested locally in the test device.

The application does not require any modification of the

handsets.

e The application is set to run the test in the testing cycle con-

tinuously. This condition makes the testing process more

practical and convenient because minimal interaction is
required between the tester and the phones.

It allows monitoring and logging of mobile network param-

eters without using specialized equipment.

e This app uses Android functions and classes where it col-
lects the data on the basis of user device specifications.
Thus, the collected data are considered accurate, showing
their reliability similar to the phone.

e It records and stores data correctly without countering any
problem of generated gaps or blank plots along the route. It
also supports dual measurements of a mobile network at
the same time.

e It has been evaluated and used in many studies across dif-
ferent countries stated in [8-11,18-20]. This condition
makes this app more accurate, reliable, and suitable for
an actual drive test.

Consequently, the G-NetTrack app was selected for data
measurements. The accuracy of data measurements in Android
applications depends on mobile devices, which the application
displays whatever mobile devices report. Besides, the applica-
tion depends on various commands provided by android devel-
opers in Android Open Source Project to record several KPIs
[21]. These KPIs are determined based on the 3rd generation
partnership project (3GPP) with technical specifications: TS
27.007 [22], TS 36.214 [23] and TS 36.331 [24]. Thus, this is
as reliable as the mobile phone is. G-NetTrack also supports
indoor and outdoor scenarios and provides a wide range of
features, such as map visualization, cell scanning loading cells,
and cell measurement for serving and neighbor cells.

The data measurements are performed in Cyberjaya City,
also known as an intelligent city. It is located in Selangor,
Malaysia, with coordinates of 2.9213°N, and 101.6559°E,
and its population is approximately 102,000. This city is cho-
sen to evaluate the performance of the Internet access of MBBs
because it is an intelligent city equipped with high-technology
infrastructure, facilities, and amenities. Thus, the MNOs
should support high Internet speed with extensive mobile ser-
vice coverage. In this regard, the MBB performance of five
MBOs (Celcom, Maxis, Digi, U mobile, Unifi) is investigated
and evaluated.

This research aims to analyze and understand the Malay-
sian MBB but does not benchmark the performance of MNOs.
Thus, the existing five MNOs are labeled as A, B, C, D, and E
in the discussed and demonstrated results for the sake of pro-
tecting the identity of the MNOs. Prepaid subscriber identifica-
tion module cards were used for each MNO with the same data
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package to ensure apple-to-apple comparison. Fig. 4 displays
the general methodology of data measurements and analysis.
The mobile device collects the data from the MNO towers
and then stores it on the device’s memory or sends them to
data that can be used for analysis after completing the data
campaign.

Fig. 5 displays the experimental testbed (measurement
area), where the data measurements were taken on the white
route. It shows the starting and ending points, where the red
arrow indicates the direction of the drive test. In this regard,
we planned to minimize repeated data measurement at the
same route, where only two routes (heightened in yellow color)
represent the repeated measurement. Thus, predefining the
tested routes is extremely important to avoid or minimize
repeated data.

Fig. 6 shows the flowchart of the general data measure-
ment. The drive test starts by setting up several parameters
of data sequences, such as ping upload time and URL link,
data rate time (down/upload), and tested files of 1 GB in size.
Once these parameters are set, the drive test starts logging the
data measurement from the starting point and stops at the end-
ing points. The sequences of data measurements during the
drive test are shown in Fig. 7. The ping sequences and data
rates are demonstrated, where the ping starts first, followed
by data rates. The signal level and quality are measured contin-
uously during the drive test. Several events, such as cell reselec-
tion and handover, are recorded during the data
measurements. All the above data measurements are associ-

Data Cloud

MNO Tower Data Analysis

Data Collection

Fig. 4 General methodology of data collection and analysis.

Fig. 5 Tracking route of the measurement area.
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Fig. 6 Flowchart of measurement methodology.

ated with the timestamp and global positioning system
(GPS) coordinates (longitude and latitude). Table 2 displays
several measurement parameters that are stored in a log file.

4. Performance metrics

In this work, several performance metrics are used to analyze
the performance of MNOs. These metrics are mostly related to
QoS and user experiences, which are explained as follows:

Signal strength level: signal strength levels of 3G and 4G
networks are considered in our data measurements. In a 3G
network, the measurement of received signal code power
(RSCP) level denotes the power level measured by the end-
user on a particular physical communication channel. In a
4G network, RSRP indicates the average received power from
a single reference signal (special signal depends on PCI - Phys-
ical Cell ID value) over a specified bandwidth.

Signal Quality level: RSRQ is used to measure the quality
of radio channel LTE networks. In some cases, it is extremely
useful for handover decisions when the RSRP information is
insufficient. RSRQis given as (N x RSRP)/RSSI, where N
denotes the number of resource blocks. EcNo is a term used
in a 3G network and indicates the ratio between the received
energy per chip (Ec) of the pilot signal to the noise density
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Table 2 Measurement parameters stored in a log file.

Parameter Description

CGI cell global identity of a serving cell
LAC LAC of serving cell

Node RNCID on 3G, eNodeBID on 4G
Cellname name of serving cell — from cellfile
CellID CELLID of serving cell
NetworkTech current technology — 2G, 3G, 4G
NetworkMode current network mode

Accuracy GPS/network accuracy of location
Height height over ground level

Serving time serving cell serving time in seconds
Bearing serving bearing

Distance distance from serving cell

(No). It is determined by dividing RSCP with RSSI,
EcNo = RSCP/ RSSI.

SNR: The SNR value in (dB) indicates the network quality
that measures a serving cell signal-to-noise ratio. Theoretically,
a lower value introduces Gaussian noise and causes random
noise and data corruption, whereas a higher SNR value indi-
cates that the signal is excellent and clear. When the SNR
value falls below one, the signal becomes unusable, thereby
degrading wireless throughput and latency. By contrast, the
wireless throughput increases when the SNR value rises. Thus,
the SNR metric is widely used by MNOs and industries that
quantify the relationship between radio link condition and
throughput. It is internally captured by most mobile devices
and experimentally measured by drive test tools which carry
a value between (-20 to 30) dB. The drive test application
records the SNR value directly reported from the mobile
device. In this work, interference is not considered since the
drive test application does not support it.

Network Latency/Ping: ping test measures the latency when
an end-user sends a fixed number of TCP pings to the server
and the time taken to receive the response at a user device in
milliseconds (ms). MCMC introduced guidelines for determin-

ing the mandatory standards for QoS (wireless Broadband
access service) [25]. These guidelines set out the testing proce-
dures for network performance in terms of wireless network
latency, packet loss and throughput. Network latency can be
classified into one-way delay and round-trip time (RTT). The
former measures the packet delay sent from the source (user)
to the destination (application server). The latter measures
the delay of the packets sent from the source to the destination
and back to the source. The mobile device sends ten ping pack-
ets to accurately detect the network status based on the num-
ber of ping packets successfully returned to the mobile device.

The RTT latency is estimated in terms of ping and is repre-
sented by end-to-end (E2E) latency. Fig. § visualizes the two
types of latency. HTTP test (e.g., https://www.google.com) is
performed to measure the ping of RTTs several times and cal-
culate the average, minimum, maximum, and standard devia-
tion values for each ping test. The E2E latency must be
lower than 200 and 100 ms for 3G and 4G networks to ensure
a good user experience.

Throughput/data rates: It is evaluated as a function of
bandwidth and SNR based on Shannon’s law. Also, it is eval-
uated as a function of system spectral efficiency (Mbps/Hz)
and system bandwidth. A network’s “performance” in the con-
text of wireless communication can still be evaluated based on
data rate for different reasons. The data rate can show the per-
formance of two different technologies and different operators
in that specific tested area. An individual user’s data rate also
depends on network loading, which means an MNO with a
higher data rate than others could be due to greater bandwidth
and/or less loaded network. Even though this will not change
the fact that each operator considers the number of users in
that area and should provide enough bandwidth for that area.
Thus, the data rate is sufficient to determine or evaluate the
network performance. The system data rate can be evaluated
for a cell, or even it can be for one connected user individually.
Many works in wireless communication systems have used
data rate as one of the main KPIs, such as works in [26,27]
and also the measurement studies as stated in Table 1. More-
over, most drive test applications do not measure spectral effi-
ciency. In [4,28], the authors used data rate as the main KPI
recommended by HUAWEI for evaluating network perfor-
mance. Besides, MCMC and other industries released many
technical reports, such as [29,30], which only considered data
rate rather than spectral efficiency. In this work, the DL and
UL throughputs are measured simultaneously. An audio file
is selected to test the download and upload at a particular
time. Data rates are used to measure the rate of transferred
data from the Internet to the end-user. The data rates obtain
several values for DL/UL, such as minimum, maximum, aver-
age, and standard deviation. These values are used to monitor
the throughput of serving network performance.

:—i}f"
@/ « . Core Network < » Application
| Server
UE BS
One Way Latency
RTT Latency
Fig. 8 Latency visualization.
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Handover: handover plays an important role in mobile net-
work performance due to the limited coverage area of base sta-
tions. It refers to a process of transferring data or calls when a
mobile device moves from a serving base station toward
another. Fig. 9 demonstrates an example of the handover pro-
cess between 3G and 4G networks. Handovers can be classified
into two types: horizontal and vertical. The former occurs
when a user moves within the same network technology
(e.g., sector-to-sector, cell-to-cell in 2G, 3G or 4G). The latter
occurs when a user switches between different technologies or
operators (e.g., 2G to 3G, 4G to 3G, and vice versa). Domestic
roaming is a type of variceal handover, which is an agreement
between two MNOs to provide a subscriber with the ability to
connect to another network when a subscriber’s network is
unavailable. Therefore, counting the handover events is extre-
mely important to visualize and analyze the network
performance.

5. Performance evolution

The evolution of existing MBBs is paramount to ensuring that
the network provides a high-quality user experience. This
experimental research was conducted to analyze the actual per-
formance of five national MNOs in Cyberjaya City. Two sce-
narios were used for the data collection: outdoor and indoor
environments for each MINO separately. All the measurements
were conducted at the same time, operating system, and test
sequences for a fair comparison. The measurement results were
analyzed over all data collections (one measurement each
month) and demonstrated and discussed for each KPI, as illus-
trated in the following subsections.

5.1. Outdoor scenario

The measurements were collected at two different times of the
day: early morning at 7-8 am (off-peak time) and afternoon at
2-4 pm (peak time) during daytime for all MNOs. In the
peak period, most subscribers are likely to be online and
demand more resources, whereas the data rate demand is
low in the off-peak period. For all outdoor scenarios, the car
speed is limited to 70 km/h. Figs. 10 and 11 illustrate the car
speeds during the drive test. It can be observed that the car’s
speed is maintained below 70 km/h and sometimes reaches
0 km/h at traffic lights.

Position E

%__________ | — -
Position A Positioi B Position C

)

4G BS2

3G BS2

~ User Trajectory = = == = Intra-system Handover # Inter-system Handover

Fig. 9 Example of a handover process.

Fig. 12 visualizes measured KPIs (RSRP, RSRQ, SNR,
throughput, and ping) of one mobile operator. The route col-
ors represent the measured values of each KPI. Each KPI has
been discussed in the following subsections.

5.1.1. Signal level and quality

Fig. 13 illustrates the average RSRP for the MNOs in off-peak
and peak times. The signal level varies between —88 and —96
dBm for all MNOs. The signal level at the off-peak time is bet-
ter than at the peak time due to much noise. All the MNOs
cover the test area with 4G networks, except for operator E,
where some routes are covered with 3G networks.

Fig. 14 displays the average RSRQ of off-peak and peak
hours. Here, a number of resource blocks with measured
RSRP and RSSI is used over the same bandwidth for each
MNO. The RSRQ value helps the base station decide whether
to perform cell reselection or intra-inter handover. The RSRO
level varies between —9 and —14 dB for all MNOs, where the
RSRQ experiences a low level at the peak time scenario.
RSRQ and SNR are the key metrics for LTE systems and
are usually used by MNOs to determine the relationship
between radio link conditions and throughput.

Fig. 15 shows the SNR ratio at off-peak and peak hours for
all MNOs. The average SNR levels vary between 7 and 9 dB
and between 4 and 8 dB at off-peak and peak hours, respec-
tively, for all MNOs. The results indicate that each MNO’s
SNR level is approximately 3 dB at off-peak and peak hours.
For example, the SNR level achieved by operator A is 9.63 and
6.82 dB at off-peak and peak hours, respectively. The low level
in SNR ratios due to high noise floor depends on numerous
factors, including sound and radio wave density, temperature,
and humidity. The noise floor is defined as a cumulative effect
on communications signals of all unwanted noise sources sig-
nals within a system where it is measured by the total noise
power. The noise floor rises in a small area containing various
noise sources, such as cellular phones and computers. Thus, all
the operators should improve the SNR ratio by reducing the
noise floor and improving the signal power.

Tables 3 and 4 display a summary of the average signal
qualities of MNOs during the off-peak hour and peak hours,
respectively. The highest average values of RSRP, RSRQ,
and SNR recorded at off-peak hours are —88.10 dBm,
—10.06 dB, and 9.63 dB, respectively.

5.1.2. Data rate (throughput)

Data rate testing is used to evaluate the performance of the
Internet speed for a wireless network, known as connection
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Fig. 10  Car speed versus time.
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Fig. 11  Tracking visualization of car speed.

speed, data transfer rate, and throughput. Fig. 16 displays the
data rate: DL and UL for all MNOs. The data rate was com-
bined of 3G and 4G networks, where most of the data is 4G
because the mobile device is mostly connected to 4G networks.
Thus, the tested area mostly coverage with the 4G networks.
However, there was a limited 3G connection in a particular
area. During off-peak hours, the maximum and minimum
average data rates in DL obtained by operators B and E are
approximately 14.2 and 2.4 Mbps, respectively. Similarly,
operators B and E achieve the maximum and minimum aver-
age data rates in UL of approximately 7.1 and 1.6 Mbps,
respectively. In peak hour scenarios, the maximum and mini-
mum average data rates in DL obtained by operators A and
E are approximately 8.6 and 1.3 Mbps, respectively. It notices
that operator E achieves the lowest data rate for DL and UL.
Operator B obtains the highest data rate in DL during off-
peak hours and UL during peak hours.

These demonstrated results of each operator depend on sev-
eral factors, such as bandwidth capacity, number of sites, and

number of active subscribers. These factors significantly affect
the data rate and consequently degrade the network perfor-
mance. The displayed data rate for all MNOs in Cyberjaya
(as an intelligent city) is insufficient to deliver a high-speed
transmission for accommodating various services and applica-
tions. To solve this problem, MNOs are required to upgrade
their network to be up to 4G + and increase the number of
sites or implement 5G networks.

5.1.3. Latency (ping, packet loss)

Ping measures the reaction time of speed connection and is
recorded as ping count, where a lower ping rate is better than
a higher rate. In practice, the RTT of many deployed 4G net-
works ranges from 30 ms to 100 ms. Fig. 17 illustrates the aver-
age ping achieved by MNOs for off-peak and peak hours. The
results reveal that all the MNOs achieve an average ping lower
than 100 ms, except for operator E, whose average ping
exceeds 200 ms. Higher ping leads to users’ dissatisfaction with
streaming and online games. Fig. 18 demonstrates the average
packet loss counts during off-peak and peak hours for all
MNGOs. All MNOs achieve acceptable ping loss rates during
off-peak hours, except for operator D, whose value exceeds
1.2.

The high ping loss rate occurs when one or more travel data
packets fail to reach their destination. The ping times depend
on server distance, bandwidth, and area congestion. Thus,
the ping counts do not affect the download/upload speed,
and a high download/upload speed can be achieved with a high
ping. In other words, the user may receive strong SNR with
high throughput but experience high ping times due to physical
distance from the server. Tables 5 and 6 summarize the overall
average throughput and ping of MNOs during the off-peak
and peak hours, respectively. The highest average values of
DL throughput and ping recorded at off-peak hours are 14.2
Mbps and 25 ms, respectively.
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Fig. 12 Example performance metric visualization of one operator: (a) RSRP level (b) RSRQ (C) SNR (d) average DL data rate (e)

average UL data rate (f) average ping.
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5.1.4. Handover

MBB heterogeneous networks (HetNets) are the common
communication networks that provide wireless services in
wide-area coverage. HetNet cells can be classified into several
types: macrocells, microcells, and picocells. Deployment of dif-
ferent scenarios is crucial in increasing network performance
regarding system capacity and network coverage. The major

rising issue in 4G/5G HetNet deployment is user mobility,
which produces a high handover rate, such as ping pong and
radio link failure. These conditions directly affect communica-
tion quality in terms of long interruption time and throughput
degradation. The base station executes handover within the
Evolved Universal Terrestrial Access Network (E-UTRAN/
UTRAN) (intra-eNB and inter-eNB scenarios) between legacy
radio access technologies. Hence, the handover counts when
the radio link communication of a user changes from a serving
cell to a target cell. Fig. 19 shows the average intra-handover
rate and reselection cells versus off-peak and peak hours for
all MNOs. It can be seen that there are no handover records
in 3G-to-3G technology during off-peak hours for all opera-
tors, whereas operator E achieves a higher handover rate com-
pared with other operators during peak hours. The 4G-to-4G
handover rate during the off-peak hours is slightly higher than
during peak hours. The reason is that the user hands over to
another base station due to coverage distance and traffic load.
In the case of the off-peak hour, there is only one reason for
the handover (the coverage distance due to moving user); thus,
the user hands over to 4G base stations (as there is no effect on
the traffic load). However, during peak hours, the coverage
distance and traffic load significantly affect the user. Thus,
the overloaded 4G base stations may handover several users
to 3G networks. A significant high handover rate occurs when
the user hands over 4G severing cells to another 4G target cells
compared with 3G-to-3G handover in the same technology
networks during off-peak and peak hours. This condition is
because the 4G coverage serving cell is smaller than the 3G
serving cell. In other words, the tested area is covered with
few 3G cells compared with 4G cells. The handover rates over
4G and 3G networks are mostly similar during off-peak and
peak hours for all MNOs, except for operator E, who achieves
a high handover rate during peak hours over 3G networks.

Fig. 20 shows an example of data visualization of the serv-
ing technology during off-peak and peak hours for operator E.
Green track represents the 4G technology, and the red track
represents the 3G technology. In Fig. 20(b), the dominant serv-
ing network is 3G due to offloading data traffic from the 4G
network. This condition occurs when the data traffic on 4G
cells increases during peak hours; the network offloads the
data traffic on the 3G cells. Operator C records the highest
handover rate compared with others. The number of 3G/4G
cells is unknown in the measured city; however, the 4G cell
changes its operation to 3G due to data traffic on its cell.
One possible explanation is that the operator has deployed
many 4G sites to improve its network capacity or adjusted
handover control parameters (time-to-trigger and handover
margin) with high values to avoid handover failure. Similarly,
a slightly high reselection rate occurs when the user reselects
4G to 4G rather than 3G to 3G technology. However, the res-
election rates over 4G and 3G networks are mostly similar dur-
ing off-peak and peak hours for all MNOs.

Fig. 21 displays the average inter-handover rate and reselec-
tion cells versus off-peak and peak hours for all MNOs. All
operators did not record any reselection cell during off-peak
and peak hours, except operator A, which records a very low
rate during peak hours. It observes that the inter-handover
and reselection rates are extremely low compared with intra-
handover (see the previous figure). The results indicate that
there are not many changes in inter-frequency between two dif-
ferent cells. This is because the tested area is mainly covered by
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Table 3 Summary of signal strength and quality at off-peak hours for all MNOs.

RSRP (dBm) RSRQ (dB) SNR (dB)
MNO Min Max Sdv Avg. Min Max Sdv Avg. Min Max Sdv Avg.
A —117 —60 10.51 —88.10 -20 -2 2.65 —10.06 —14 30 7.34 9.63
B —119 —58 13.24 —89.97 —20 —4 2.90 —10.22 —16 30 8.41 9.49
C —122 —62 9.49 —90.60 —20 -2 2.83 —9.43 —18 24 6.99 9.14
D —118 —56 10.51 —87.63 —20 =5 291 —10.85 —18 30 7.33 8.89
E —112 —56 9.80 —89.2 —19 -5 2.04 —10.40 —11 29 6.77 7.70

Table 4 Summary of signal strength and quality at peak hours for all MNOs.

RSRP (dBm) RSRQ (dB) SNR (dB)
MNO Min Max Sdv Avg. Min Max Sdv Avg. Min Max Sdv Avg.
A —-119 —53 11.03 —89.05 -20 -2 2.82 —11.80 -19 29 6.82 6.82
B —121 —56 13.06 —90.30 -20 =5 3.12 —11.03 -20 30 11.18 8.51
C —124 —67 8.99 -91.69 -20 -2 2.58 —10.59 —16 23 6.31 6.75
D —124 —63 10.19 —90.36 -20 -2 3.20 —12.77 -20 30 7.12 5.99
E —114 -55 9.55 -93.97 -20 -2 4.15 —12.69 -19 15 5.25 4.19
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Table 5 Summary of average throughput and ping at off-peak hours for all MNOs.

Average Throughput (kbps) Ping (ms)
DL UL Max DL UL Max Avg Min Max Stdev Loss
A 9729.34 1874.85 14684.35 2442.44 25.03 17.23 48.15 9.25 0.00
B 14279.34 7114.54 18926.93 9635.14 28.85 18.92 63.82 14.24 0.08
C 7539.16 2171.26 13629.77 2736.75 57.49 22.25 134.37 37.10 1.04
D 5518.87 2263.04 8400.66 2858.07 37.86 17.46 86.96 22.62 0.44
E 2447.30 1657.33 3388.18 2212.63 35.33 25.29 67.67 13.67 0.09
Table 6 Summary of average throughput and ping at peak hours for all MNOs.
Average Throughput (kbps) Ping (ms)
DL UL Max DL UL Max Avg Min Max Stdev Loss
A 8585.87 1377.72 12491.98 1924.14 36.55 17.39 100.31 25.84 0.27
B 3071.41 8828.55 4171.45 11110.42 47.89 20.81 120.82 32.49 0.47
C 2570.11 1475.59 4278.16 2017.47 63.80 29.02 155.93 39.58 1.11
D 1268.63 1711.75 2051.75 2235.08 54.49 18.63 130.32 36.84 0.14
E 1853.02 1300.16 2769.23 1860.38 223.44 40.40 586.10 179.69 1.01
1.8
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Fig. 19  Average rate of intra-handover and reselection cell during off-peak and peak hours.

4G networks, where the user’s communication links are
handed over the same networks (intra-eNBs). Similar to the
previous figure, operator C achieves a slightly higher inter-
handover rate than others during off-peak and peak hours.
Table 8 summarizes the intra and inter-handover rates during
off-peak and peak hours for all MNOs.

5.1.5. Analysis summary for outdoor scenarios

The results of investigated performance metrics obtained from
five Malaysian MNOs of urban morphology are summarized
in Tables 5, 6, and 7. The RSRP and RSRQ ranges are accept-
able for all MNOs, with low levels experienced at off-peak
hours. All the MNOs cover the test area with 4G except oper-
ator E, where some routes are covered with 3G networks. The

tested area is affected by a noise floor that contains various
noise sources that reduce the SNR. All MNOs achieve an aver-
age SNR level of 6.5 dB and 9 dB for peak and off-peak hours,
respectively. The typical DL speeds of 4G and 3G networks
are around 2Mbps and 20Mbps, and theoretical ones of
7.2Mbps and 150Mbps, respectively. From our results, most
MNOs achieved an average of 2Mbps (except one operator)
during peak hours, although they have a network coverage
with 4G. Thus, all the operators should improve the SNR ratio
by lowering the noise floor and improving the signal power.
Also, some operators perform better than others in several
KPIs for different reasons, as illustrated in the result section.
For example, some operators may have fewer connected users
in that area, some may have good coverage, and others may
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Fig. 20 Example of data visualization of the serving technology for operator E during (a) off-peak and (b) peak hours.
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Table 7 Summary of average intra and inter-handover during off-peak and peak hours for all MNOs.

Off-peak hours

Peak hours

Intra Handover Inter Handover

Intra Handover Inter Handover

MNO 3GTO3G 4GTO4G 3GTO4G 4GTO3G 3GTO3G 4GTO4G 3GTO4G 4GTO3G
Operator A 0 1.25 0.01 0.01 0.03 1.31 0.01 0.01
Operator B 0 1.53 0 0 0 1.27 0 0
Operator C 0.03 1.63 0.02 0.02 0.02 1.59 0.02 0.02
Operator D 0.04 1.14 0.01 0.01 0.06 1.17 0.02 0.02
Operator E 0 0.72 0 0 0.72 0.52 0 0.01

use 4G more than 3G, so the performance of different opera-
tors will be different. Also, most of the measured MNOs
achieve an average ping lower than 100 ms, which is within
an acceptable range for 3G and 4G networks. In general, the
current MNOs may require to improve the data rate for deliv-
ering a high-speed transmission with low-latency
communications.

5.2. Indoor scenario

Indoor measurements were collected on several floors in
DPulze, which is the central shopping mall in Cyberjaya City,
with coordinates of 2.9221° N, and 101.6510° E, as shown in
Fig. 22. In this scenario, three floors were considered: lower
ground (LG), ground (G), and upper ground (UG).
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Table 8 Summary of the average signal qualities of indoor scenario.

RSRP (dBm) RSRQ (dB) SNR (dB)
MNO Max Min Sdv Avg. Max Min Sdv Avg. Max Min Sdv Avg.
A —61 —99 7.65 —82.98 —4 —11 1.68 —8.64 30 0 7.14 19.64
B —63 —105 7.91 —85.41 -7 —14 1.39 —10.77 27 -2 5.92 18.20
C —62 —113 9.91 —85.85 -3 —20 2.78 —6.27 30 —16 7.95 18.41
D —56 —108 8.08 —76.15 —4 —14 0.94 -9.99 30 -1 7.38 20.30
E —65 —104 8.20 —85.32 -3 —15 1.48 —10.34 30 —4 7.40 19.95

Fig. 23 shows the floor plans of the measurement testbed.
The red dots indicate the collected data for each MNO. Good
network coverage is essential for mobile users to connect to
subscribed network services. Mobile users sometimes experi-
ence inadequate coverage in general indoor environments,
especially in large-scale multi-floor indoor spaces. Thus, estab-
lishing an Internet connection becomes boring and unpleasant
due to a slow connection. Poor indoor cellular coverage can
occur due to several reasons. (1) construction materials used
for roofs, external and internal walls and windows, including
glass, make the mobile signal bounce, diffract, and attenuate
at a long distance (2) the human body can absorb and block
mobile signals.

5.2.1. Signal level and quality

Fig. 24 illustrates the average RSRP of each floor plan for all
MNOs. Operator D obtains the strongest average signal levels
of —88.64, —73.92, and —73.80 dBm for LG, G, and UG,
respectively. This is because the operator may deploy external
antennas to improve the indoor signal level. All MNOs achieve
high and low RSRP levels on UG and LG. All the MNOs
cover the test floor plans with 4G technology, and no 3G sig-
nals are discovered. This is because the threshold signal level in
4G networks is lower than the required level in 3G networks.
4G subscribers can receive a signal level that is weaker than the
3G threshold level.

Fig. 25 displays the average RSRQ of each tested floor plan
for all MNOs. The RSRQ on all floor plans is mostly at the
same level, with a slight difference of approximately —1 dB.
All MNOs record RSRQ levels within the range of —8 dB to
—11 dB, except for operator C, whose RSRQ level ranges from

CYBER 4

Fig. 22 Location map of the indoor experiment at “DPulze
Shopping Center.”.

—6 dB to 7 dB. Operator C achieves a good RSRQ level com-
pared with other operators. The signal quality in a number of
used resource blocks is used to measure RSRP and RSSI over
the same bandwidth for each MNO. The RSRQ value helps
the base station to make a decision whether to perform cell res-
election or intra-inter handover.

Fig. 26 demonstrates the average SNR on the tested floor
plans for each MNO. The SNR levels on the G floor are better
than those on the LG and UG. This condition occurs due to
less noise and fewer obstacles on the G floor. The SNR levels
on the G floor reach up to 25 dB, whereas the SNR levels on
the LG and UG reach 20 dB. Overall, all MNOs achieve good
SNR levels on the tested floor plans with average SNR of
approximately 22 dB. This finding indicates that the MNOs
may implement internal antennas to amplify the transmitted
signals in different areas inside the shopping center.

Fig. 27 shows the total average of RSRP, RSRQ, and SNR
on the tested floor plans. Operator D achieves good RSRP and
SNR levels compared with other operators. Operator C
obtains a better RSRQ level compared with other operators.
Overall, the shopping center has a 4G network coverage for
all MNOs because it is located in the city center. Table 8 sum-
marizes the average signal qualities of the indoor scenario.

5.2.2. Throughput and ping

Fig. 28 shows the average and maximum data rate for each
MNO. Operator B achieves the highest data rate in DL and
UL with approximately 3.7 and 5.3 Mbps, respectively, com-
pared with other operators. By contrast, operator E records
the lowest data rate in DL and UL, with approximately 1.7
and 1.6 Mbps, respectively. The maximum DL and UL
obtained by operator B with data rates are approximately
9.8 and 11.8 Mbps, respectively. Other operators achieve an
average DL and UL data rate of 2 Mbps. The network perfor-
mance of each operator is highly variable and depends on sev-
eral metrics, such as infrastructure, deployment scenario, and
radio conditions.

Fig. 29 illustrates the average ping and standard deviation
for all MNOs. Operators A and D achieve lower ping and
standard deviation with a latency of 24.4 and 23.4 ms, respec-
tively, compared with other operators. Operators B and E
obtain a high average ping of 60.4 and 63.5 ms, respectively.
Operator B achieves the highest data rate (Fig. 28) and the
highest ping (Fig. 29). No relation is found between data rate
and ping, where the user may receive high throughput but
experience high ping times due to physical distance from the
server. Overall, the operators achieve an average ping below
100 ms, which is the maximum ping for 4G networks.
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5.2.3. Indoor handover

MNOs deploy more indoor systems or multiple access points
to provide high-performance indoor coverage to meet cus-
tomers’ satisfaction in terms of high data because approxi-
mately 80 % of total MBB traffic utilizes in-buildings despite
high building penetration loss. Thus, multiple handover events
occur when end-users move into multifloor buildings. Fig. 30
demonstrates the handover rate in the DPulze shopping center
for all MNOs. Operator D achieves a high handover rate of
13 % compared with others. By contrast, operators A and B
record equal handover rates of 4 %. The higher handover rate
is due to the handover strategy or sometimes congested access
points caused by increased data traffic.

(c)

SNR (dB)

Fig. 26  Average SNR of each floor plan.

5.2.4. Analysis summary for indoor scenario

The results of investigated performance metrics obtained from
five Malaysian MNOs in the DPulze shopping center are sum-
marized in Tables 9 and 10. In-building mobile coverage is the
most challenging environment. In this study, all the investi-
gated MNOs provide better in-building mobile coverage rang-
ing from —76 dBm to —85 dBm. However, they achieve an
acceptable average data rate of 2 Mbps. The data rate can
be improved further by deploying more indoor hotspots that
increase the network capacity. In 5G technology, more build-
ings are experiencing poor indoor mobile coverage due to
building structures, capacity requirements, and radio fre-
quency. It is more complicated to provide deep indoor cover-
age in the 5G mobile network, which uses a frequency band
higher than 4G. Higher frequency bands experience higher
penetration and space propagation losses through building
materials.

6. Limitations and future directions

This study presented the evaluation results of the current MBB
with various MNOs. However, several limitations are ignored
in this study and can point to possible future work.

6.1. Study limitations

6.1.1. M BB services

This study included the most relevant performance metrics and
MBB services usually analyzed by MNOs. However, several
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MBB services, such as video streaming and web browsing
speeds, can be considered for further investigation. This study
does not discuss various factors related to mobile subscribers,
such as traffic management policies, customer service, data
allowances, billing, and price.

6.1.2. Geographical area

The scope of this research is focused on a particular populated
urban area, Cyberjaya City, where it does not represent the
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Fig. 30 Average handover rate for all MNOs.

overall actual performance of MBB networks. Thus, the scope
can be further extended and include different geographical
areas, such as suburban and rural areas. The performance of
MBB is heavily reliant on the network coverage available.
Although this study contains some coverage information, it
does not measure the whole network coverage levels. Thus,
investigating and analyzing the network performance of each
MNO are challenging.
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Table 9 Summary of the average signal qualities of indoor scenario.
Average Throughput (kbps) Ping (ms)
MNO DL UL Max DL UL Max Avg Min Max Stdev Loss
A 2849.46 2074.89 15,850 3043 24.5 16.44 54.47 11.12 0
B 4218.08 5347.29 28,980 13,323 60.45 31.18 170.55 42.53 0
C 2238.37 2147 7596 3124 50.8 30.11 124.31 27.37 0.57
D 1792.56 1821.95 4174 3310 23.38 17.59 42.64 7.54 0
E 1691.80 1580.4 10,416 2684 63.46 44.72 108.46 18.92 0.26
Table 10 Summary of the overall average KPI of indoor and outdoor scenarios.
Outdoor Scenario Indoor Scenario
RSRP RSRQ Throughput (Kbps) . RSRP RSRQ Throughput (kbps) |
SNR (dB P SNR (dB P
MNO (dBm) (dB) @) DL UL ing (ms) (dBm) (dB) @) DL UL ing (ms)
A A -88.58 |£-10.93 #8.23 915761 (162629 |d30.79 W-82.98 =-8.64 4 19.64 92849.46 |[#2074.89 |d24.5
B [£-90.14 |& -10.63 |[§h9 867538 |@7971.55 (#3837 |W-8541 |d-10.77 |db18.2 4218.08 |@5347.29 |fR60.45
C Wo1.15 |f -10.01 [£7.95 5054.64 |f1823.43 |d60.65 |d-8585 |fh-6.27 W 18.41 223837 |@2147 508
D [#-88.99 |@-11.81 [87.44 $3393.75 |#1987.39 [@46.18  |@-76.15 |[d#-9.99  |§203 $1792.56 (182195 |dh23.38
E ¥-91.59 W-11.55 595 W¥2150.16 |W1478.75 |fr129.39 W¥-85.32 W-10.34 M 19.95 $1691.8 15804 |fr63.46

6.1.3. Indoor environment

The performance evolution of QoS in indoor environments is
extremely important because most mobile applications and
MBB services are utilized in indoor environments, such as gov-
ernment buildings, shopping malls, indoor train stations, air-
ports, and offices, rather than outdoor. The primary
consideration for any MNOs to design indoor systems is to
increase the revenue factor and decrease the traffic cost with
a low-cost deployment. Consequently, the MBB connectivity
occurs within buildings where the indoor mobile connections
are approximately more than double the total mobile connec-
tions in indoor and outdoor settings [5], where approximately
80 % of mobile data traffic is generated indoors [31]. Thus, the
indoor users connect to indoor MBB rather than outdoor
MBB networks because the outside mobile signals are extre-
mely weak to penetrate larger buildings. Therefore, deploying
indoor MBB networks is essential to provide end-users with
better coverage and network capacity. In this regard, more
performance investigation of indoor MBB networks is extre-
mely necessary to improve the QoE.

6.1.4. Fair usage policy

More studies should investigate the fair usage policy, which
refers to the agreement between MNO and customers (sub-
scribers). The policy ensures that all customers have a good
experience; however, it can affect the user experiences regard-
ing sharing bandwidth. The number of subscribers sharing a
connection is called the ‘“‘contention ratio,” which measures
the subscribers’ ratio per unit of bandwidth, where a lower
ratio indicates high QoS. Thus, the user experiences slow con-
nection when sharing connections with other users simultane-
ously. However, MNO provides a fair usage policy in terms of
performance by limiting one user’s usage over a group at peak
times [32]. In this regard, fair usage policies play an important
role in user experience, where a customer’s usage over others is

limited depending on their policies. For instance, the Internet
speed depends on the purchase bundle, where each bundle
has a limited Internet speed. Some MNOs offer several advan-
tages to the postpaid subscriber over prepaid, such as high
download speed and priority of 4G connection. All these fac-
tors can be further investigated to evaluate each MNO
independently.

6.1.5. Dynamic spectrum sharing (DSS)

This study is limited to 3G and 4G MBB networks, whereas
the 5G NSA networks are not commercialized in Malaysia.
However, several countries, including Malaysia, will gradually
shut down the 3G networks in the coming years. The 5G net-
works will support a wide range of services with enhanced
MBB performance. The MNOs aim to have a seamless transi-
tion path from 4G to 5G new radio. At the early stages of 5G
commercial deployment, the 5G networks operate in low- and
mid-frequency bands, including the sub-6 GHz spectrum.
However, most sub-6 GHz frequency bands are occupied by
4G frequencies. The existing 4G spectrum is refarmed for 5G
networks to address occupied bands. This refarming spectrum
is called DSS, which refers to simultaneously sharing resource
allocations between 4G and 5G [33]. The DSS technology aims
to eliminate acquiring a new spectrum allocation for 5G
because it enables coexistence with multi-radio access tech-
nologies. Thus, the performance evolution of 5G NSA can
be considered in the near future.

6.2. Future directions

In preparation for 5G roll-outs, the MCMC launched a project
called JENDELA, a comprehensive digital infrastructure plan
that aims to address the increasing data demand and improve
the user experience for fixed and MBB [34]. JENDELA sup-
ports several activities: operating businesses online, working
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remotely, online education, and social communications. The
JENDELA plans to expand the 4G coverage and shutdown
3G networks. However, existing networks play a key role in
ensuring a smooth transition to 5G networks. The JENDELA
was introduced to implement its plan with a five-year plan
starting in 2021 and ending in 2025 in several phases. The first
phase starts now until the end of 2022 and involves optimizing
the current infrastructure and resources for fixed and MBB
connectivity in the following directions:

e Expanding 4G coverage of MBB from 91.8 % to 96.9 % in
urban areas;

e Increasing MBB speed from 25 Mbps to 35 Mbps; and

e Supporting access to gigabit speeds with fixed broadband
services for 7.5 million premises.

The second phase is beyond 2022 and involves activities
that are not covered in the first phase. This phase aims to uti-
lize fixed wireless access and other fit-for-purpose technologies.
It also paves the way for the country’s digital transition to-
ward 5G technology after building a robust 4G and fiber plat-
form in the first phase.

The MCMC and other mobile operators: Maxis, Celcom,
Digi, Telekom Malaysia, and U Mobile, are currently running
5G demonstration projects in six states. Cyberjaya is one of the
targeted cities that will be covered with 5G networks in the
near future. Several showcases have been conducted in Malay-
sia and other countries to explore the capability of 5G technol-
ogy. Several 5G trends can be summarized as follows:

Spectrum bands: the MCMC suggested various 5G spec-
trums, such as 700, 3500, 26 GHz, and 28 GHz [35.,36]. Cur-
rently, several MNOs have started numerous 5G trials using
the lower bands (sub-6 GHz) as non-standalone (NSA)
deployment associated with 4G networks. The high spectrum
band is suitable for mmWave, providing extremely limited cov-
erage but supporting higher bandwidth and lower latency. The
estimated number of 5G subscriptions will be approximately
2.1 million by 2025, with a penetration of 6.6 mobile 5G sub-
scriptions per 100 people [36].

Indoor systems. traffic utilizes approximately 70 % to 80 %
of total MBB traffic. Thus, the MNOs are required to deploy
more efficient indoor systems in buildings where outdoor
macro signals cannot penetrate. Indoor coverage becomes
important in 5G due to the high demands of modern usage
cases. The use of high band frequencies of 3.5 GHz makes
indoor signal penetration from outdoor macro sites more chal-
lenging. The existing 4G indoor systems cannot support the
3.5 GHz or 28 GHz spectrum. The unused mm-wave spectrum
provides an excellent chance to boost MBB capacity due to the
available wide bandwidth [37]. This condition causes MNOs to
deploy 5G indoor systems to satisfy the high demand from
subscribers. Indoor system solutions can be classified into pas-
sive indoor and digital indoor systems [38]. The former uses
low future-proof capabilities, whereas the latter improves
higher-quality network coverage and flexible capacity expan-
sion to support the 5G data explosion. A digital indoor system
provides an excellent solution for complicated internal build-
ing structures, such as multi-floor and multi-walls that can
interfere with radio frequencies. 5G indoor systems will play
an important role in property infrastructures, such as electric-
ity, gas, and water. Thus, they become a driving force for
MNOs to market their 5G networks.

Deployment scenarios: In the past, the deployment of base
stations deepened on the tall structure and heavy-duty of the
ground-based tower, where a certain area has its own special
structures and improved designs. However, 5G trends move
to various deployment types, such as rooftop towers, rapid
assembly poles, and rooftop poles (e.g., lamp poles). The 5G
trend expects to have several special structures that depend
on improved capacity and coverage. For instance, massive
5G antennas in urban areas will be deployed on street furniture
to expand the network coverage. Thus, 5G networks require
denser architecture than 4G networks to deliver their required
performance. Due to limited space, street furniture is consid-
ered suitable for small cell deployment. 5G deployment with
the right design and deployment strategy that supports ultra-
reliable low-latency communication (URLLC) use cases, such
as smart cities, autonomous and connected vehicles, and
unmanned aerial vehicles, becomes essential. Moreover,
URLLC promises to improve information transfer up to
roughly-one Tbps data throughput while attaining
0.1-millisecond transmission latency in the sixth generation
(6G) wireless communication networks [39]. However, the
ability of street furniture can be limited to accommodate
5G/6G deployment due to space and loading capability
constraints.

Mobility management: The deployment of a large number
of small cells in 5G networks is expected to enhance total sys-
tem performance by enhancing coverage and improving user
experience. However, this condition increases the number of
handovers when a user moves among those cells and where
5G ultradense small cells coexist with current 4G networks.
The major rising issue in 4G/5G heterogenous network deploy-
ment is user mobility, which produces a high handover rate,
such as high handover probability, radio link failure, and
unnecessary handover [40,41]. These conditions directly affect
communication quality in terms of high drop calls, long inter-
ruption time, and high-throughput degradation.

Power consumption: The 5G networks consume more power
to deliver more data than the 4G networks. A typical 5G base
station consumes up to twice or more the power of a 4G base
station. The disparity can grow at higher frequencies due to the
need for more antennas and a denser layer of small cells [42].
Thus, power-supplying equipment requires more substantial
upgrades at existing 5G sites. This condition leads to an
increase in network operating expenses. Several issues, such
as insufficient battery capacity, insufficient alternating current
power supply, and inability to support high-power long-
distance transmission, are found due to the increased power
demands of a 5G site.

7. Conclusion

This study provided an extensive performance evaluation of
five national MNOs in Malaysia. The data measurements were
conducted in an intelligent city with good technology infras-
tructure. In this work, the existing networks were tested and
evaluated in several scenarios with various performance met-
rics, such as RSRP, RSRQ, SNR, throughput (DL/UL data
rates), ping, and handover. In the outdoor scenario, the tested
area experiences a noise floor with various noise sources that
reduce the SNR level. Thus, all the MNOs should improve
the SNR ratio by lowering the noise floor and improving the



Measurement analysis and performance evaluation of mobile broadband cellular networks 945

signal power. The maximum average DL and UL data rates
are 14.3 and 7.1 Mbps, respectively, whereas the minimum
average ping and loss are 36.5 ms and 0.14, respectively, for
all MNOs. Therefore, the current MNOs should improve the
data rate for delivering a high-speed transmission with low-
latency communications. In the indoor scenario, in-building
mobile coverage is the most challenging environment. In this
study, all the investigated MNOs provide better in-building
mobile coverage ranging from —76 dBm to —85 dBm. How-
ever, they achieve an acceptable average data rate of 2 Mbps.
The data rate can be improved further by deploying more
indoor hotspots that increase the network capacity. Several
suggestions and recommendations for MBB providers are pro-
vided to improve their network performance and QoE for
meeting customers’ satisfaction. Several points on 5G trends
that potentially affect the near future 5G deployments are
highlighted. The same methodology and tools can be used
for data collection in 5G networks where the G-NetTrack
app supports the data measurements in NSA 5G networks.
In addition, several limitations not considered in this study
and can be a point to possible future work are presented.
Guidelines and a suitable platform are provided for research-
ers to enhance their MBB evaluation studies. This work bene-
fits the MNOs to improve their network performance in a
particular tested area.

Abbreviation List

List of abbreviations in alphabetical order

Item Description

2G second generation

3G third generation

3GPP 3rd generation partnership project

4G fourth generation

5G fifth generation

6G sixth generation

CAPEX capital expenditures

DL downlink

DSS dynamic spectrum sharing

E2E end-to-end

EUTRAN evolved universal terrestrial radio access network

ITU international telecommunication union

HetNets heterogeneous networks

KPIs key performance indicators

LTE long-term evolution

MBB mobile broadband

MCMC Malaysian communications and multimedia
commission

mmWave  millimeter wave

MNOs mobile network operators

NSA non-standalone

OPEX operating expenses

QoE quality of experience

QoS quality of service

RSCP received signal code power

RSRP reference signal received power

RSRQ reference signal received quality

RTT round-trip time

SBB satellite broadband

SNR signal-to-noise ratio

UL uplink

URLLC ultrareliable low-latency communication
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