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Abstract: Mobile broadband (MBB) penetration has deepened globally over the last twenty years. This
is largely due to the adoption of smart devices, improved mobile communications network coverage,
and the perpetual drive to develop ever faster mobile and wireless communication technologies.
However, information on the quality of service (QoS) delivered by MBB operators to the end users
remains an issue of concern. This has driven independent researchers and mobile communication
industry regulators to develop methodologies for independent and unbiased evaluation of the QoS
offered by MBB networks. This paper provides a detailed review of MBB adoption and penetration
across several regions of the world. It also includes the existing methodologies for evaluating the
performance of MBB systems as experienced by the end user. Specifically, methodologies such as the
drive and walk tests, crowd-sourced mobile device-based methods and the software applications
they employ, and the dedicated measurement testbeds are reviewed. Based on this, the challenges of
adopting each of the methods are discussed in order to make a case for the development of more
robust, partially autonomous and scalable MBB measurement platforms for the future.

Keywords: measurement; methodology; mobile broadband

1. Introduction

Access to mobile broadband (MBB) has caused a phenomenal increase in the number
of Internet subscribers over the years [1]. This is because faster internet access through
MBB allows for an increasing number of services that were hitherto rendered by physical
contact to be provided virtually. This growth was recently accelerated with the emergence
of the COVID-19 pandemic, where some countries witnessed up to a 13.3% uptake in
Internet connectivity, while some other countries saw a marginal decline [2]. From data
presented in [1], the increase in Internet access is mostly driven by an expansion of MBB
coverage and this has impacted positively the social and economic wellbeing of the global
society [1]. Several studies including [3–8] have assessed this impact and reported that
there is a direct correlation between access to broadband and the human development
index in the countries and territories where such access is provided.

MBB is delivered to the end users mostly by terrestrial mobile network operators
(MNOs), who are responsible for building adequate infrastructure for optimum quality
of service (QoS) delivery. However, some of these MNOs do not deliver the speeds
they advertise nor the theoretical speeds defined by the respective standards of the 3rd
Generation Partnership Project (3GPP) [9]. Given this scenario and the importance of
MBB networks, it is necessary for independent and unbiased performance analyses of the
services of existing MNOs as experienced by the end users, to be conducted periodically.
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Such information would assist the MNOs to improve the capabilities of their MBB networks
to be able to deliver service at an acceptable QoS. The evaluation of end user experience
QoS is usually carried out through systematic end-to-end measurements using dedicated
infrastructure and standard methodologies. In spite of numerous analyses (MBB) conducted
over the years across different parts of the world, there is still a dearth of published
literature that examines the infrastructure used and the methodologies adopted for such
MBB performance assessments. The purpose of this paper is to present a current global
MBB penetration and a review of existing infrastructure and methodologies developed
around the world for MBB performance analysis. General challenges associated with MBB
performance assessment are discussed, and the conclusion provides a direction for future
research efforts. It is worth noting that the context of this paper is limited to measurement
and evaluation of the performance of end-to-end MBB networks viewed from a user
centric perspective. The balance of the paper examines the challenges associated with MBB
measurements. The paper is structured as follows: Section 2 discusses the evolution of
MBB. Section 3 examines the global penetration of MBB in order to make a case for the
need for frequent assessment of MBB performance. Section 4 discusses QoS and customer
quality of experience (QoE). Section 5 presents performance metrices, methodologies,
testbeds and tools used in determining QoS and QoE for MBB performance evaluation.
Section 6 reviews existing MBB performance measurement studies and projects, while
Section 7 briefly discusses the challenges associated with MBB measurement. Section 8 is
the conclusion.

2. Evolution of Mobile Broadband

Mobile broadband was birthed when the 2nd generation (2G) mobile communication
systems evolved to 2.5G (3GPP Release 98 [9]) from the initial iteration deployed circa
1991 [10,11]. This was when the theoretical gross bit rate of the system exceeded the
International Telecommunication Union (ITU) definition for broadband [12], achieving
a maximum rate of 384 kpbs in the downlink direction. Ever since, the 3rd, 4th and 5th
generation (3G, 4G and 5G) mobile communication systems have progressively achieved
faster speeds, as shown in Table 1.

Table 1. Summary of mobile broadband technologies.

Generation Modes/Standards Commercial
Deployment Multiple Access Channel

Bandwidth Gross Bit Rate Max Cell Range Typical
Capabilities

1G AMPS, TACS, etc. Circa 1979 FDMA 25 kHz NA Analogue voice

2G

GSM 900

1990

FDMA/TDMA/FDD 200 kHz

14.4 kbps to 384
kbps Up to 35 km Voice, Short

Message Service

GSM 1800

GSM 1900

IS-95 CDMA/FDMA/FDD 50 kHz

D-AMPS, GPRS,
EDGE 30 kHz

3G
(IMT 2000)

WCDMA/UMTS

Circa 2003

FDD and TDD
mode Multiples of 200

kHz up to 5 MHz
384 kbps to 2

Mbps Depends on
many variables.
Up to 150 km

possible

Audio and video
streaming, web
browsing, etc.CDMA 2000, HSPA

HSPA+ FDMA/TDMA

4G
(IMT 2010) LTE, LTE-A 2010

OFDMA,
Multi-carrier

CDMA

5 MHz to 20
MHz 2 Mbps to 1 Gbps

HD video
conferencing,
gaming etc.

5G
(IMT 2020) 5G NR 2019 OFDMA, NOMA

5 MHz to 100
MHz and
beyond

1 Gbps to 20
Gbps

Tens to a few
thousand meters

Ultra HD and
low latency
applications
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Table 1 shows the technologies used by various generations of mobile communication
technologies. For example, 2G systems include General Packet Radio Service (GPRS) and
Enhanced Data Rate for GSM Evolution (EDGE) [13,14]. Other technologies considered as
part of 2G include the CDMA-based IS-95 and the digital version of the Advanced Mobile
Phone System (D-AMPS) [15,16]. These additional technologies set the motion for 2G-based
Internet services in 2G by offering enhanced data rates, enabling wireless devices to access
the Internet and delivering improved QoS for voice and data services [17,18].

Due to the demand for better features and services, and industry drive for improved
spectral and energy efficiency, newer generation of mobile communication networks
have become a necessity. In Table 1, these newer systems have been classified as 3G,
4G and 5G. 3G consist of technologies such as Wideband Code Division Multiple Ac-
cess (WCDMA), High-Speed Packet Access (HSPA) and Evolved HSPA (HSPA+). Please
note that the standard for each technology is defined by the 3GPP and the ITU. 3G
also uses CDMA in standardized family format as CDMA2000 and CDMA200 1xEv-DO
(Evolution-Data Optimize) [19–22].

The 4G network was developed to deliver greater capacity for a faster and better MBB
experience. It has the Long-Term Evolution (LTE), Advanced LTE (LTE-A) and World-
wide Interoperability for Microwave Access (WiMAX 2) as its main technologies along
with others [23–26] listed in Table 1. The 5G mobile network, which has recently been
deployed in many countries and territories offers enhanced mobile broadband (eMBB),
massive machine-type communications (mMTC), and ultra-reliable and low-latency com-
munications (URLLC) [27–30]. 5G uses Orthogonal Frequency Division Multiple Access
(OFDMA) and Non-Orthogonal Multiple Access (NOMA) as its core technology in addition
to the technologies used by the previous generations [28,31,32]. This is in line with the
ITU requirements for the International Mobile Telecommunications for 2020 and beyond
(IMT-2020) [31–35].

A defining characteristic of eMBB, being one of the three core 5G features, is its
theoretical potential to achieve a gross throughput of up to 20 Gbps as shown in Table 1.
According to [33], eMBB would be able to support data intensive applications such as
ultra-high definition video streaming, and virtual and augmented reality applications.

3. Mobile Broadband Adoption

According to ITU [36], the deployment and utilization of MBB have witnessed sig-
nificant growth over the years. As summarized in Table 2, the number of active MBB
subscriptions worldwide has grown by up to 99% when data from year 2015 and 2021 are
compared. This growth is even more significant in least developed countries (LDCs), being
up to 198%. For the country groupings in Table 2, the other acronyms LLDC and SIDS
represent land-locked developing countries and small island developing states, respectively.
The growth trend per 100 inhabitants is graphically illustrated in Figure 1a, where it can be
observed that there is a huge gap between broadband penetration in developed countries
and the rest of the world.

Table 2. Growth in active mobile broadband (3G and above) subscription in millions by
development status.

Development Status 2015 2016 2017 2018 2019 2020 2021 % Growth

World 3282 3863 4723 5312 5745 6023 6544 99%
Developed 1126 1229 1381 1485 1584 1625 1678 49%
Developing 2156 2633 3342 3827 4162 4398 4866 125%
LDCs 141 192 258 292 343 384 420 198%
LLDCs 93 118 156 169 191 213 236 154%
SIDS 22 26 31 35 37 39 41 86%
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Table 3 uses regional groupings according to the ITU’s Telecommunication Develop-
ment Bureau [37] to show the growth in active MBB subscriptions. The table reveals that
the largest growth, occurring between years 2015 and 2021 was 148% and this was in Africa.
The Asia-Pacific region at 142% came second while the Commonwealth of Independent
States (CIS) saw a 61% growth.

Table 3. Growth in active mobile broadband (3G and above) subscription in millions by region.

Regions 2015 2016 2017 2018 2019 2020 2021 % Growth

Africa 180 213 253 303 356 409 448 148%
Americas 771 844 894 949 996 1021 1060 37%
Arab States 168 184 222 245 263 279 297 77%
Asia-Pacific 1554 1932 2588 2970 3221 3374 3755 142%
CIS 143 155 174 186 209 214 230 61%
Europe 465 533 588 629 670 696 723 55%

Figure 1b bar charts display the active MBB subscriptions per 100 inhabitants by region.
It should be noted that even with the massive disruptions in broadband usage brought
about by the COVID-19 pandemic [2], Africa recorded the least number of subscriptions
per 100 inhabitants. In numerical terms, the Asia-Pacific and the Americas region have the
highest numbers (Table 3) but Europe still dwarfs these regions in terms of penetration
(Figure 1b).

The Organization for Economic Co-operation and Development (OECD) also collates
and presents yearly MBB data for its 38 member countries [38]. Published data show that
the group has a total of over 1.7 billion active MBB subscriptions as of December 2021 (see
Table 4). It also indicates a remarkable year-on-year penetration increase for year 2020 to
2021, averaged at 6.15, as shown in Table 4. Since MBB is mostly accessed through smart
phones, a report by GSMA [39] has provided an informative projection of figures regarding
smart phone adoption for the years, 2021 to 2025. The report predicts a 9% increase in
global adoption, and this is equivalent to 7.5 billion smart phone connections, which would
mostly be driven by frontier markets in sub-Saharan Africa and the Asia-Pacific regions.

Consequently, this progressive MBB penetration and the proliferation of mobile de-
vices across the globe make a case for a regular systematic end-to-end performance as-
sessment of MBB networks. In doing so, the parameters used to characterize the MBB
performance need to be understood.
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Table 4. Growth in active mobile broadband (3G and above) subscription in millions by region.

S/N Country

Mobile
Broadband
Subscrip-

tions

Penetration
Increase

2020–2021
S/N Country

Mobile
Broadband
Subscrip-

tions

Penetration
Increase

2020–2021

1 Australia 31,795,000 0.27 20 Japan 239,052,382 5.12
2 Austria 10,583,314 4.36 21 Korea 60,721,156 1.14
3 Belgium 10,822,349 3.83 22 Latvia 2,665,494 1.37
4 Canada 28,647,879 3.29 23 Lithuania 3,412,559 7.59
5 Chile 21,261,486 8.49 24 Luxembourg 713,568 3.76
6 Colombia 36,767,041 9.98 25 Mexico 108,835,922 5.16
7 Costa Rica 4,501,028 −3.65 26 Netherlands 23,445,552 6.04
8 Czech Republic 10,707,478 5.62 27 New Zealand 5,146,703 9.29
9 Denmark 8,295,173 3.93 28 Norway 5,692,209 2.90

10 Estonia 2,392,407 15.19 29 Poland 50,094,680 6.68
11 Finland 8,700,000 0.96 30 Portugal 9,113,728 8.51

12 France 67,728,000 4.15 31 Slovak
Republic 4,833,958 0.35

13 Germany 78,729,000 3.26 32 Slovenia 1,923,964 4.46
14 Greece 9,875,405 6.37 33 Spain 50,955,964 3.71
15 Hungary 7,982,269 6.76 34 Sweden 13,253,718 1.40
16 Iceland 442,450 4.39 35 Switzerland 8,827,222 −0.17
17 Ireland 5,417,162 4.30 36 Turkey 70,029,003 4.52

18 Israel 13,100,000 6.62 37 United
Kingdom 76,230,298 3.91

19 Italy 57,359,101 2.26 38 United States 558,699,877 11.88

OECD TOTAL 1,708,754,499 6.15

4. Quality of Service and Quality of Experience

MBB services and the underlying terrestrial telecommunications networks are gradu-
ally being designed to consider the end-to-end performance needed by the user’s appli-
cation. In measuring the quality of MBB services, QoS and QoE are the two predominant
measures that are often adopted. However, in recent times, the mean opinion score MOS
has also been given more attention [40]. This section reviews the definition of the two most
widely adopted terms for end-to-end performance assessment of MBB networks, being the
quality of service (QoS) and the quality of experience (QoE).

Quality of Service (QoS) is a term that is broadly used in the telecommunication world
but increasingly gaining traction with regards to MBB. QoS is the overall quality of the
applications experienced by the network users. According to the ITU [41,42], “Quality of
Service (QoS) is the totality of characteristics of a telecommunications service that bear
on its ability to satisfy stated and implied needs of the user of the service”. Therefore,
end-to-end latency, jitter, packet loss and throughput are key QoS parameters adopted to
measure the performance of MBB networks [43]. From Figure 2, QoS has four points of
view when adopted within the concept of service quality. The four points of view include
QoS offered by provider, QoS achieved by provider, QoS perceived by subscriber, and the
subscriber’s QoS requirements [44]. The subscriber’s QoS requirements state the level of
quality that a specific service requires, which may be expressed in non-technical languages
with the subscribers particularly concerned about the resulting end-to-end service quality
and not the internal design of the network. QoS offered by the service provider accounts
for the level of quality expected to be offered to the customer by the service provider, which
maybe expressed in non-technical terms for customers to understand, and in technical
terms for use within the business. QoS perceived by the subscribers expresses the level of
quality experienced that the subscribers believe they have experienced, which is usually
expressed in terms of degrees of satisfaction and not in technical terms. QoS achieved by
the service provider accounts for the level of quality truly achieved and delivered to the
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subscribers, which is used by the industry and sometimes by regulators, for publication in
the interests of subscribers [44].
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QoE involves the end-user in the overall quality assessment and satisfaction in terms
of usability, accessibility and service integrity. ITU in [41,45] defines QoE as “the degree of
delight or annoyance of the user of an application or service”. QoE is not only limited to
technical network performance but also non-technical aspects that affect the perception and
satisfaction of the user as highlighted in Table 5 [43,46]. Recent studies such as [47] have
also shown how QoE and QoS can depend on each other in the overall telecommunication
network system (OTS). Four normalization techniques were used to predict the QoE
parameters based on only the QoS indicators in the OTS.

Table 5. Technical and non-technical aspect of QoE.

Quality of Experience (QoE)

Technical Aspects Non-Technical Aspects

End-to-end network quality Determining the price according to service
Coverage area Support to customers

Equipment flexibility and functionality Service availability
Ease in the installation of service set-up

5. Mobile Broadband Performance Evaluation Metrics, Methodologies and Tools

This section is concerned with reviewing the available evaluation metrics and the
methodologies and tools used in assessing mobile broadband performance from a user-
centric perspective.

5.1. Performance Evaluation Metrics

There are different metrics for measuring and assessing the performance of MBB
network operators. The key metrics include throughput, latency, packet loss and jitter.
Throughput is the actual amount of data that are successfully sent or received over a
communication network or link. It is measured both in the uplink and downlink and
presented in kbps, Mbps or even higher values such as Gbps [46,48].

Latency, also called delay, is the time it takes for a data packet to be transmitted from
its source to its expected destination. Latency is measured in milliseconds and depends on
the type of network access, protocol, packet loss as well as network configuration of the
MNOs. Latency portrays how responsive a network is [46,49]. Jitter is related to latency. It
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is described as the difference or inconsistencies in latency between end-to-end packet flow.
Jitter is measured in milliseconds [50].

Packet loss is a QoS metric that describes the percentage of packets of data not reaching
their destination after they have been sent across a network. Packet loss is mostly caused
by network congestion and is expressed as a percentage [50].

In analyzing different MBB networks and use cases, inferences should not be drawn
in isolation based on individual results of the listed performance metrics. This is due
to the complex relationship between the different performance metrics and the physical
layer parameters such as distance between access points and user equipment, prevailing
channel fading conditions, modulation and channel coding schemes employed, signal-to-
interference and noise ratio, and the time of measurements. These effects individually and
collectively influence the results of the performance evaluation.

5.2. Performance Evaluation Methodologies

To measure the MBB performance delivered to the end user, a systematic end-to-
end approach is usually preferred [51]. In some cases, a dedicated testbed is developed
while in other cases, simplified methods that use software and mobile applications are
adopted. Regulatory agencies, operators or independent researchers can carry out drive
tests and walk tests to identify coverage gaps and performance problems. The major
disadvantages of these kinds of tests are high costs and poor scalability [52,53]. Another
approach is to depend on the end user to initiate performance measurement by visiting a
website or by running performance measurement applications preinstalled on their mobile
device [54]. Even though this method is scalable, there can arise issues of privacy, and
bias in measurements by participants. Additionally, this method often lacks vital context
information and metadata that is essential in putting the MBB measurement result in the
right context.

The challenges with the aforementioned methods birthed the adoption of testbed-
based MBB measurement platforms. These testbeds are robust enough to allow for con-
trolled, scalable measurements that can span over a long period of time. Whichever
approach is adopted depends on what metrics are to be assessed and what data are re-
quired, as all the approaches have their advantages and disadvantages. This subsection
therefore provides an overview of the methodologies and approaches that can be adopted
for MBB performance assessment.

5.2.1. Drive Test

A drive test is usually carried out to evaluate and objectively compare the capacity,
coverage and quality of service (QoS) provided by mobile networks [40]. Such tests
involve mounting measurement equipment inside moving vehicles to systematically collect
measurements [40]. Important features of drive testing are the need for consistency in
the collection of measurement data and minimizing the variation in as many factors as
possible that might influence the measurement results [53]. Additionally, performance
impacting variables such as collection of samples that reflects consistent speed, time-of-day,
application use or device configuration are controlled to improve the ability of researchers
to draw inferences. Drive tests provide a common picture of the QoS of the mobile user
over a given geographical area. There are fundamentally two main formats for performing
drive tests.

The first is a user equipment-based testing where measurements are performed using
a typical user-equipment such as smart phones. The second method engages specialized
receivers for measurement and benchmarking [40,53]. There is no defined methodology or
standard for conducting a drive test. However, Figure 3 shows a typical configuration of
drive test [40]. Usually, an MBB testing application is installed in identical smartphones,
each dedicated to a particular MNO as shown in Figure 4 [40]. The smartphones are
mounted in a moving vehicle and programmed to take measurements while the vehicle
is in motion and to evaluate several performance metrics relating to user experience. The
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data collected are stored in the mobile device, which are retrieved and analyzed in real
time or at the end of the measurement campaign. The major disadvantage of this kind of
MBB measurement is that it is expensive and may not be scalable.
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The walk test is another type of MBB measurement that is setup in a similar way to
drive testing. However, walk tests involve walking along typical locations such as sub-
ways, pedestrians, sports stadiums, airports and malls and taking network measurements.
The test equipment for a walk test is affixed to the back of the test taker or placed in a
carrying harness during measurement periods [53]. Figure 5 shows an example of such a
carrying case with mounting prepared to firmly carry six mobile phones. The cell phones
are programmed to take performance measurements for the different MNOs through an
application installed in them, as the carrier walks around defined areas. Walk tests are
more expensive than drive tests as the cost of collecting data per unit area is high. The test
is also limited by the walk speed and distance covered by the carrier of the test device.
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5.2.3. Crowdsourced Method

The crowdsourced software application-based approach to MBB performance evalua-
tion is a large-scale measurement method that typically depends on voluntary participation
by the end user [49,55]. Mobile apps are installed on the participant’s smartphones for MBB
performance assessment. They are two basic approaches to this type of MBB performance
measurement. The first is the app-based panel testing, where participants known as the
panel of testers have the app installed and running on their smartphones. An autonomous
agent then initiates the test and collects the data in the background without the knowledge
of the user [53,55]. The Federal Communication Commission (FCC) in the US is one regula-
tor that uses this panel-based approach. The second approach relies on users to voluntarily
install the app and also, initiate the test.

The crowdsourced app-based approach is cost-effective, scalable and can cover a
larger geographic area than other test methods. However, different MNOs cannot be tested
at the same time, and relying on the user to initiate the test may not be very effective.
Privacy is also an issue as the data collected by real participants must be encrypted to
be completely anonymous. Additionally, important context information such as location,
type of subscription and mode of connection is often missing in this type of measurement
approach [40,52–56]. Industry regulators often adopt this approach for national scale
measurement campaigns. Some of such notable measurements have been carried out
by USA’s FCC [57], the UK’s Office of Communications (OFCOM) [58–60], the Canadian
Radio-Television and Telecommunications Commission (CRTC) [61] and the Australian
Competition and Consumer Commission (ACCC) [62].

Generally, it is important to observe that each methodology has its unique benefits
and weaknesses as shown in Table 6. Hence, adopting more than one approach allows
for cross-validating of measurement results. In recognizing this, regulators from many
countries and private researchers are gradually employing multiple approaches for MBB
network assessment. This is evident in a draft report released by the Body of European
Regulators for Electronic Communications (BEREC) that summarizes responses received
from its EU member countries about their MBB measurement activities [63]. A section
of the report presented in Table 7 shows the diverse methodologies adopted within each
country, with drive test being the most commonly used approach in twenty-seven of the
thirty-four countries.

Table 6. Advantages and disadvantages of mobile broadband measurement techniques.

Methods Advantages Disadvantages

Drive Test

• Consistency in data collection
• Ability to control performance impacting variables
• Identifies coverage holes and performance problems

• Fairly expensive on a per measurement basis
• It does not scale well
• May not provide a complete end-to-end

measurement of MBB performance

Walk Test

• Provides a quick view of the QoS delivered to the user
within the test locale

• Useful where access to MBB is deemed to be very
important

• Cost of data collection is huge
• Poor scalability
• Limited by walk speed of the carrier
• Places less stringent conditions on mobile networks

Crowdsourced
• Very cost-effective on a per measurement basis
• Highly scalable
• Suitable for extended duration measurements
• Ability to collect more data at different times of the day

• Possibility of bias and error for tests initiated by
humans

• Issues of privacy signify that it may not provide
some detailed context information and metadata

• Users can operate the devices in an uncontrolled
manner
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Table 7. Different methodologies adopted for BEREC countries.

Countries and Regulators Drive
Testing

Walk
Testing

App-Based

(Panel) (Crowdsourced)

Austria (RTR) No No Yes Yes
Belgium (BIPT) Yes No Not yet Not yet
Bulgaria (CRC) Yes No No No
Switzerland (BAKOM) No No No No
Cyprus (OCECPR) No No No No
Czech Republic (CTU) Yes No No Yes
Germany (BNetzA) Yes No No No
Denmark (DBA) No No No No
Estonia (ETRA) Yes No No No
Finland (FICORA) Yes No No No
France (Arcep) Yes No No No
Macedonia (AEC) Yes No No No
Greece (EETT) Yes No No No
Croatia (HAKOM) Yes No No Yes
Hungary (NMHH) Yes No No No
Ireland (ComReg) Yes Yes No -
Iceland (PFS) Yes No No No
Italy (AGCOM) Yes No No Yes
Lithuania (RRT) Yes No No No
Latvia (SPRK) No No No No
Montenegro (EKIP) Yes No No No
Malta (MCA) Yes No No No
Netherlands (ACM) Yes No No No
Norway (NKOM) Yes No No Yes
Poland (UKE) Yes No No No
Portugal (ANACOM) Yes No No Yes
Romania (ANCOM) Yes No No No
Sweden (PTS) No Yes No No
Serbia (RATEL) Yes Yes No Yes
Slovakia (RU) Yes No No No
Slovenia (AKOS) Yes Yes No Yes
Turkey (ICTA) Yes No No No
United Kingdom (OFCOM) Yes Yes No No

5.3. Mobile Broadband Measurement Software Tools

Most MBB performance evaluation methodologies make use of software either in-
stalled as applications in smartphones, measurement nodes or accessed online. Speedtest
by Ookla [64] is one of the most popularly used applications developed for crowdsourced
based MBB measurement. Speedtest maintains a free testing website where visitors can
measure the performance of their network using any of the available public Ookla test
servers around the world [64]. Each measurement taken with the Speedtest app is initiated
by the user and this consists of upload and download throughput, jitter, packet loss and
latency, which can be aggregated at the provider, state or country level [53]. Over 43 billion
tests have been made using the Speedtest engine since its inception [65]. The test run by
Ookla on its website is between a flash-based applet embedded in a web page and a server
hosted on a web browser while the mobile version runs on smart phones [66]. Figure 6a
shows the interface of the mobile application which is freely available in 17 languages on
Google play store for both Android and iOS-based smartphones [67].

SamKnows is also a well-known network performance company that develops MBB
crowdsourced measurement applications as one of its products [53]. The SamKnows
mobile application app supports MBB performance in six main categories: download
speed, upload speed, latency, packet loss, web browsing and YouTube streaming MBB
measurement. It can also record passive metrics such as signal strength of the connection
and device manufacturer, type and model. However, for this app, the test can be conducted
anonymously on its own at timed intervals [53,68]. SamKnows’ crowdsourced app is
modular, allowing regulators to easily customize the app for quick MBB speed assessment.
SamKnows also collaborate to develop custom-made apps for regulators such as the FCC
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speed test app [57]. Figure 6b shows the interface of the mobile application, which is
supported by both Android and iOS-based smartphones.
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Other mobile applications for MBB assessment include MBPerf [69,70], the Meteor app
by OpenSignal, [71], MobiPerf app [72], RTR-NetTest [73], Netradar and the SpeedSmart
speedtest app [74].

6. Review of Existing Mobile Broadband Performance Measurements

This section reviews existing user-centric mobile broadband performance measure-
ments studies and testbed-based projects.

6.1. User-Centric Performance Evaluation Works

The research objective of most MBB studies is conducted to comparatively evaluate the
MBB performance delivered by different MNOs. The research reported in [69,70] adopted
a host and crowdsourced based approached using MBperf as the mobile application to
measure the performance of 2G and 3G MBB networks, while [75] used a simplified
Raspberry Pi testbed for measurement of the performance of 3G and 4G MBB networks
over an extended period. The results of this research carried out in Nigeria reveal variations
in MBB speeds delivered by four major MNOs in the country. Similarly, studies reported
in [76–78] also used a panel-based crowdsourced approach for a comparative assessment
of 3G and 4G MBB networks in Nepal, Pakistan and South Africa, respectively. They
identified that the MBB speeds delivered to end users do not meet the values advertised
by the MNOs. The behavior of these crowdsourced MBB measurement datasets can be
analyzed using machine learning for more accurate estimations [79,80].

Apart from comparative analysis, other types of MBB performance evaluation have
been carried out. For instance, [81] used a panel-based crowdsourced method for perfor-
mance assessment of MBB services offered by different Internet service providers during
defined peak periods and off-peak periods in major Canadian metropolitan areas. They
defined peak periods as the time between 7 pm and 11 pm from Monday to Friday and
off-peak periods as any hours or days exclusive of peak periods. Additionally, [18,82,83]
used a dedicated testbed and drive tests approach to study the performance of different
MBB networks under mobility, while [84,85] adopted the walk test methodology to perform
coverage and capacity measurement and characterize the performance of MBB networks
during peak periods and off-peak period.

Furthermore, when designing future technologies, MBB measurement can be valuable
for benchmarking and planning network upgrades. The MBB performance measurement
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of the 4G networks reported in [83,86] are studies conducted to determine the baseline for
5G capabilities and assess the inefficiencies that should be addressed in the 5G network.
Some of the points highlighted and the benchmarks estimated were considered in the 5G
pilot MBB measurement reported in [87–90].

6.2. Testbed-Based Measurement Projects

The limitations posed by using the aforementioned methodologies have driven insti-
tutions and private researchers to develop more robust infrastructure for testbed-based
experiments on MBB performance. Although some of these testbeds are expensive to build,
they allow for a controlled and scalable measurement over a long period and thus, eliminate
many limitations of the other methodologies. This section introduces some testbed-based
MBB performance evaluation platforms and projects that already exist. It goes further to
explain the network tools used for these testbeds.

6.2.1. The Nornet Edge (NNE) Platform

The Nornet Edge (NNE) platform is a testbed dedicated to the measurement and study
of MBB networks and is presented in [52,91,92]. Figure 7 shows the overview of the testbed
for MBB experiments. Renowned as one of the largest infrastructures in the world for MBB
measurements, the NNE has over 400 fully programmable and multi-homed nodes shown
in Figure 8, placed at different locations in Norway. The NNE measurement nodes comprise
custom-made single-board computers running a standard Linux operating system that
allow 2–5 MNOs to be connected to it using MBB modems. The node is equipped with a
Samsung S5PV210 Cortex A8 1 GHz processor with 512 MB RAM, 512 MB NAND flash
memory and a 16 GB SD card for storage. Sets of servers form a central backend system for
collection and storing data on the NNE platform. There is also an algorithm designed to
manage the nodes and run measurements for a long time on a national scale. The platform
allows for the collection of status information from the modems on mobile broadband cell
ID, connection mode and signal strength.
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Since the platform is able to simultaneously connect to multiple networks, it is pos-
sible to directly compare QoS metrics across different MNOs. The NNE platform is built
for future compatibility with new systems as its designs makes it seamless to install
new measurement applications to gather new or additional data. A website is also cre-
ated for real-time viewing of the status of all NNE nodes, including the status of each
MBB connection.

NNE is well suited for national scale measurements and experiments that require a
large number of geographically distributed measurement nodes, simultaneous connections
to multiple operators, information regarding the context in which measurements are taken,
and continuous measurements that span long. One such experiment and research is
reported in [18].

6.2.2. The MONROE Platform

The MONROE testbed and its operation presented in [51,54,93,94] is the first open
access European transnational hardware-based platform for independent, multihomed,
large-scale experimentation in MBB measurements. Figure 9 shows the overview of the
MONROE MBB performance evaluation platform. MONROE has a set of 150 nodes,
both mobile and stationary, which are multihomed to 5 different MNOs with the aid of
commercial grade subscriptions across numerous European countries. The MONROE
MBB measurement node shown in Figure 9 is based on Debian GNU/Linux “stretch”
distribution integrating two small programmable computers. The computers are made of
PC engines APU2 board interfacing with three 3G/4G MC7455 miniPCI express modems
using LTE CAT6 and one WiFi modem. Each of the nodes gathers metadata such as carrier,
technology, signal strength, GPS location and sensor data from the different modems.
MONROE runs its MBB experiments using Docker containers (lightweight virtualized
environment) to provide agile reconfiguration. Only users who are authenticated can access
resources on the platform through a web portal, and also have access to the MONROE
scheduler to deploy experiments. After each experiment on the MONROE platform, the
results are periodically transferred from the nodes to a repository at a back-end server,
while the MONROE scheduler also sets data quotas to ensure fairness among users. Some
of the vast experiments run with the MONROE testbed have been reported in [95–97].

Three vital features of MONROE make the platform unique. It allows measurements
to be repeated and controlled for precise and scientifically verifiable results for both fixed
and mobile scenarios, enables support for demanding applications such as web and video
services and supports protocol and service innovation.

6.2.3. The Simplified Raspberry Pi Platform

A simplified testbed for MBB performance evaluation that follows the setup of the
NNE albeit using easily sourced commercial-off-the-shelf (COTS) devices is presented
in [50,75]. Figure 10 shows the overall system architecture with the Raspberry Pi forming
the core of the remote MBB measurement node. The Raspberry Pi 4 with 64 quad-core
Cortex-A72 processors and 2GB Low-Power Double Data Rate (LPDDRA) RAM on its board
is used for the node. The testbed uses USB modems and retrofitted WiFi to connect up to
4 MNOs for 3G and 4G MBB networks, respectively. The Raspberry Pi nodes are configured
with the 4-way 5V relay modules mounted and an executable script written in python to
achieve multihoming for 3G and 4G MBB measurements. The node autonomously initiates
the measurement at regular intervals and stores the information, which an authorized user
can access remotely at the testbed core for evaluation. This simplified MBB testbed is not as
sophisticated as NNE; however, it can measure the key MBB performance metrics over an
extended period.
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The aforementioned testbeds have been dedicated mostly to 3G and 4G MBB experi-
ments, albeit allowing compatibility with future mobile communication networks like the
recently deployed 5G network. To the best of our knowledge, there is no dedicated testbed
to assess the QoS delivered to end users on the 5G MBB network from a user-centric per-
spective. However, as part of the 5G Public Private Partnership (5G-PPP) initiative, the EU
funded 5GENESIS [98] project has been developed as a flexible and open experimentation
testbed for validating the end-to-end key performance indicators (KPIs) of 5G networks.
The 5GENESIS architecture is designed to provide an integrated and open experimentation
framework that facilitates interactions between the experimenters and the testing facilities.
A detailed description of the experimentation suite is presented in [99], while pilot 5G
experiments using the testbed have been reported in [100,101].

Furthermore, there are other testbed federations such as Fed4FIRE+ [102,103] and
5TONIC [104], developed to carry out experiments on numerous aspects of 4G and 5G.
Fed4FIRE+ was the largest federation of internet testbeds in Europe consisting of 23 testbeds
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equipped with numerous user-friendly tools that enabled remote testing in different areas
of interest. The Fed4FIRE+ project, which was a successor to the Fed4FIRE project, came to
an end in June 2022 and its legacy will be taken by Scientific LargeScale Infrastructure for
Computing/Communication Experimental Studies. (SLICES-RI) [102,103]. 5TONIC is an
open research and innovation laboratory developed to create an open global environment
for industry experts and members of academia to work together on specific projects that
focus on 5G technologies [104]. Some studies that utilized the 5TONIC platform have been
reported in [105,106].

Table 8 presents a summary of extensively reviewed user-centric MBB performance
evaluation studies, highlighting the method adopted, the QoS metrics considered, the
type of access network and a summary of each study. Table 9 compares the different MBB
performance measurement methods already discussed.

Table 8. Summary of existing mobile broadband performance evaluation works.

S/N Refs. Methodology
Adopted QoS Metrics Access Networks Study Summary

1 [69,70] Crowdsourced
Download and upload

throughput, latency and
DNS lookup

2G and 3G

Developed a mobile phone application
(MBPerf) and adopted a host and

crowdsourced based approach to carry
out a comparative analysis of the

performance of four MNOs that offer MBB
services in a developing country.

2 [50,75] Testbed Download and upload
throughput and latency 3G and 4G

Used Raspberry Pi to develop a simplified
testbed and conducted a comparative

analysis of the MBB performance offered
by four MNOs.

3 [81] Crowdsourced
Download and upload

speed, latency, packet loss
and web loading time

4G

Conducted MBB performance assessment
during defined peak periods for Internet

service providers using a panel-based
crowdsourced method.

4 [76,77] Crowdsourced

Download and upload
throughput, latency,

packet loss, jitter and
DNS resolution time

4G
Provides a comparative investigation of
MBB performance using a panel-based

crowdsourced method.

5 [78] Crowdsourced Upload and download
throughput and latency 4G

Presented a comprehensive comparative
study of user-centric MBB performance

using a panel-based crowdsourced
method.

6 [18] Testbed Latency, packet loss and
connectivity 3G and 4G

Studied the performance of MBB
networks under mobility using a

dedicated testbed for measurement

7 [40] Drive test
Signal quality, downlink
and uplink throughput,

ping and handover
3G and 4G

Developed and used a drive test method
to evaluate and understand MBB
performance in different locations

8 [107] Testbed Download speed 3G and 4G
Presented a “speedtest like” measurement
to estimate the download speed offered by

MBB networks to users.

9 [108] Drive test Speed, coverage,
satisfaction and latency 3G and 4G

Conducted performance analysis of MBB
networks to enable planning for 5G

network upgrade in a rural area

10 [109] Testbed
Web QoE, throughput,

latency, and signal
coverage

4G

Examined the performance and response
of nine mobile networks across Europe at

different times during the COVID-19
pandemic

11 [110] Drive test Speed, coverage,
satisfaction and latency 3G and 4G

Conducted performance analysis of MBB
networks to enable planning of 5G

network upgrade urban area

12 [84] Walk test Received signal strength 3G and 4G Measured and characterized MBB
performance through an indoor walk test
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Table 8. Cont.

S/N Refs. Methodology
Adopted QoS Metrics Access Networks Study Summary

13 [111] Drive test
Signal quality, Downlink
and uplink throughput

and Ping
3G and 4G

Evaluated the MBB performance and
coverage of existing MBB networks of

different MNOs.

14 [112] Drive test Throughput and latency 3G and 4G
Measured real characteristics and

coverage of MBB networks using a custom
in-house made software tool.

15 [113] Testbed Latency and signal
quality 4G

Adapted data from extensive MBB
measurement campaigns to develop a

model suitable for realistic performance
evaluation of applications and services.

16 [114] Drive test Signal strength 2G, 3G and 4G Determined and compared the signal
strength of MBB networks of two MNOs.

17 [115] Drive test Throughput 2G, 3G and 4G
Measured the performance of MBB

networks using a custom mobile phone
application.

18 [82] Drive test Throughput and latency 3G and 4G

Presented a comparative analysis of real
MBB networks under mobility with

expected theoretical expectations in order
to identify the gaps between both.

19 [116] Crowdsourced Throughput rates 4G

Examined user perceived data rate
fluctuations in 4G networks during

different periods as well as compared the
performance of MNOs

20 [85] Drive test and walk
test Throughput and RTT 3G and 4G

Performed coverage and capacity
measurement of MBB networks in

pedestrian zones during both busy hour
and non-busy hour

21 [117] Drive test
Signal quality and

downlink and uplink
throughput

4G

Conducted performance analysis of 4G
MBB networks and observed the
propagation measurement of key

performance indicators using drive test

22 [79] Crowdsourced and
testbed Throughput 4G

Proposed a supervise machine learning
solution for a more accurate throughput

estimation.

23 [80] Crowdsourced
Download and upload

data rate, latency, signal
strength

4G

Developed a Machine Learning (ML)
based framework used to define and

determine different behavior of MNOs
from crowdsourced datasets.

24 [118] Crowdsourced Throughput, latency and
DNS lookup 4G

Conducted a longitudinal and
multidimensional analysis of the extensive

MBB measurement data collected to
diagnose the cause behind observed

performance variations.

25 [119] Testbed Latency 3G
Examined delay characteristics in 3G

networks from long-term MBB
measurement data.

26 [120] Crowdsourced Latency 2G to 4G
Analyzed latency of MBB networks from

measurement data obtained using the
crowdsourced method.

27 [121] Crowdsourced Throughput and latency 3G and 4G
Used crowdsourced measurement data to
study the characteristics of MBB network

of three MNOs.
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Table 8. Cont.

S/N Refs. Methodology
Adopted QoS Metrics Access Networks Study Summary

28 [122] Testbed Video streaming 4G

Investigated the influence of different
factors on YouTube streaming

performance with different network
configurations in four countries.

29 [123] Testbed Video streaming 4G
Presented the design and implementation
of a large-scale measurement tool for QoE
when live streaming with MBB networks.

30 [124] Crowdsourced Throughput and latency
of mobile apps 4G

Extensively addressed the problem of QoE
provisioning in smartphones from a

double perspective, combining the results
obtained from subjective laboratory tests

with end-device passive MBB
measurements and QoE crowd-sourced

feedback obtained.

31 [87] Drive test
Upload and download

throughput, latency and
packet loss

5G
Conducted a pilot MBB measurement on

the 5G network to investigate the QoS
parameters of two MNOs.

32 [86] Crowdsourced
Upload and download

throughput, latency, jitter
and packet loss

4G

Performed a comparative assessment of
the QoS parameters obtained from 4G

MBB network and used it to establish a
baseline for 5G MBB evaluation.

33 [88] Drive test Upload and download
speed 5G

Performed both stationary and mobility
field tests to study the efficiency and

performance of 5G networks.

34 [89] Drive test Upload and download
speeds and latency 5G

Conducted stationary field test to assess
the MBB QoS performance of the 5G
network using three popular mobile

phone speedtest applications.

35 [125] Crowdsourced Download speed 4G Conducted a comparative study of
download speeds on the 4G networks.

36 [126] Testbed Latency, jitter, packet loss,
and throughput 3G

Conducted a study to obtain the
end-to-end parameters of the QoS for

internet usage from a user perspective.

37 [83] Testbed Latency, upload
throughput, handover 4G

Measured the key MBB performance
metrics of 4G networks under mobility,

highlighting inefficiencies that need to be
considered when designing the mobility

features in 5G networks.

38 [127] Testbed Throughput, latency,
jitter 4G and 5G

Presents initial MBB measurement results
of the key performance indicators on the

5G network.

39 [128] Walk Test Throughput, latency 4G and 5G Used private LTE and 5G networks to
measure MBB performance metrics.

40 [90] Crowdsourced Handover, Mobile app
performance 5G

Performed extensive field tests of 5G
network performance in different urban

areas.

41 [129] Crowdsourced Throughput, latency,
handover 5G

Used a custom measurement tool to
conduct a comprehensive measurement of

numerous key aspects of commercial
end-to-end 5G network performance.

42 [130] Testbed Throughput, latency,
coverage 5G

Conducted a full-fledged, end-to-end
measurement study of the first

commercial 5G networks.
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Table 8. Cont.

S/N Refs. Methodology
Adopted QoS Metrics Access Networks Study Summary

43 [131] Testbed and Drive
test

Throughput, RTT, loss
rate, signal quality 4G and 5G

Performed a comparative study of the key
performance metrics of 5G in extreme

mobility.

44 [132] Drive test Throughput, latency,
video streaming 5G

Conducted an in-depth measurement
study of 5G network performance in

transit.

45 [133] Crowdsourced Throughput, latency 4G and 5G
Performed a comparative study of 4G and

5G network deployment in two cities
using a panel-based approach.

46 [100] Testbed Throughput, latency 5G
Developed a modular and flexible
experimentation methodology for

validating 5G network KPIs.

Table 9. Comparison of the different MBB measurement methods.

Features Drive Test Walk Test Crowdsourced Testbed

Complexity Moderate Simple Moderate Complex

Accuracy Accurate Accurate (for the
given purpose) Accurate (relying on users) Accurate

Scalability Moderate Low High Very High
Reliability and
sensitivity Moderate Low Moderate High

Per measurement cost High High Moderate Moderate

Set up cost Moderate Low High (relative to the
coverage) Very High

7. Challenges of Mobile Broadband Measurements

Different MBB measurements have their unique challenges, hence the adoption of
more than one measurement approach to allow opportunities for cross-validation of results.
This section briefly discusses some of the general challenges that are associated with MBB
measurement shown in Figure 11.
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7.1. Variety of Performance

There are infinite indices that can be used to characterize the performance of MBB
during measurements. These indices include geographic locations and measurement
orientations, the type of user equipment, and the context surrounding the user equipment.
Small changes along the dimensions of their parameters most often result in a significant
impact on the measured performance [53]. Therefore, the challenge of a proper definition of
the context of measurements, collection and handling of the numerous data sets will arise.
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7.2. Privacy and User Engagement

Inducing several participants across the MBB measurement ecosystem to share infras-
tructure or data provokes difficult challenges [134]. Privacy is one of such issue that places
significant constraints on data collection due to the prevalence of single users or partici-
pants. Capturing important metadata like location related data from the user equipment
during measurement poses a huge threat to individual privacy [53]. Sometimes, there are
agreement terms with the participants to assure them of no privacy breach. However, such
an agreement does not translate to the users not interfering with the measurement process
due to differing sentiments on privacy. This could significantly impede the authenticity of
data collection. Furthermore, recruiting participants and getting them engaged and moti-
vated during the measurement process is challenging. If methods are not devised to tackle
this, the participants could simply abandon their device or cite economic challenges [78].
Similarly, personnel operating dedicated measurement testbeds may interfere with the
measurement processes if not properly guided.

7.3. Mobility

Conducting MBB measurement in mobility is challenging when considering the mo-
bility of the end-user’s location in time and space and the mobility of all network resources.
For instance, for a more accurate result, when conducting drive test and walk test, mea-
surement samples are collected in as many locations as possible but with differing physical
speeds of the devices. The mobility during such measurement can easily be dictated by
natural or unforeseen occurrences such as existing vehicular or pedestrian traffic in the
area. This will cause the exact model of geographic mobility being tested to vary, and
achieving the exact details for the different locations would prove to be a challenging
task [53]. Additionally, the need for shorter duration of tests, better accuracy, and analysis
mechanism to handle performances during handover between base stations, roaming and
wireless technologies at different speeds, is very important for how the performance data
are aggregated and reported [53,96].

7.4. Lack of Methodological Transparency

It is observed that information which describes the overall structure of the measure-
ments and reports on the various methodologies is usually available, whereas there is a
dearth of details regarding the adopted measurement methodology and how the raw data
are analyzed to produce the final results. This dearth of methodological transparency makes
it difficult for researchers and others to critically analyze and distinguish between good
and bad implementations of MBB measurement methodologies. The lack of transparency
could translate to a lack of trust among researchers for future research in the evolving MBB
measurement ecosystem [53].

7.5. Need for Proactive Measurements

Standard objectives during MBB measurement are needed. For example, a measure-
ment objective may be to seek broadband performance in locations where actual users
have not yet attempted to use mobile devices. Another objective may be intentionally
trying to find the locations and conditions under which mobile service expectations are
not being met. The aim is usually to identify coverage/availability gaps or dead spots
within already covered areas or to find the boundaries of the existing coverage zones [53].
However, identifying the scope and appropriate methodologies for such mobile broadband
measurement objectives is challenging.

7.6. Sustainability and Management of Infrastructure

It is viable to develop methodologies and build appropriate infrastructure for MBB
measurement. However, ensuring that the infrastructure is sustainable for a foreseeable
time will present a continuous challenge that needs to be considered before deployments.
Adequate resources required to cater for the sustainability of the measurement infras-
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tructure should be available or sourced [129]. There is also a prevailing challenge with
managing large testbeds, especially keeping the hardware up to date with emerging tech-
nologies [96]. In terms of QoS/QoE, the lack of well-defined scalable QoS and QoE indi-
cators limit the proper estimation of various service compositions as a part of the overall
telecommunication network.

8. Conclusions

This paper has used available data to evaluate the global importance and impact
of MBB. It provides an understanding of end-to-end MBB performance assessment and
presented existing methodologies, approaches and testbeds for evaluating the performance
of MBB networks. The challenges associated with MBB measurement are highlighted.

However, the emergence of 5G and future technologies with higher gigabit data rates
and the projected increase in simultaneously connected devices would translate to more
data consumption. Such development may result in significant variations in peak periods
and off-peak periods data consumption patterns. These possible challenges need to be
identified and addressed. Therefore, it is important that future research be geared toward
optimizing present MBB measurement methods and infrastructure to accommodate these
imminent changes. Furthermore, it has been highlighted that MBB performance evaluation
is complex for one evaluation method to be applicable in all situations. For example, the
measurement of MBB performance under static and mobile conditions will require different
methods. As a result, future research should consider the development of distributed
MBB measurement platforms that are capable of supporting a range of MBB experiments.
Intensive research in this direction would result in the development and deployment of
more robust, semi-autonomous, interlinkable measurement platforms.
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