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Abstract Mobile telephony is one of the most widely utilized technologies in the
modern world. Records of the usage behaviour of mobile users can provide valuable
information for understanding the behaviour of networks for Mobile Network Operators (MNOs). For different reasons, MNOs are interested in knowing how their
competitors’ performance varies based on location, phone category, phone Operating System (OS) for various cellular network technology (CNT). This can help
MNOs to invest intelligently in locations where they operate with inferior performance. Therefore, Key Performance Indicator (KPI) comparisons among MNOs
are of interest for all MNOs. In this article, we investigate cellular network performance statistical comparisons of major Mobile Network Operators (MNOs) in
Turkey using a large scale real-world proprietary mobile traffic dataset over a period of 18 months. Focusing our approach on different dimensions of crowd-sourced
?
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dataset allows us: (i) to know end-to-end nationwide network performance comparisons of MNOs using real-world measurement data, (ii) to calculate Confidence
Intervals (CIs) for the mean difference of KPIs (such as downlink speed, latency,
jitter and packet loss) for obtaining useful comparative statistical information of
MNO performances and (iii) to observe the existence of significant performance
differences between MNOs depending on the region which they are operating,
phone category, phone OS as well as CNTs.
Keywords data analytics · MNOs · performance · comparisons · KPIs · cellular

1 Introduction
MNOs are constantly rolling out next generation cellular networks (4G, Long
Term Evolution Advanced (LTE-A) presently and 5G in future) for building efficient wireless network infrastructure and supporting future applications/services.
As they invest on new technologies, MNOs also improve their data collection processes and acquire an enormous amount of data. The emerging cellular network
technologies and vast amount of data have given MNOs an unprecedented opportunity to monitor network Key Performance Indicators (KPIs) and gain competitive
advantages over their rivals. The tight race between MNOs also brings considerable
benefits to users, private and public institutions serviced by MNOs as it enables
higher data Download (DL)/Upload (UL) speeds, advanced reliability and latency
improvements.
Performance for mobile infrastructure has changed dramatically over the few
last years and there exists a close race for upgrading into advanced mobile infrastructure among MNOs. The introduction of 4G and LTE-A-enabled services
has also increased users’ expectations in terms of speed, latency and reliability.
On the other hand, rapid changes in the mobile infrastructure landscape can give
inadequate performance results for MNOs if the analysis is performed over a few
short months ago and with limited data. As a matter of fact, mobile network performance is a plural event and depends on context information as well. Therefore,
it is also dependent on various locations (city, district, neighborhood, etc) and the
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way User Equipment (UE) are being used (cellular network technology (CNT),
phone model, operating system (OS), etc).

1.1 Data Providing Insights
MNOs are poised to utilize most of the data they possess for obtaining new insights
into building a more efficient and flexible infrastructure that can accommodate various requirements of emerging applications, products and services. Data analytics
is one of the most promising solutions for gaining a competitive advantage for
MNOs. MNOs are beginning to use data analytic techniques in combination with
the high-variety and rich datasets that already exist in MNOs. This can facilitate MNOs’ strategic network and enterprise operations. Therefore, the focus and
efforts of MNOs concentrate on providing a flexible architecture for data collection, using big data analytics, and increasing network automation inside cellular
network infrastructure [1].
When we observe recent trends in the telecommunication domain, technological development cycles have reduced significantly due to increased competition
from horizontal (other MNOs) and vertical (over-the-tops (OTTs) such as mobile
application providers) competitors. For this reason, almost all MNOs are heavily
investing in network infrastructure to remain competitive and not to lose their own
users due to poor quality-of-experience (QoE) and quality-of-service (QoS). However, providing nationwide coverage is not an easy task and MNOs having coverage
guarantees in urban areas will not necessarily result in coverage excellence in other
areas (e.g. in suburban, rural areas). Besides, services on large geographical areas
have different network demands and various approaches need to be investigated
to provision adequately in urban, suburban or rural areas. For supporting an acceptable Internet connection, services such as voice over IP (VoIP), live streaming
(e.g. Youtube or NetFlix), gaming, 4K video, etc. should be provided by all MNOs
in all operating geographical locations depending on the demands of applications
and end-users.
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The performance of MNOs’ services can be measured by KPIs. The most important KPIs are the following: latency, DL speed, jitter, packet loss. Descriptions
of some of the important KPIs that can be critical for MNOs’s operational functionalities are as follows: (i) Latency which is the measurement of Round Trip
Time (RTT) it takes for one packet sent from a UE to reach to an application
server and then back. Latency is end-to-end and includes wireless transmission,
queuing, processing and re-transmission delay. Our definition in this paper is different than one-way latency where successful delivery of a packet is in either uplink
or downlink in the network. (ii) Jitter is defined as the variation in the delay of
the received packets, i.e. it represents the rate of change of latency. Ideally, jitter is
expected to be zero, (iii) DL-UL speeds show how many bits-per-second can be
downloaded/uploaded by/from UE, (iv) Packet loss ratio: shows the percentage
of data packets that are dropped en route to the intended destination. Ideally, it
is zero percent.
Enabling technologies and techniques are needed that can also utilize the available experimental data of KPIs for necessary network intelligence over different
CNTs (2G/3G/4G), location, UE categories and OSs. For statistical performance
comparisons of MNOs, our focus is on solving three problems:
Problem 1: What kinds of differences exist between MNOs over different KPIs?
In this paper, borrowing analytic approaches from statistics, we focus on large
scale investigation of the comparative performance differences of major MNOs in
Turkey based on above defined KPIs. Our results provide a deep insight into how
each MNO behave depending on various factors including UE categories, CNTs,
OSs and location. We have summarized each of the differences based on different
factors at the end of each subsection as main takeaways.
Problem 2: Which of the differences are statistically significant?
To determine whether the measured MNO KPI differences are statistically significant, our statistical test investigates two values: First, p-values and second CIs
around difference. We have calculated both CI and p-values for testing whether a
significant difference does exist for calculated mean differences of MNO KPIs over
the considered factors. The results are provided in Section 4
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Problem 3: What are the consequences of the differences to user experience and
MNO’s business strategy?
We have summarized user and business consequences of our MNO comparisons
analysis results in Section 4.8.

1.2 Related Work
There exists many different works that attempt to understand the inter and intra
network performance of MNOs. From the mobile traffic analysis domain, two wide
categories of research exist in the literature [2]. The first is related to analyzing
the behaviour of users based on their mobility patterns, consumed services and
type of traffic that they generate [1, 3]. The second one is from a networking
perspective that analyzes the network behaviour via aggregated traffic of different
KPIs generated by many Base Stations (BSs) in certain geographic areas [4–9].
For performance analysis within an MNO, a different approach to coverage
analysis is proposed in [5]. In [5], big data analytics is used based on BS KPI to
reduce drive test and field measurement cost. A case study targeting dropped calls
and bad QoS minimization are provided in [6]. For cellular network traffic data
analysis, large-scale cellular network traffic collected from thousands of BSs for
traffic modelling purposes is studied in [10]. The authors in [4] have investigated
techniques such as Exploratory Factor Analysis (EFA) to find hidden patterns
in the aggregated traffic of mobile UEs. The authors in [3] have studied the impact of flow handovers over different BSs. In [3], mobile data traffic flows of real
operator’s data is investigated for performance comparisons of different mobility
management techniques (centralized and distributed). Some of the previous works
have also investigated correlations between mobile traffic data types and urban
landscapes [11]. For observing the impact of KPIs on significant predictors such
as QoE and QoS, the authors in [12] are utilizing ordinal regression modeling over
large samples collected over questionnaires and network measurements. The same
authors show that for network availability, download goodput and device types
are important whereas for network speed, download factors is important.
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The performance differences across MNOs based on analysis of KPIs are identified in [7–9, 13]. The authors in [13] have performed a large-scale mobile measurement study for reliability differences of five Norwegian mobile broadband operators. The impact of the packet size on one-way delay for DL performances of
3G mobile networks using measurements from several Swedish mobile operators
are shown in [9]. Performance comparisons of Mobile Virtual Network Operators
(MVNOs) and their base carriers are investigated over web-access, video streaming
and voice applications for US carriers in [14]. For better identification of variance
in end-to-end performance of network behaviour, space and time based properties
of network performances of difference carriers in the US are also analyzed in [7].

1.3 Motivation and Main Contributions
Although there have been different works that concentrate on KPI observations
and drawing conclusions on MNO performances in general, little attention has
been devoted to a comprehensive understanding of the KPI differences of major
MNOs using long duration and nationwide real data measurements in Turkey.
Additionally, we still lack recent and comprehensive analysis results of statistical
performance comparisons of major MNOs in Turkey over a variety of dimensions
using real-world large-scale mobile data traffic collected over a large geographical
area.Given the lack of critical attention paid to this problem, our goal in this paper
is to perform a confidence interval (CI)-based statistical approach for comparative
data analysis over a real-world proprietary dataset collected over an 18 month
observation period. Our contributions can be summarized as follows:
– To investigate the end-to-end network performance comparisons of three MNOs
in Turkey using both geographical and contextual properties of real-world mobile crowd-sourced dataset records collected from a network performance test
provider.
– To utilize statistical models and calculate CIs to differentiate KPI performance
of major MNOs. We use an unpaired performance comparison statistical analysis method utilizing a large number of observations, sample means, sample
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standard deviations across different KPIs due to non-availability of the same
test data observations for each region (e.g. city, district and neighbourhood),
UE categories, UE OS and CNTs.
– To show that the performance of MNOs can significantly differ (based on location, CNT, UE category and OS) whereas some MNO performance cannot
be differentiated due to the utilized data’s statistical properties and confidence
levels.
– To help MNOs distinguish their strengths and weaknesses for business and user
experience benefits and visualize performance differences using open source
visualization platforms.
The rest of the paper is organized as follows: In Section 2, we present the
system model and concepts. In Section 3, we detail the studied statistical data
analysis methods and present formulas for different groups of KPIs of MNOs. In
Section 4, we give our numerical performance evaluation comparisons results and
finally in Section 5, we present our conclusions and future perspectives.

2 System Model and Concept
This paper studies the CNT (i.e. 2G, 3G and 4G), UE categories, OSs and location
based comparative performances of major MNOs in Turkey.The crowd-sourced
dataset contains KPIs such as DL speed, latency (due to RTT), jitter and packet
loss end-to-end performance metrics.
Formally, we assume that there are T CNTs, L locations, P UE OSs, C UE
categories, K observation KPIs for a single MNO and M MNOs in total. We denote
the MNO set M = {1, 2, . . . , M }, the CNT set as T = {1, 2, . . . , T }, the KPI set
as K = {1, 2, . . . , K}, the UE OSs set as P = {1, 2, . . . , P }, the UE categories
set as C = {1, 2, . . . , C}, the location set as L = {1, 2, . . . , L}. Our focus is on
comparative performance differences of MNOs operating nationwide in different
regions of the country. Focusing on UE level measurements of real users, we identify
the impact of location, UE category, OS and CNT on MNO performance. To make
fair comparisons for the performance, we utilize CI values for mean KPI difference
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that is utilized in unpaired comparison scenarios, i.e. the case when the number
of measurements over a specified factor (location, UE category, etc) is different.
Fig. 1 illustrates a schematic diagram of the system architecture. It consists of
two parts, namely, data collector process and network performance analysis parts
which are explained in following subsections.

2.1 Network Performance Analysis
Fig. 1a demonstrates the system level architecture for utilizing data analysis over
the network performance test dataset for an example of three MNOs. The network performance test data is extracted from application service provider & Preprocessing module of data collector process (explained in subsequent subsection)
and is transferred into Pandas data analytics toolbox [15]. Network performance
analyzer runs the statistical methods to compare the KPIs of MNOs using CI
analysis outlined in Section 3. After MNO comparisons are calculated using Pandas, the analyzed data is transferred and data visualizations over the map are
performed using Folium & Leaflet interactive maps [16] marked as map visualization in Fig. 1. One of the most prominent feature of Folium is binding of data to
a map for choropleth visualizations. It can support GeoJSON overlays to create
those choropleth maps. Folium is used to visualize data on an interactive leaflet
map where leaflet javascript [17] library is utilized.

2.2 Data Collector Process
In this subsection, we detail technical aspects of the data collector process. As
illustrated in Fig. 1, data collector process for obtaining data involves several
steps. First of all, using network performance test application installed at UEs
of each MNO, UEs perform the measurement tests and send the measured KPIs
into application service provider as a data flow that is marked with step-1. The
application service provider has privacy preserving engine as marked in step-2 and
performs two main tasks: First, it generates unique test and device IDs. Second, it
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(a)

(b)

Fig. 1: (a) General System Architecture showing the data collector and network
performance analysis processes over the network performance test dataset that is
collected nationwide. (b) Data collector process

anonymizes the data such that sensitive information including user phone number,
IP addresses are eliminated for privacy preserving purposes. Test and device IDs
are used to map user sensitive information into appropriate IDs for later analysis
purposes. All anonymized dataset are later kept daily in application server’s rela-
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tional database marked as step-3. Later, this data is transferred into pre-processing
module. The pre-processing handler marked as step-4 is used for filtering, extraction, conversion or mapping purposes. For example, using mapping tables marked
as step-5, (i) timezone is converted to Coordinated Universal Time (UTC), (ii)
MNO codes are extracted from International Mobile Subscriber Identity (IMSI) =
Mobile Country Code (MCC) + Mobile Network Code (MNC)+Mobile Subscriber
Identification Number (MSI) and mapped into proper anonymized MNO names,
(iii) phone models are mapped into phone categories and (iv) test latitude and
longitude values are mapped into the city-district pairs. Later, a comma separated
values (csv) exporter process exports the data into a csv files as marked by step-6
and the files are transferred into network performance analysis module as marked
with step-7.

3 Statistical Data Analysis over the observed dataset

At certain times of the month, one MNO can yield better KPI (e.g. latency, DL
speed or both etc.) performance than the other MNOs. This is expected due to
randomness in number of network performance test data samples as well as in
wireless network infrastructure. Therefore, the statistics on such random sampled
data needs to be specified in CIs. In this paper, we study an unpaired comparison
case [18] since there is no one-to-one correspondence between same KPI observations of MNOs.

3.1 CI for large observations

In this subsection, we focus on unpaired comparisons of M MNOs, P UE OSs, C
UE categories, T CNTs, K KPIs and L locations. First, we compute the sample
mean values,

A Statistical Comparative Performance Analysis of Mobile Network Operators

1
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x̄m (t, k, p, c, l) =
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Nm (t,k,p,c,l)

X

xom (t, k, p, c, l),
(1)

o=1

∀m ∈ M, ∀t ∈ T , ∀k ∈ K, ∀p ∈ P, ∀c ∈ C, ∀l ∈ L
and sample standard deviations

s

PNm (t,k,p,c,l)
o=1

sm (t, k, p, c, l) =

x2om (t, k, p, c) − Nm (t, k, p, c, l)x̄2m (t, k, p, c)
,
Nm (t, k, p, c, l) − 1

∀m ∈ M, ∀t ∈ T , ∀k ∈ K, ∀p ∈ P, ∀c ∈ C, ∀l ∈ L
(2)
where xom (t, k, p, c, l) corresponds to o-th measurement value of single observation,
x̄m (t, k, p, c, l) =

1
Nm (t,k,p,c,l)

PNm (t,k,p,c,l)
o=1

xom (t, k, p, c, l) corresponds to mean of

all observations and Nm (t, k, p, c, l) (Nm in short from now on) corresponds to total
number of observations for KPI-k ∈ K (e.g. DL speed, latency, jitter, packet loss
values), CNT-t ∈ T , UE category-c ∈ C, UE OS-p ∈ P, location-l ∈ L and MNOm ∈ M. In order to compare MNO-m and MNO-n using unpaired observations,
we compute the mean difference as,
x̄m (t, k, p, c, l) − x̄n (t, k, p, c, l), ∀m, n ∈ M, m 6= n, ∀t ∈ T ,
(3)
∀k ∈ K, ∀p ∈ P, ∀c ∈ C, ∀l ∈ L,
as well as the standard deviations of the mean difference as

s
sm,n (t, k, p, c, l) =



s2m (t, k, p, c, l)
s2n (t, k, p, c, l)
+
,
Nm
Nn

(4)

∀m, n ∈ M, m 6= n, ∀t ∈ T , ∀k ∈ K, ∀p ∈ P, ∀c ∈ C, ∀l ∈ L.
Then, compute the effective number of degrees of freedom as (we shorten
sm,n (t, k, p, c, l) as sm,n ),


ν=
1
Nm −1



s2m
Nm

s2m
Nm

+

2

+

s2n
Nn

2

1
Nn −1



s2n
Nn

2 − 2, ∀m, n ∈ M, m 6= n,

∀t ∈ T , ∀k ∈ K, ∀p ∈ P, ∀c ∈ C, ∀l ∈ L

(5)
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If ν > 30, the sample size is large (which is the case in our paper due to
nationwide data collection for long periods of time), hence the CI for the mean
difference is

CIm,n (t, k, p, c, l) = x̄m (t, k, p, c, l) − x̄n (t, k, p, c, l) ± z[1− α2 ] sm,n (t, k, p, c, l),

(6)

∀m, n ∈ M, m 6= n, ∀t ∈ T , ∀k ∈ K, ∀p ∈ P, ∀c ∈ C, ∀l ∈ L,
where α denotes the significance level and (1 − α)100 is confidence level, z[1− α2 ]
is the (1 − α/2)-quantile of N (0, 1) (normal distribution with zero mean and unit
variance).
For comparisons between two MNOs, if the CI includes zero for numerical
comparisons between different MNOs based on KPIs such as DL speed, latency,
etc., then certain conclusions cannot be drawn based on the existing dataset. In
order to make comparisons between MNO-m and MNO-n based on the observed
measurements, first, we compute (6) and if CI includes zero, we cannot conclude
with (1 − α)100% confidence that the mean difference is significantly different
from zero. Therefore, performances of two MNOs (i.e. MNO-m and MNO-n) with
respect to observation value (e.g. DL speed, latency values) are same.

3.2 CI for packet loss probability
To calculate unpaired packet loss performance comparisons of MNOs based on
collected observations between MNOs, we compute sample means of packet loss
probabilities and then utilize statistical difference of two observations to conclude
about performance advantages or weaknesses of a given MNO compared to another
MNO for a given CNT-t ∈ T . For calculating packet loss CI, we utilize analysis of
CI for proportions method [18]. For proportions, we calculate the average probability of packet loss at each geographic location-l ∈ L over the observation duration
for all MNO-m ∈ M, UE OS-p ∈ P, UE category-c ∈ C, KPI-k ∈ K and CNT-t
∈T.
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When two network performance test observations from different MNOs having
separate network infrastructures are independent of each other, the standard error
for difference between two observations’ means is

sm,n
(t, k, p, c, l) =
e

p

n
2
2
(sm
e (t, k, p, c, l)) + (se (t, k, p, c, l)) ,

∀m, n ∈ M, m 6= n, t ∈ T , ∀k ∈ K, ∀p ∈ P, ∀c ∈ C, ∀l ∈ L,
n
where sm
e (t, k, p, c, l) and se (t, k, p, c, l) are the standard error of the observation

KPI-k ∈ K for MNO-m and MNO-n ∈ M respectively for a given CNT-t ∈ T ,
geographic location-l ∈ L, UE OS-p ∈ P, and UE category-c ∈ C. The standard
error is calculated as

r
sm
e (t, k, p, c, l)

=

pm (t, k, p, c, l)(1 − pm (t, k, p, c, l))
,
Nm

(7)

∀m ∈ M, t ∈ T , k ∈ K, ∀p ∈ P, ∀c ∈ C, ∀l ∈ L.
where the packet loss probability for Nm observations is pm (t, k). If there exists
normal approximation of binomial distribution with Nm pm (t, k, p, c, l) ≥ 10, the
confidence interval for the packet loss probability can be calculated as,

r
CIm (t, k, p, c, l) = pm (t, k, p, c, l) ± z1−α/2

pm (t, k, p, c, l)(1 − pm (t, k, p, c, l))
,
Nm

∀m ∈ M, t ∈ T , k ∈ K, ∀p ∈ P, ∀c ∈ C, ∀l ∈ L.
(8)
Thus, a (1-α)100% CI for the differences between two packet loss probabilities
is given by
CIm,n (t, k, p, c, l) = p̄m (t, k, p, c, l) − p̄n (t, k, p, c, l) ± z[1− α2 ] sm,n
(t, k, p, c, l),
e

(9)

∀m, n ∈ M, m 6= n, ∀t ∈ T , ∀k ∈ K, ∀p ∈ P, ∀c ∈ C, ∀l ∈ L,
where p̄m (t, k, p, c, l) is the average packet loss probability over all observations.
After observing the CI value of (9), if the interval does not contain zero within
this (1-α)100% confidence interval, then the statistical difference is significant and
some conclusions can be drawn based on the packet loss probabilities of two MNOs.
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4 Comparative Performance Evaluations

In this section, we provide complete performance evaluations of the MNOs using
the techniques described in Section 3. To carry out the comparative evaluations of
three MNOs, we utilize anonymized real-world dataset that is collected according
to data collector process of Section 2.2. The network performance test measurements are done by “real users”, i.e. the users of MNOs themselves performing tests
at different nationwide locations and time using the pre-installed applications on
their UEs. These users measure the network performance of their MNOs at certain
position (which can be home, office, shopping center, etc) especially after the introduction of 4G in Turkey on April 2016. Another key thing to remember is that
experiments performed by different MNOs’ users are using different network infrastructures (RAN, transport and core networks). Moreover, the amount of data
used for comparisons are at city-scale or nationwide. A summary of the network
performance test data is given in Table 1 for all MNOs which yields a relatively
large sample size for fair comparisons. Fig. 2 (a), (b), (c) and (d) show the distributions of the locations of the all measurements for the network performance
tests for MNO-1, MNO-2, MNO-3 and for all MNOs combined respectively. MNOs
providing national coverage in Turkey is also illustrated in GSMA’s website [19].
The dataset range from January 2016 to June 2017 covering a period of 18 months.
The variation of number of observations over time is demonstrated in Fig. 2 (e).
There exists a peak during period of April 2016 (around 10,000 experiments) when
4G is first introduced in Turkey. The previous experiments before April 2016 were
mainly done by test users. Seaborn Python statistical data visualization library [20]
is utilized for graphical results. Inherent biases (e.g. based on different calibrations
of same phone category or configurations with OS, etc) can occur which may result
in inaccurate MNO comparisons. For example, the accuracy due to calibrations
of the same UE can be questionable and may yield different performance results
depending on MNO. However, at the same time, those possible biases are implicit
in our data collector process (due to real user’s large-scale crowd-sourced data).
Therefore, without loss of generality, we do not consider those biases.
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Table 1: Nationwide Network Performance Test Data Statistics in Turkey.
# of measurements

4,553,719

# of cities

81

# of districts

970

DL (average, Mbps)

27.238

# of neighborhoods

21,567

Total # of UEs

860,864

M (# of MNOs)

3

Latency (average, ms)

55.1045

T (# of CNTs)

3

Jitter (average, ms)

20.0678

P (# of OSs)

3

Packet Loss (average)

0.3778

K (# of KPIs)

4

Obser. Duration

18 months

C (# of Categs.)

8

Confidence level

90%

4.1 Performance differences of MNOs across different technologies
This subsection investigates the performance comparisons of three MNOs over
different CNTs (2G, 3G, 4G). The goal is to understand how observed performance
metrics based on CNTs differ between different MNOs.
Fig. 3 shows comparisons of all MNOs’ DL speed and CNTs (2G, 3G and 4G)
with DL speed boxplot and CI mean DL speed difference values. From these figures,
we can observe that for 2G and 3G, we cannot conclude with 90% confidence level
that any one of MNOs is better since CI mean DL speed difference includes zero.
However, for 4G networks, MNO-1 performs the best followed by MNO-2 and later
MNO-3.
Fig. 4 shows the latency boxplot and CI mean latency difference versus CNTs
for comparisons of three major MNOs in Turkey. Interestingly, for different CNTs,
there exist significant comparative differences between MNOs. For example, while
MNO-3 performs the best for 3G networks, MNO-1 takes the lead in 4G networks.
Moreover, MNO-2 performs the poorest among all MNOs for all CNTs. For 2G
networks, we cannot make conclusion between MNO-1 and MNO-3’s latency performance differences with 90% confidence level since their mean difference CI includes zero which cannot be directly inferred from Fig 4a, but can be distinguished
clearly in Fig. 4b.
Fig. 5 (a) and (b) show all MNOs jitter boxplot and CI mean jitter difference
values for different CNTs. We again observe different comparative performance
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(a)

(b)

(c)

(d)
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(e)

Fig. 2: Nationwide network performance tests location distribution heatmap in
4G networks for (a) MNO-1 (b) MNO-2 (c) MNO-3 (d) All MNOs (e) Average
number of observations over time. [Figures are best viewed in colors]

results for different CNTs among MNOs. For example, for 3G networks MNO-2
performs the best, while for 4G networks MNO-2 performs the worst. Moreover,
for 2G (or 4G networks) we cannot make a conclusion with 90% confidence level
whether MNO-2 and MNO-3 (or MNO-1 and MNO-3) are better than one another.
Fig. 5 (c) shows all MNOs CI mean packet loss difference values for different
CNTs. In all CNTs, MNO-1 performs the best followed by MNO-3 and later MNO2 in terms of packet loss performances.
Main Takeaways: For DL speed comparisons, we observed that major performance differences among MNOs occur in 4G networks compared to 2G and 3G
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Fig. 3: All MNOs DL speed and CNTs (a)DL speed boxplot v.s CNTs (b) CI mean
DL speed difference v.s CNTs.
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Fig. 4: All MNOs latency and CNTs (a) Latency boxplot v.s CNTs (b) CI mean
latency difference v.s CNTs.

networks. One of the main reason behind this is that 2G and 3G networks have
matured in Turkey and all MNOs have already invested in cutting-edge technologies for these cellular networks. However, 4G is an evolving network infrastructure
and strategic investments of different MNOs result in different performance gains
where MNO-1 leads in. For jitter values, MNO-2 performs the best in 3G networks, while it has performed the worst in 4G networks. On the other hand, for
latency and packet loss values, MNO-2 has the worst performance for all CNTs
while MNO-1 is leading MNO among others. This discrepancy can be related to
investment strategy of MNO-2.
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Fig. 5: All MNOs (a) Jitter boxplot v.s CNTs (b) CI mean jitter difference v.s
CNTs. (c) CI mean packet loss difference v.s CNTs.

4.2 Performance differences of MNOs across different geographical regions
Each MNOs invests differently for infrastructure improvement in different regions
of the country, which may yield potential differences in terms of their KPIs. In
this subsection, we investigate the impact of location on network performance as
shown in Fig. 6, Fig. 7, Fig.8 and Fig. 9. In these figures, mean DL speed, latency,
jitter and packet loss performance differences for 4G networks with corresponding CIs as calculated by (6) for DL speed, latency, jitter and (9) for packet loss
are indicated respectively. In these figures, our focus is on eleven selected cities
in different regions of Turkey including three major cities (Istanbul, Ankara and
Izmir) where our dataset has the highest number of observations (1, 318, 447 measurements which corresponds to 52.6% of all 4G observations).
DL Speed over cities: Fig. 6 plots the CI values for mean DL speed difference
in selected cities of Turkey for 4G networks. According to results of Fig. 6, in
three major cities of Turkey, MNO-1 has clear DL speed performance advantages
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Fig. 6: DL Speed Mean Difference Comparisons of all MNOs in Selected Cities of
Turkey.

compared to MNO-2 and MNO-3 (the worst). On the other hand, in some cities
such as Bolu and Giresun, we cannot conclude with 90% confidence that MNO-1
or MNO-2 is superior to one another (same conclusions can be drawn between
MNO-2 and MNO-3 in Kars). However MNO-3’s performance is clearly worse
than MNO-2 and MNO-1 in Bolu and Giresun. On the other hand, in Diyarbakir,
MNO-2 has worse mean DL speed values compared to MNO-1 and MNO-3.
Latency over cities: We also plot CI for mean latency differences of three
MNOs in same eleven cities in Fig. 7. In two of the major cities of Turkey (Izmir and
Istanbul), MNO-2 has clear latency performance disadvantage compared to MNO1 and MNO-3, whereas only in Ankara MNO-2’s latency is better than MNO-3
(the worst). In some cities such as Bolu, Giresun and Diyarbakir, MNO-2 has
inferior latency compared to both MNO-1 and MNO-3. In Kars and Kastamonu,
MNO-1’s latency values are significantly lower than MNO-2 followed by MNO3. On the other hand, in Aksaray and Adiyaman, we cannot conclude with 90%
confidence that MNO-2 or MNO-1 is superior or worse.
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Fig. 7: Latency Mean Difference Comparisons of all MNOs in Selected Cities of
Turkey.

Jitter over cities: Fig. 8 plots the CI values for mean jitter differences in
selected cities of Turkey for 4G networks. In all major cities (Istanbul, Ankara and
Izmir), MNO-2 performs the worst whereas no conclusions can be drawn between
MNO-1 and MNO-3 in Istanbul and Ankara. In cities such as Diyarbakir, Izmir
and Giresun, MNO-3 has clear superiority performance and no decisions can be
made for MNO-1 and MNO-2 performances in Diyarbakir and Giresun. MNO-2
is the leading the jitter performance only in city of Aksaray. On the other hand,
although MNO-2 performs the worst in cities of Istanbul, Ankara, Adiyaman, Kars
and Yalova, no conclusions can be drawn between MNO-1 and MNO-3 performance
due to inclusion of zero value in CI. High CIs exists for small populated cities such
as Adiyaman and Kars due to low number of observations (only 5575 measurements
which corresponds to 0.2% of all 4G observations).
Packet Loss over cities: Fig. 9 plots the CI values for mean packet loss
probability differences in selected cities of Turkey for 4G networks. All the values
in this figure are calculated using (9). Again, in major cities such as Istanbul and
Izmir, the performance of MNO-3 is the best followed by MNO-1 and later MNO-2
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Fig. 8: Jitter Mean Difference Comparisons of all MNOs in Selected Cities of
Turkey.

in terms of packet loss probabilities. In all other cities, MNO-1 is better than MNO3 and MNO-2. On the other hand, in cities such as Adiyaman, Aksaray, Giresun,
Bolu and Diyarbakir, we cannot conclude with 90% confidence that MNO-2 or
MNO-3 is better than one another.
Main takeaways: In summary, although the location itself alone cannot describe the variations in network performance, it can give satisfied reasoning for
extracting the performance of MNOs. For example, it is observed that each MNO
is experiencing different network performance measurements (DL speed, jitter,
packet loss and latency) in each different locations. Our results indicate that even
though one MNO can perform better in terms of one KPI (e.g. DL speed) at a
given location, its comparative performance can deteriorate in another KPI (e.g.
latency). For example, MNO-3 performs the best in terms of jitter, packet loss
comparison with other MNOs in city of Izmir, however it can perform the worst
in terms of DL speed values in same city. This signifies that same network investments of MNOs in the same city can yield different results in terms of KPI gain
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Fig. 9: Packet Loss Mean Difference Comparisons of all MNOs in Selected Cities
of Turkey.

advantages. Therefore, the results indicate that utilizing same network equipment
does not guarantee same comparative performance gain advantages in all KPIs.

4.3 Long-term Performance Analysis over time

In this subsection, we analyze the network performance comparisons over with
time. This will help in measuring the effect of day of the month for different
MNOs. These observations allow us to identify how the network behaves, e.g.
during day of the months (both weekdays and weekends). This can also help
network optimization experts to allocate and plan their limited network resources
efficiently. Fig. 10 plots the latency values for MNO-1 and MNO-2 in city of Antalya
over the observation period of last three months ranging from January 2017 to
March 2017. It is clear that the latency values MNO-1 during all days of the months
are significantly lower than MNO-2. Fig. 10 also illustrates that the variation in
latency values is higher for MNO-2 compared to MNO-1.
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Fig. 10: MNO-1 and MNO-2 Latency comparison values over time for city of
Antalya in Turkey.

4.4 Statistics for 4G measurements

Fig. 11 shows the distribution of total number of 4G measurements over different
UE categories, MNOs and UE OSs in heatmap format. Most of the experiments
are performed with Cat-4 devices with 49.68% followed by Cat 6-7 devices with
28.36 % of all 4G measurements. The remaining measurements belong to other
categories (i.e. Cat-0, Cat-1) and CNTs (2G, 3G). Measurements with Windows
are at lowest with 0.87% of all 4G measurements whereas Android measurements
are the highest of 57% and followed by IOS with 42% of all measurements. In
the remainder of the paper, for comparisons of MNOs, we have calculated CIs
for MNO-1-MNO2, MNO-3-MNO-2 and MNO-3-MNO-1 mean KPI values. Note
also that we have not shown CI values for UE categories such as Cat-1 and Cat0 due to lack of available network performance test data for corresponding OSs.
For example, Cat-1 lacks IOS test experiments and Cat-0 lacks both Android and
Windows OS experiments.
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Fig. 11: Distribution of Total Number of 4G measurements/observations over UE
categories, MNOs and UE OSs for the Observed Dataset.

4.5 Effect of UE category on KPIs across different MNOs

In this subsection, we investigate the effect of UE category (ranging from Cat-2 to
Cat 9-10, while excluding Cat-0, Cat-1 due to non-existence of paired observations)
on the performance comparison of all MNOs across different KPI in 4G cellular
networks. In 3GPP standards, there are 12 defined Long Term Evolution (LTE)
UE categories where each UE categories have wide range of supported parameters
and performance [21]. For example, LTE UE Cat-1 devices are not supporting
Multiple Input Multiple Output (MIMO) whereas Cat-5 and above categories can
support 4 × 4 and above MIMO. We have plotted CI values using (6) for DL
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speed, latency and jitter values and (9) for packet loss values to observe the effect
of different UE categories on each MNO.
DL Speed CI of UE categories: For comparisons of different MNOs, Fig. 12
shows all MNOs DL speed boxplots and corresponding CI values for mean DL
speed differences over different UE categories. From those figures, we can observe
that MNO-1 is better than MNO-2 followed by MNO-3 for all UE categories.
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Fig. 12: All MNO comparisons over UE categories (a) Boxplot DL Speed v.s UE
categories (b) CI mean DL speed difference v.s UE categories.

Latency CI of UE categories: Fig 13 plots all MNOs latency boxplot values
and corresponding CI values for mean latency differences over UE categories for
comparisons of different MNOs. Fig 13b indicates that MNO-1 performs again the
best followed by MNO-3 and MNO-2 respectively for latency comparisons in all
UE categories. Note that contrary to DL speed comparisons, MNO-3 performs
better than MNO-2 in terms of latency values nationwide.
Jitter CI of UE categories: Fig. 14 (a) and (b) show jitter boxplot values
and CI values for mean jitter differences over UE categories when different MNOs
are compared. One of the main observation is that MNO-2 performs the worst in
all UE categories. For Cat-3, Cat-4 and Cat 9-10 UE categories, MNO-1 performs
the best followed by MNO-3 and then MNO-1. However, for Cat 6-7 devices,
the descending performance sequencing becomes MNO-3 followed by MNO-1 and
then MNO-2. For Cat-2 device, we cannot conclude with % 90 confidence whether
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Fig. 13: All MNO comparisons over UE categories (a) Boxplot Latency v.s UE
categories (b) CI mean latency difference v.s UE categories.

MNO-1 or MNO-3 is better than one another. However, MNO-2 performs the
worst for Cat-2 devices.
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Fig. 14: All MNO comparisons over UE categories (a) Boxplot Jitter v.s UE categories (b) CI mean jitter difference v.s UE categories. (c) CI mean packet loss
difference v.s UE categories.
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Packet Loss CI of UE categories: Fig 14 (c) shows the CI values for mean
packet loss difference over all UE categories for comparisons of different MNOs. In
all UE categories, MNO-1 performs the best followed by MNO-3 and then MNO-2.
Main takeaways: In general, when considering the effects of UE categories
on MNO performances, it is observed that in general MNO-1 performs better than
their competitor MNOs for all UE categories during the observation period. On
the other hand, for jitter values, depending on the UE category, the performances
MNO-1, MNO-2 and MNO-3 may vary when Cat-2 or Cat 6-7 devices are used.
When MNO-2 and MNO-3 are compared in UE categories, MNO-3 performs better
than MNO-2 in all KPIs except DL speed values.

4.6 Effect of OS on KPIs across different MNOs
In this subsection, we are investigating the effect of UE OS (Android, IOS and
Windows) for all KPIs when three MNOs are compared for 4G cellular networks.
Fig. 15, Fig. 16, and Fig. 17 (a)-(b) show DL speed, latency, jitter both boxplot
and corresponding CI values calculated using (6) for comparisons of different OSs
over different MNOs for 4G cellular networks. Fig. 17 (c) on the other hand shows
the CI values for mean packet loss differences using (9).
DL Speed CI of OSs: Fig 15 shows the DL speed comparisons of all MNOs
with corresponding boxplot and CI for mean DL speed difference values for different OSs, namely Android, IOS and Windows phones. From Fig 15, MNO-1
performs the best followed by MNO-2 and then MNO-3 for all OSs in terms of DL
speed performance advantages.
Latency CI of OSs: Fig 16 shows all MNOs’ comparisons for latency over
OSs with both latency boxplot and CI mean latency difference values. First of all,
for all OSs, MNO-1 is the best among all MNOs. However, for Android and IOS
devices, MNO-3 performs better than MNO-2 and for Windows phones MNO-2 is
better than MNO-3.
Jitter CI of OSs: Fig 17 (a) and (b) show the jitter based comparisons of all
MNOs over Android and IOS based devices together with boxplot and CI mean
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jitter difference values. Due to non-availability of Windows measurements for jitter
values, we have only compared the performances over Android and IOS devices.
For jitter values over Android and IOS, MNO-1 is again performing the best,
followed by MNO-3 and later MNO-2 similar to previous latency comparisons.
Packet Loss CI of OSs: Fig 17 (c) shows all MNOs’ comparisons for packet
loss over OSs with CI mean latency difference values. Again similar to jitter measurements, Windows OS does not report packet loss values, hence Android and
IOS devices are compared. For packet loss performance comparisons, MNO-1 is
again leading followed by MNO-3 and MNO-2.
Main takeaways: When MNOs are compared in terms of phone OSs, MNO1 is the best among all MNOs in all observed UE phones. However, depending
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Fig. 17: All MNOs comparisons for Jitter over OSs (a) Jitter Boxplot vs UE OSs
(b) CI mean jitter difference vs UE OSs (c) CI mean packet loss difference vs UE
OSs.

on the OS and the observed KPI, MNO-2 and MNO-3 comparative performances
can change. For example, for latency, jitter and packet loss, MNO-3 performs
better than MNO-2 in Android and IOS phones, whereas for DL speed MNO-2 is
better than MNO-3 for all OSs. The differences of jitter performances across UE
categories between MNOs are important limitation for low latency services.
A summary of MNO performance comparisons based on UE categories, OSs
and CNTs in the observed dataset is given in Table 2, Table 3 and Table 4 where
M1, M2 and M3 are abbreviations for MNO-1, MNO-2 and MNO-3 respectively,
≈ and > represent no decision and better performance respectively. From these
tables, we can observe major performance advantage of MNO-1 compared to other
MNOs. For example, for packet loss and jitter comparisons, MNO-1 is better than
MNO-3 followed by MNO-2 for all OSs and for latency and DL speed value com-

30

Ahmet Yildirim et al.

Table 2: A summary of MNO performances based on UE Categories in the observed
dataset.
KPIs/

DL

Categories

Speed

Cat-2

M1>M2>M3

M1>M3>M2

M1 ≈ M3>M2

M1>M3>M2

Cat-3

M1>M2>M3

M1>M3>M2

M1>M3>M2

M1>M3>M2

Cat-4

M1>M2>M3

M1>M3>M2

M1>M3>M2

M1>M3>M2

Cat 6-7

M1>M2>M3

M1>M3>M2

M3>M1>M2

M1>M3>M2

Cat 9-10

M1>M2>M3

M1>M3>M2

M1>M3>M2

M1>M3>M2

Latency

Packet

Jitter

Loss

Table 3: A summary of MNO performances based on OSs in the observed dataset.
KPIs/

DL

OSs

Speed

IOS

M1>M3 ≈ M2

M1>M3>M2

M1>M3>M2

M1>M3>M2

Android

M1>M3 ≈ M2

M1>M3>M2

M1>M3>M2

M1>M3>M2

Windows

M1>M3 ≈ M2

M1>M2>M3

M1>M3>M2

M1>M3>M2

Latency

Packet

Jitter

Loss

Table 4: A summary MNO performances based on CNTs in the observed dataset.
KPIs/

DL

Technologies

Speed

2G

M1 ≈ M2 ≈ M3

M1,M3>M2

M2 ≈ M3>M1

M1>M3>M2

3G

M1 ≈ M2 ≈ M3

M3>M1>M2

M2>M1>M3

M1>M3>M2

4G

M1>M2>M3

M1>M3>M2

M1,M3>M2

M1>M3>M2

Latency

Jitter

Packet
Loss

parisons, MNO-1 is better than MNO-2 and MNO-3 for all UE categories.

For testing statistical significance, in addition to CI-based statistical analysis,
we also conduct p-value testing. A p-value of 0.05 is used as the cut-off value for
significance testing in majority of analyses [22]. The p-values in our comparisons
of all MNOs with respect to CNTs, OSs, UE categories and locations are close to
zero which can be interpreted as very significant. Therefore, we can conclude that
there’s no difference between the means and conclude that a significant difference
does exist.
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Fig. 18: Latency MNO-3 and MNO-2 comparisons in Turkey.

4.7 Visualization of the nationwide analysis results

In this subsection, we will be visualizing the CI values of the analyzed results for
4G cellular networks in Turkey. Fig. 18 shows the CIs for mean latency difference
of MNO-2 and MNO-3 for 4G networks in all cities of Turkey. If MNO-2 performs
better than MNO-3 in a city, the city is marked as blue, if MNO-3 performs better
than MNO-2, the city is marked as red and if CI of mean difference includes zero,
we mark the city as white. For example, in Fig. 18, city of Corum in the middle
is marked as white since its CI includes zero.
Similarly, Fig. 19 visualizes the mean jitter performance difference comparisons
of MNO-1 and MNO-2 using Folium and leaflet map visualization in Turkey. As
can be observed from this figure, MNO-1 performs the best in red marked cities
and MNO-2 is best in blue marked cities whereas no conclusions can be drawn in
white marked cities in terms jitter performance.
Main takeaways: An understanding of the results from Fig. 18 and Fig. 19,
reveals that depending on the region of operation, there can be significant differences between MNOs’ performance (e.g. MNO-3 is better in western parts of the
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Fig. 19: Jitter MNO-1 and MNO-2 comparisons in Turkey. [Figure is best viewed
in colors]

country compared to MNO-2 whereas MNO-2 is better than MNO-3 in eastern
parts of the country in terms of both latency and jitter values). In this respect,
using the insight drawn from the studied statistical methodology outlined in this
paper, MNOs can distinguish their strengths and weaknesses in certain regions of
the country by visualizing them using the proposed open source platforms.

4.8 Consequences to business and user experience
In this section, we detail the consequences of the studied performed analytic approaches to both in terms of user experience and business benefits. The deployment
of a new network infrastructure is a time consuming process and can be costly if
appropriate measurements and experiments are not taken into account. Therefore,
MNOs need to carefully and intelligently perform business planning to support the
necessary investments while taking into account their competitors strengths and
weaknesses. The economical impact of DL speed, latency, jitter and packet loss on
phone categories, CNTs and OSs can change the tariff plan of MNOs. This can
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help MNOs enhance business decisions in fine-grained scale, e.g. MNOs may invest
in promoting utilization of mobile phones that can match well with their infrastructure characteristics. The analytic results can also inform MNOs about new
products/services and pricing strategies. For example, in our analysis, in terms
of latency values, MNO-2 performs better than MNO-3 in Windows devices compared to Android and IOS devices. For this reason, MNO-2’s business units can
concentrate on promoting Windows capable devices for latency-critical services
such as online gaming. Similarly, MNO-1 can invest in providing video on demand
(VoD) or streaming music services to their subscribers due to their superior DL
speed and latency values compared to MNO-2 and MNO-3 in all OSs. These services can be promoted in many ways such as appropriate tariffs and advertisements
before and after each service is launched.
Another example of analysis results based on CNTs reveals the following: Due
to clear disadvantage of MNO-2 on 4G networks compared to other MNOs in all
KPIs except DL speed, MNO-2 need to investigate the reasons behind this fallback within their 4G network infrastructure and investments strategies (e.g. on
4G spectrum). One alternative business strategy of MNO-2 based on current inferior 4G performances can be to focus their efforts on low cost tariffs (e.g. student,
family, bundled (voice, SMS, internet and TV if possible)) and special deals with
public institutions to attract higher number of subscribers, e.g. students, public
servants, etc. In examining how new CNT affect MNO differences, new discoveries
are also detected. For maturing technologies such as 2G and 3G, the observed
global performance difference between MNOs in general are similar while there
exist local region performance differences. However, with 4G services, the performance advantage of MNO-1 is evident. This can also give an intuition about how
the business strategies of MNOs may be impacted when evolution from matured to
cutting-edge technologies occur. New services that will be introduced will mostly
likely depend on how mature the technology is in that region for MNOs.
The location itself can also affect the investment strategies of MNOs. For example, for latency values, MNO-2 is better than MNO-3 in eastern regions whereas
MNO-3 is better than MNO-2 in western regions of the country as shown in Fig. 18.
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This awareness paves the way for investing strategically in selected cities/regions
of the country. Nonetheless, performance advantage of single MNO over one KPI
(e.g. latency advantage of MNO-1 in Izmir) does not guarantee that same MNO
will outperform others in remaining KPIs (e.g. packet loss advantage of MNO-3 in
Izmir) even though same experiments in same location are utilized for each MNO.
With the observation of potential performance fall backs in different locations,
technologies, phone categories and OSs compared to their competitors, MNOs can
reduce service issues. This will result in higher user QoS and QoE. In summary,
our analysis results reveal two major suggestions for MNOs: First, together with
awareness of their network infrastructure’s capabilities in different OSs and phone
categories, MNOs can deliver new services (e.g. online gaming, video on demand
or streaming music services) with minimum network infrastructure investments
by considering their major strengths and weaknesses in UE OSs and categories.
Second, based on location and CNT performance differences, MNOs can show up
in different brands (e.g. mobile virtual network operators (MVNOs)) in certain
regions of the country with different and point-shot tariffs to boost their profits
and attract more subscribers.

5 Conclusions and Future Directions
In this paper, statistical comparisons of end-to-end performances of different MNOs
using network KPIs are investigated. For analysis, we have utilized network performance test data which covers a duration of 18 month in all cities of Turkey.
Through numerical evaluations, our results unveil the diversity of performance
differences among different MNOs based on the utilized factors CNTs, geographical locations of the obtained service, phone OSs and UE categories. Overall, we
discover that comparative performance gains of MNOs can vary depending on utilized factors and measured KPIs. As a future work, we are planning to investigate
techniques such as ANOVA (Analysis of Variance) to reveal which factors and
levels can be statistically important and significant over all KPIs of MNOs.
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