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Abstract—Approximately two thirds of users worldwide use
mobile (i.e. cellular) network for Internet access. Downlink and
uplink data rates are important factors for enabling certain level
of QoS (Quality of Service) and QoE (Quality of Experience).
In this paper the aforementioned data rates were measured
using only equipment available to an ordinary subscriber. For
Internet access, we used a mobile network technology that
currently enables highest data rates – LTE (Long Term Evolution).
Two different tools were used for determining the data rates
– HAKOMetar and Speedtest. The measurements were carried
out on four distinct locations in the city of Zagreb, Croatia and
aggregated results are presented separately for weekdays and for
weekends. The contribution of our paper is twofold. Firstly, we
show how much the data rates fluctuate during the weekdays
and weekends, and when maximum uplink and downlink data
rates are achieved. Secondly, we compare the measured data rates
with those advertised by mobile network operators, and propose
the changes they should enforce to better inform mobile network
subscribers about the achievable data rates at a certain location.

I. INTRODUCTION

Mobile broadband subscriptions, which enable mobile net-
work Internet access, increased from 268 million in 2007
to 1.9 billion in 2013, making mobile broadband the most
dynamic ICT (Information and Communication Technology)
market worldwide [1], [2]. By the end of 2014, the number of
Internet users globally will have reached nearly 3 billion [3],
out of which two thirds will be using mobile broadband access.
Europe has the highest mobile broadband penetration levels
compared to other continents (64%), which is even higher than
its fixed broadband penetration (28%) [3]. The reason for this
is the fact that fixed subscriptions are binded to households,
while mobile subscriptions are binded to individual mobile net-
work users. Croatia has similar mobile broadband penetration
levels as Europe (i.e. 65% in first quartal of the year 2014)
[4].

Internet data rates have grown rapidly in the past decade.
GPRS (General Packet Radio Service), the first technology that
enabled mobile network Internet access, provided data rates of
up to 114 kbit/s, while the newest technology 4G (i.e. Long
Term Evolution, LTE) enables data rates of up to 300 Mbit/s
in downlink and 75 Mbit/s in uplink [5]. Since users are in
constant demand for larger amounts of data [6], and since more
and more users use mobile broadband as their Internet access
solution [1], mobile network operators are encouraged to invest
into the new network technologies that would increase data
rates and provide better coverage.

There are currently two mobile network operators in Croa-
tia that provide Internet access through the LTE network
technology. In this paper we measure the data rates for only
one of those mobile network operators. Namely, the data rates
are important because they are a significant factor that helps
ensuring higher QoS (Quality of Service) and QoE (Quality of
Experience) [7]. Currently operators declare only maximum
available data rates and we want to measure the actual data
rates that are achievable at specific locations, to see whether
these rates have significant fluctuations, and to perceive how
close they are to the rates declared by the network operators.
We have conducted series of measurements at four locations in
the city of Zagreb. Their results are presented and discussed in
the fourth section of this paper. To the best of our knowledge,
there are no similar studies publicly published. Presumably,
mobile network operators conduct such measurements, but
they do not publicly proclaim the results.

The rest of the paper is structured as follows. Section II
describes LTE mobile network, presents its architecture and
different parameters which can influence data rates for Internet
access. Section III describes applications used for calculation
of data rates, while section IV presents our measurement
results for several locations in the city of Zagreb. Last section
gives our conclusions.

II. FEATURES OF LTE NETWORKS

LTE is characterized by a simplified access network ar-
chitecture with only eNode-B (evolved Node-B) nodes, and
completely changed core network that has replaced GPRS
core network marked principally by GGSN (Gateway GPRS
support node) and SGSN (Serving GPRS support node) nodes.
This new core network features several new nodes – MME
(Mobility Management Entity), SGW (Serving Gateway), PGW
(PDN Gateway), and HSS (Home Subscriber Server), and
supports flat all-IP architecture. Moreover, it is characterized
by fewer network elements meaning both lower operational
and maintenance costs, and lower user and control plane
latency. The MME is the central control element for the 4G
access network responsible for authenticating the user with
HSS, the bearer (de)activation process, for choosing the SGW
at UE’s (User Equipment) initial attach and at time of intra-
LTE handover. The SGW routes and forwards user data traffic,
while also acting as the mobility anchor both for the user
plane during inter-eNode-B handovers and handovers between
LTE and other 3GPP mobile networks. The PGW provides
connectivity to external packet data networks (e.g. Internet)



and performs policy enforcement, packet filtering for each
user, charging support, and lawful interception. The HSS is
a central database based on legacy HLR (Home Location
Register) and AuC (Authentication Center) nodes containing
user and subscription-related data [8].

The idea behind the development of eUTRA (evolved
UMTS Terrestrial Radio Access, the LTE’s air (radio) interface
upgrade for mobile networks, was not only motivated by
enabling higher data rates and lower latency, but also by a
higher spectral efficiency than the previous wireless standards
allowing mobile network operators higher quality services and
products for their customers. Key features of this new radio
interface, which will be explained in the remainder of the
section, are also important for understanding conditions in
which measurements for this paper were conducted.

Scalable bandwidth: The LTE channel offers four times
more bandwidth (i.e. 20 MHz) in both downlink and uplink
compared to UMTS’s 5 MHz, and what is also important is
that it is scalable. This means that if 20 MHz channels are not
available, LTE offers channel sizes of 1.25, 2,5, 5, 10 or 15
MHz. This is a good characteristic for mobile network oper-
ators that have different bandwidth allocations, which allows
them to offer various services based on available spectrum.
Deployed at higher frequencies, LTE is attractive for strategies
focused on a network capacity, whereas at lower frequencies
it can provide an ubiquitous cost-effective coverage.

Improved spectrum efficiency: This refers to how limited
bandwidth is used by the access layer of a wireless network.
LTE’s spectral efficiency is 3-4 times higher than UMTS (Rel6)
in downlink, and 2-3 times higher in uplink. Consequently,
LTE allows more data to be exchanged in a given bandwidth
that increases the number of users and services the network
can support. For example, LTE theoretically supports at least
200 active data users in every 5 MHz cell [8].

Support for both FDD and TDD: LTE supports both FDD
(Frequency-Division Duplex) and TDD (Time-Division Duplex)
modes. TDD, as its name suggests, splits one frequency
carrier into alternating time periods for downlink and uplink
transmissions, while FDD uses paired spectra separated by a
duplex frequency gap. Today it is typical that a single chipset
in UE supports both TDD and FDD operating modes. This is
supported by the fact that although both modes have their own
frame structures, they are aligned with each other and similar
hardware can be used in both base stations and UEs.

Usage of OFDM modulation scheme: eUTRA uses OFDM
(Orthogonal Frequency-Division Multiplexing) as a basic mod-
ulation scheme. It was selected because of its robustness in
the presence of severe multipath fading. LTE does not rely on
increased symbol rates in order to achieve higher data rates,
as previous generations did. In turn, it uses OFDM which
breaks the available bandwidth into many narrower sub-carriers
and transmits the data in parallel streams. Each subcarrier
is modulated using varying levels of QAM modulation (e.g.
QPSK, 16QAM, 64QAM or even higher orders depending on
signal quality). This results in very efficient use of available
bandwidth, yet with virtually no interference among adjacent
sub-carriers. However, OFDM brings along several weaknesses
as well: susceptibility to carrier frequency and a large signal
PAPR (Peak-to-Average Power Ratio).

Different multiple access techniques for uplink and down-
link: LTE uses OFDMA (Orthogonal Frequency-Division Mul-
tiple Access) for the downlink and SC-FDMA (Single-Carrier
Frequency-Division Multiple Access) for the uplink. Although
OFDMA involves added complexity in terms of resource
scheduling, it is superior to packet-oriented approaches (e.g.
CSMA (Carrier Sense Multiple Access)) in terms of efficiency
and latency. Each user is allocated a specific number of
subcarriers for a predetermined amount of time, also known as
PRBs (Physical Resource Blocks). Negative effect of OFDMA
approach is high PAPR that requires expensive power ampli-
fiers in uplink. Because LTE in uplink is more focused on
UE’s battery constraints, it uses a bit changed multiple access
method with very similar underlying architecture. SC-FDMA
offers the same degree of multipath protection, but because the
underlying subcarriers are not independently modulated as in
OFDMA approach, it achieves lower PAPR.

Multiple antenna techniques: LTE exploits two multiple
antenna techniques to enhance link robustness and increase the
data rates. The MRC (Maximal Ratio Combining) is used to
enhance link reliability with low signal strength and frequency
selective fading. This is achieved by linear combination of
the channel compensated signals which results in an increased
SNR (Signal-to-Noise Ratio). The MIMO (Multiple-Input and
Multiple-Output), on the other hand, increases the data rates
by using multiple antennas (up to 4x4) on both communicating
ends. It can be implemented through three main methods:
precoding, spatial multiplexing, and diversity coding.

Support for flexible cell sizes: LTE supports femtocells
with radius of several tens of meters up to almost 100 km
macrocells. The former ones are with combination of higher
frequency bands used in densely populated urban areas, while
the latter ones are typical for rural areas and characterized with
lower frequency bands. Moreover, spectral efficiency in LTE
does not improve only near cell towers, but it also improves
near cell edges, allowing 2-3 times better data rates than in
previous mobile network standards.

Enhanced support for end-to-end QoS: Reduced latency (or
RTT (Round Trip Time) = 2x latency) and packet losses are
key factors in delivering quality service to end-users, especially
when many users are active within the cell. LTE is designed
with target milestones of <5 ms user plane latency and <100
ms control plane latency. This allows a better support for real-
time applications (e.g. video streaming, video conferencing,
and multi-player mobile gaming).

Access data rates in LTE primarily vary based on the used
channel bandwidth (i.e. 1.25-20 MHz) and antenna technology
scheme (i.e. MIMO 2x2, 4x4). On the other hand, the radio
signal quality is affected by numerous factors, such as the
signal path loss, free space loss, diffraction, multipath, and
general atmosphere just to name the few. This means that
theoretical maximums (i.e. 300 Mbit/s in downlink and 75
Mbit/s in uplink) are achieved with 20 MHz bandwidth and
4x4 MIMO antenna setup in ideal, laboratory settings. These
values, or any physical layer peak data rate depending on the
network settings for that matter, are practically impossible to
achieve in real-world conditions that have to take into account
additional overhead added by adaptive modulation and error
correction coding that try to cope with the aforementioned
signal quality factors [9].



III. MEASUREMENT TOOLS

This section provides a description of the two tools that
we used to measure the Internet data rate of a 4G mobile
network. The first tool is the official tool from HAKOM
(Croatian Regulatory Authority for Network Industries) known
as HAKOMetar [10]. The original purpose of that tool is
to measure the data rate of fixed broadband Internet and, in
case of limited data rates, to send an official complaint to the
operator [11]. It can also be used as a tool for measuring the
data rates for wireless or mobile networks, but with restriction
that it cannot be used for sending an official complaint.
HAKOMetar generates HTTP (Hypertext Transfer Protocol)
and FTP (File Transfer Protocol) traffic, which both rely on
TCP (Transmission Control Protocol) transport protocol [12].

HAKOMetar application is implemented in Java to enable
execution on different operating systems. Before starting the
measuring process, user is asked to enter identification data:
name, e-mail, and phone number which are necessary for
sending an official complaint to the network operator. The
measuring process by using HAKOMetar consists of 4 steps:

1) gathering data about local network, user’s computer,
and network operator

2) measuring download and upload rates from and to a
server in CARNet (Croatian Academic and Research
Network) network

3) measuring download and upload rates from and to a
random server in the Internet

4) uploading results to a database located on a server in
CARNet network

During this process, 19 tests are carried out. In the first step of
the measurement local data about user’s computer and network
is gathered: network interfaces, IP and MAC address, ARP
table which lists the devices in the local network, DNS servers,
network connections, routing tables, load of the network inter-
faces and CPU, allocated memory and disk space, operating
system data, and data about network operator. This data is
gathered to enable analysis of the measurement environment
and to see if the computer is overloaded, which can have
significant impact on the measurement results. In the second
step, firewall of the user’s computer is tested by initiating a
test from a server in CARNet network. Additionally, ping and
traceroute tests are carried out, as well as upload and download
to and from the aforementioned server. In order to get the more
realistic results, in the third step HTTP and FTP connections
are established to random or previously specified servers in
the Internet. The results from this step have higher importance
than the results from the previous step since Internet users are
accessing servers from different networks in Internet while
browsing. During this measurement process, larger number
of connections is established with chosen servers and larger
amounts of data are downloaded by using HTTP and FTP
protocols. Furthermore, CPU load and the amount of available
memory are measured in order to see if the poor performance
of the user’s computer has a negative impact on the results.
The final result shown to the user is the higher rate of those
two (HTTP and FTP traffic) in all of the measurements. In the
final step of the measurement, the results are uploaded to a
server in CARNet network so that the operators can have the
access to them in case of a user’s complaint.

In one measuring process HAKOMetar can generate up to
the 200 MB of data traffic. The uplink data rate is measured
only in the second step of the measurement when main focus
is on the network between the user and the CARNet network.
This uplink data rate is not of interest to us since we want
to measure this rate when users are uploading the data to the
servers outside the CARNet network. Therefore, in order to get
upload speed of some random traffic, we used a tool Speedtest
[13] created by the Ookla. Speedtest finds a nearby server and
performs download and upload of some random traffic from
and to that server [14]. How the choice of those servers is made
is not publicly described. The measuring process of speedtest
consists of two tests - one for download and one for upload.

In the download test, the client program firstly downloads
small binary files in order to estimate the connection speed.
Based on the results of that step, the amount of data is chosen
to be sent in a real test so that it can be downloaded within 10
seconds, the amount of time which is assumed enough to get
accurate results, while not taking too long. Once the download
is started, up to four HTTP threads are used to saturate the
connection with the server to get accurate measurements. In
the case when connection is slower than 4 Mbit/s, up to
two threads are used. Throughput samples are received at up
to 30 times per second, and aggregated into 20 slices. The
fastest 10% and slowest 30% of those slices are then discarded
and the remaining slices are averaged together to determine
the final result. In the upload test, a small amount of data
generated in the client is sent to web server. Based on the
initial test result, appropriately sized chunk of random data
is selected for upload and pushed to the server-side script by
using HTTP POST method. Up to four threads (depending on
the connection as described earlier for download) are used to
saturate connection. Chunks are then sorted by speed, and the
fastest half is averaged to eliminate anomalies and presented
as a final result.

We noticed that downlink data rates measured with
HAKOMetar were very similar to the Speedtest rates. Also,
in more than 70% of the measurement process differences
between FTP and HTTP data rates in HAKOMetar were less
than 2 Mbit/s. There are some variations, but this was expected
as we cannot simulate the same network conditions or make
sure that the same servers are used for both tests. The results
shown in the next section are obtained in the following manner.
The downlink data rate were measured using the HAKOMetar
and the uplink data rates using the Speedtest. For connecting to
the Internet, we used the LTE USB modem Alcatel onetouch
L100 [15].

IV. RESULTS

The data rates were measured during the month of May
2014 at four locations in the city of Zagreb, Croatia – Tres-
njevka sjever, Donja Dubrava, and Stenjevec districts represent
dominantly residential areas, while Trnje district where FER
(Faculty of Electrical Engineering and Computing) is located
represents mixed business and residential area. Measurements
for each of the locations were conducted during period of one
week at a time. All locations, at which the measurements were
performed, are covered with a 4G mobile network. Only data
rates for one out of two cellular operators in Croatia that enable
the Internet access through LTE network were taken into



Fig. 1. Measurement results for location ”FER” in ”Trnje” district

Fig. 2. Measurement results for location in ”Donja Dubrava” district

consideration. The obtained data rates are measured by using
tools described in the previous section – HAKOMetar and
Speedtest. For every location we observe data rate fluctuation
during the day and conclude when these rates are higher and
when they are lower. The measurements are shown separately
for weekdays and for weekends. Each of the graphs shows
aggregated data rates measured during the similar times of
weekdays and weekends. The x-axis shows the time of the
measurement, while the y-axis shows data rates in Mbits/s.

Same measurement equipment was used at each of the
locations. Sample sizes for locations in the end are not
identical, but for this (exploratory) stage of the project this
is good enough to infer some initial conclusions. Figure 1
shows data rates measured at FER in Trnje only on weekdays.
Trnje district covers area of 7.37 km2 with population density
of 5737.1 residents per km2. There were 32 measurements
conducted at this location in total, only during the weekdays.
This location is specific for its small fluctuations. One of the
reasons for such results could be a bit smaller sample size
than for other locations. The maximum downlink rate is 38
Mbit/s and minimum 34 Mbit/, while the maximum uplink rate
fluctuates a bit more – from 21 Mbit/s to 14 Mbit/s. The data
rates measured on weekdays and weekends at Donja Dubrava
district, covering area of 10.82 km2 with population density of
3321.1 residents per km2, are shown in Figure 2. In total 90

measurements were conducted at this location. We can notice
that the downlink rate is the highest on weekend mornings and
that there are lots of fluctuations during the day. The downlink
rate fluctuates from 55 Mbit/s to 22 Mbit/s, and uplink from 16
Mbit/s to 8 Mbit/s. At measuring location in Stenjevec district,
as we can see in Figure 3, fluctuations are less expressed than
in Donja Dubrava. 118 measurements were performed in total
at this location, which is the largest sample available out of all
four locations. Stenjevec district covers area of 12.8 km2 with
population density of 3387.3 residents per km2. The maximum
downlink rate is 53 Mbit/s and minimum 20 Mbit/s, while
the uplink rates are maximum at 16 Mbit/s and minimum at
only 7 Mbit/s. We can notice that the rates are higher during
the weekend, when maximums are reached. Finally, Figure 4
shows data rates measured at Tresnjevka sjever district that
covers area of 5.83 km2 with highest population density of
all observed areas of 9506.86 residents per km2. There were
58 measurements performed at this location, and the results
here are quite different from other locations. The maximum
downlink rate is at 27 Mbit/s and minimum at 14 Mbit/s. The
uplink rate fluctuates from 19 Mbit/s to only 5 Mbit/s which
represents the highest fluctuation rate. Similair to previously
mentioned locations, the data rates for weekends are higher
than for weekdays, especially in the afternoon.

Table I shows median values for downlink and uplink data



Fig. 3. Measurement results for location in ”Stenjevec” district

Fig. 4. Measurement results for location in ”Tresnjevka sjever” district

rates for the aforementioned locations, together with standard
deviation, percentage deviation, and minimum, and maximum
values. Median values are chosen because distributions of
carried out measurements were irregular and skewed, so me-
dian values better describe average trend than simple mean.
Standard deviation and its percentage value in relation to the
median show the spread of data rates over the median value.
Standard deviation was chosen in place of variance because
it is in same units as median, so it more clearly captures
their relationship. Maximum and minimum data rates show
the range in which the measured values occurred. To obtain
median values, data rates for both weekends and weekdays
were aggregated together for each of the locations.

As it can be seen in Table I, the highest average downlink
rates were at FER, followed by locations at Stenjevec, Donja
Dubrava, and Tresnjevka sjever districts. The highest average
uplink rate was also recorded at FER, followed by Donja
Dubrava, Tresnjevka sjever, and Stenjevec. Moreover, the

TABLE I. STATISTICS FOR CONDUCTED MEASUREMENTS

Location Direction Median StDev Max Min Perc Dev

Donja Dubrava Downlink 29.77 8.24 55.00 22.04 27.69 %
Uplink 15.12 1.88 16.21 7.78 12.42 %

FER Downlink 34.78 1.29 38.29 34.06 3.71 %
Uplink 19.73 1.89 20.50 14.27 9.58 %

Stenjevec Downlink 32.94 8.81 54.17 16.07 26.76 %
Uplink 5.71 3.98 18.31 1.59 69.69 %

Tresnjevka sjever Downlink 16.98 4.92 25.97 7.82 28.98 %
Uplink 9.89 4.95 19.16 4.47 50.01 %

highest value for downlink rate was observed at Stenjevec,
and for uplink rate at FER. The lowest value for downlink
rate was observed at Donja Dubrava location, while for uplink
at Stenjevec. The highest average trend at FER could be
explained by the fact that it is located in business area with
numerous firms and therefore higher demand, and mobile
operators set their cell capacity and coverage accordingly.
Also, the lowest measured values and highest deviation were
typical for Stenjevec and Tresnjevka sjever districts, which are



both highly urbanized and densely populated areas. However,
these are only initial conclusions, and for more robust conclu-
sions systematic measurements at various locations should be
conducted.

V. CONCLUSION

In this paper we examined the data rates for one mo-
bile network operator in Croatia that enables Internet access
through the LTE network. As can be concluded from the
presented results, the data rates, which were measured by
applications HAKOMetar and Speedtest, fluctuate during the
day with different amplitudes at different locations in four
distinct districts in the city of Zagreb. We observed the data
rates for two different contexts, weekdays and weekends, and
concluded that the downlink rates are in general higher during
weekends, in some locations higher rates are reached during
morning, and in others during afternoon, while the uplink rates
are more or less stable. To give more decisive conclusion,
greater number of measurements should be conducted.

Mobile network operators advertise only the theoretic
maximum data rates over their network (i.e. in the observed
case this is 75 Mbit/s in downlink and 25 Mbit/s in uplink)
that were, as expected, never reached in our measurements.
The maximum measured downlink rate in all of conducted
measurements was 55 Mbit/s, which is approximately 20
Mbit/s (almost 25 %) less than the declared value achievable
in ideal settings. In order to better inform mobile network
subscribers about the real data rates, we recommend that
operators should announce average and maximum data rate
that can be achieved at a specific location. To publish the
aforementioned data, a comprehensive systematic approach
should be applied to determine exact locations on which to
perform the measurements and in what time interval, so that
the results correlate with real-world conditions in the network.
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