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ABSTRACT
Telecommunications is a technology that allows two distinct individuals/units to
communicate effectively using voice and data signals. In the past two decades,
telecommunications have grown into a comprehensive industry with billions of people
using their services on a daily basis. With the increase in number of telecommunication
companies, the competition to provide the best services at the lowest cost has become
stiff. To attract more and more customers, telecommunications companies are spending
millions of dollars to expand their networks and also to improve the quality of their
service. In this thesis, work is focused on one aspect of telecommunications the use of
wireless network technology. There are many software tools for designing, planning
and optimizing a wireless network. These software tools are very effective in
evaluating the performance of a network in terms of coverage. But evaluation of the
user experience in a wireless communication network is a big challenge for the
operator, as well as a very important topic of current research. Instead of just estimating
peak and least data rate of a network, the network providers are becoming more
interested in knowing the typical data rate that users will get in different scenarios. In
this study, a Matlab simulator is presented which can predict some of the characteristics
of the users experience in different scenarios. Evaluation of peak and least data rate
with a full buffer mode is easy, but predicting the actual user experience in a walk-test
is somewhat more challenging. There are a number of factors that affect the users
experience in a wireless network. For example, the quality of the channel degrades as
a user moves from the center to edge of the cell coverage area and data rate experiences
the same degradation. In this study, the real time walk-test data collection has been
done and is used as the reference value to evaluate the accuracy of the simulator output.
For further analysis, simulator output is compared to results from an industrial standard
ii

software/program (Mentum Planet) used for wireless network design and planning.
This study shows that the simulator is capable of predicting the user experience and
has some advantages over the industrial software. If the background conditions are not
properly set, the error could be 100% but by changing the background, we were able
to reduce error to 2%.
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CHAPTER 1: INTRODUCTION
LTE stands for Long-Term Evolution, which is commonly known as 4G. LTE, is a
wireless communication standard for high speed data for mobile phones and data
terminals [1]. The Third Partnership Project (3GPP) is an international organization
which develops widely used wireless technologies such as: UMTS, WCDMA/HSPA
3G standards, released the LTE standards in its Release 8 (2009) with some additional
enhancements in release 9 [2]. With the launch of Samsung SCH-r900 as the world’s
first LTE mobile phone starting on September 1st, 2010 [3], the LTE service was
launched by major North American cellular companies. "LTE was required to deliver
a peak data rate of 100 Mbps in downlink and 50 Mbps in uplink transmission" [4].
LTE introduced the enhanced capabilities of the cellular networks. The main
enhancements of the new access network are low latency, high peak data rates, high
spectrum efficiency and higher network throughput. It expanded the network capacity,
which results in providing service to more subscribers with the given spectrum
assignment. Further, it also delivers higher data rates which are the requirement for a
better experience of real time applications like online video streaming and online
gaming.
1.1 History Overview:
The history of the cellular network can be divided into generations. A cellular network
is a radio network distributed over a land area through cells [5]. Each cell has a fixed
location transceiver (transmitter-receiver) know as a base station, which serves all the
subscribers in that cell. Together a large number of cells provide coverage over a large
geographical area so that a user equipment (i.e. a mobile phone) can communicate even
if it moves out of one cell coverage area into another during transmission.
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The Mobile radio telephone system was the predecessor of the first generation of the
cellular network. In 1946, the first commercial mobile radio phone service Mobile
Telephone System (MTS) was operated by Motorola in collaboration with the Bell
System. In these mobile phones, a transceiver was mounted in the vehicle trunk and
attached to the “head” mounted near the driver's seat [6]. Technologies used in these
systems were Push to Talk (PTT), Improved Mobile Phone System (IMPS) and
Advanced Mobile Phone System (AMPS). The first commercial cellular (the 1G
generation) network was deployed in Japan by NTT (Nippon Telegraph and
Telephone) in 1979 [6]. The first generation of wireless technology used analog
communication standards. The voice during a connection was modulated to a higher
frequency around 150 MHz. The mobile phones were large and expensive and were
only marketed almost exclusively to the business users. The worldwide different 1G
systems

were NMT

(Nordiac Mobile Telephone), TACS

(Total Access

Communication) and Radiocom 2000.
The use of digital technology in the second generation of wireless telephone service
helped it to fully take over from the first generation. In 1991, the first commercial 2G
cellular telecom service was launched with the GSM standards in Finland by
Radiollinja [7]. This was the first system to use digital technology. 2G generation had
major benefits over its predecessors which were use of the digital encoding in the phone
conversation and more efficient use of radio spectrum. 2G was originally designed for
voice service only but later enhanced to provide a messaging service using SMS (short
message service). On the basis of multiplexing technologies used, 2G technologies can
be divided into following categories: Time Division Multiple Access (TDMA) and
Code Division Multiple Access (CDMA) based standards. Originally introduced as a
pan-European Technology, GSM (TDMA based technology) became the most popular
2

2G technology in the world. The other technologies worldwide were IS-95 or also
known as cdmaOne (CDMA based technology) used in USA and parts of Asia, PDC
or JDC (Japanese Digital Cellular) in Japan, iDEN and D-AMPS were introduced in
America and later merged into GSM. The growth of the 2G telephone system was at
the same time as the initial development of the internet. 2.5G combined both concepts
together to start providing both voice as well as data service. Later General Packet
Radio Service (GPRS) systems were evolved into 2.7G or Enhanced Data Rates for
GSM Evolution (EDGE) by introducing the 8PSK encoding technique, which provided
better data transmission rates as the extension.
3G is the third generation of the mobile telecommunication technology, was introduced
developed by the International Telecommunication Union (ITU). The first commercial
live 3G network was by SK-Telecom in South Korea on CDMA based 1xEV-DO
technology in 2002 [8]. 3G technology used different techniques for radio transmission
and reception from its predecessor while keeping the core network almost unchanged,
which helped this technology to achieve a higher peak data rates and better use of the
radio spectrum. The third generation introduced new services like video calling, mobile
TV and other high speed data applications. UMTS (Universal Mobile
Telecommunication System) is the most popular 3G system worldwide. UMTS
evolved from the GSM system. UMTS has two different air interference technologies
– Wideband Code Division Multiple Access (WCDMA) and Time Division
Synchronous Code Division Multiple Access (TD-CDMA) which is the derivative of
the WCDMA. With increasing demand for higher data rate application the 3G was
improved for higher data applications and a new standard 3.5G was introduced, which
used the technology of High Speed Uplink Packet Access (HSUPA) and High Speed
Downlink Packet Access (HSDPA) compositely know as High Speed Packet Access
3

(HSPA). However Cdma2000 that was originally developed from IS-95 was later
evolved to 3.5G system with two alternative names, cdma2000 high speed packet data
(HRPA) or evolution data optimized (EV-DO), which used the similar technology as
the high speed packet access. Worldwide Interoperability for Microwave Access
(WiMAX) was the final 3G technology, which was developed by the Institute of
Electrical and Electronics Engineers (IEEE) under IEEE standard 802.16 [9].
Originally designed for point to point microwave links it was later enhanced to support
one to multi-point fixed links in its next release is known as fixed WiMAX (IEEE
802.16-2014) [9].
There were different factors that led to the need for Long Term Evolution. First of all,
the growth of the mobile data which dramatically increased by a factor of over 100
times [10] over a period of five years from 2007 to 2011. The main reason behind this
growth was the introduction of apple’s iPhone in 2007 and Google’s android based
mobile phone in 2008, which provided an attractive and more user friendly experience
with high data application [11]. With the introduction of these user friendly wireless
devices, there was a need to increase the system capacity which led to the development
of new communication technologies. Real time interactive applications must operate
with very low latency in order to improve the user experience thus, it was necessary to
reduce the end-to-end delay in telecom systems. With new technologies like Voice
over LTE (Volte) or voice over IP (VoIP), it becomes more convenient to move both
the data and the voice to packet switching networks that can reduce the operator’s
capital and operation expenditure. In LTE the final architecture was generated as part
of two 3GPP work items; the first item covered the enhancement and design of a new
core network called System Architecture Evolution (SAE) and the second item covered
the improvement of radio access network, air interference and mobile known as Long
4

Term Evolution (LTE). The name, LTE has becomes a familiar term worldwide. In
terms of its most important specification [12] the Long Term Evolution (LTE) has the
following features:
1. LTE was required to deliver a peak data rate of 100 Mbps for the downlink
transmission and 50 Mbps for the uplink transmission.
2. LTE was required to support a spectrum efficiency (which means the capacity
of one cell per unit bandwidth) three to four times greater than the spectrum
efficiency specified for WCDMA in Release 6 for the downlink transmission
and two to three time greater in uplink transmission.
3. Latency is the total time taken for the transmission of the data from the mobile
unit to the fixed network and the latency should be less than 5ms.
4. The mobile phone should be able to switch from standby to active state in less
than 100ms.
5. LTE should be able to support cell sizes up to 100km, but are optimized for a
cell size of up to 15 km.
6. LTE must operate with high performance with mobile speed up to 120km per
hr and support a maximum mobile speed up to 300 km per hr.
The above requirements which were specified in the 3GPP Release 8, led to the
ultimate evolution of the core network and air interference of LTE. LTE is an IP based
network that uses the Internet Protocols (IP) to route packets in the evolved packet core
(EPC). EPC provides subscribers with an always-on connectivity to stay connected to
the rest of the world, which is totally different from UMTS and GSM which only setup
the IP connections on the request and break the connections at the end of the session.
LTE uses Orthogonal Frequency-Division Multiple Access (OFDMA) for the
downlink transmission and Single Carrier Frequency Division Multiple Access (SC5

FDMA) for the uplink transmission whereas UMTS uses the Wideband Code Division
Multiple Access for uplink as well as downlink transmission. LTE uses Multi-input
Multi-output (MIMO) for enhanced throughput. In the radio access network, Node B
and Radio Network Control (RNC) evolved into a single eNB which supports
functionality of the both RNC and Node B. The evolved packet core routes voice as
well as data packets using packet switching techniques, whereas in traditional core
networks, there were both circuit-switching domains and packet-switching domains for
the distribution of the voice and data respectively.
1.2 Literature Review:
In the past decade, LTE has become a very active and popular topic in the field of
research. In 2008, the final standards were released by 3GPP in release 8 [12]. There
are currently numerous research institutes doing research on LTE systems.
Iordache et al. [13] evaluated the performance of LTE downlink transmission using the
LTE system level simulator. In [14], an analysis of multiple-input and multiple output
LTE downlink transmission were proposed using different types of modulation
techniques with the different frame structure. They conclude that in an Additive White
Gaussian Noise (AWGN) channel the error rate increases with the higher order of
modulation. In 2014 Paz Arteaga et al. [15], submitted an assessment of the
performance as well as the SINR and throughput of a specific LTE network in two
different scenarios by changing the size and number of the users in different sectors.
The simulator used in [13] and [15] was released by Institute of Telecommunications
at Vienna University of Technology under the terms of academic research [16]. A
simulative study of different scheduling algorithms over real-time scenarios LTE
network with multimedia traffic using Network Simulator-3 was presented in [17].
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Nandu et al. [17] suggested using priority set scheduling in any commercial LTE
network.
Puttonen et al. [18] offered an extended Radio Link Failure (RLF) reporting for
optimizing coverage and the mobility in a network according to the Minimization of
drive tests (MDT). The performance investigation of a real LTE network using a real
LTE network drive test was advanced in [19], an LTE drive test device was used to
evaluate the mobility effects on the different performance parameters like throughput,
block error rate (BRE), Reference Signal Received Power (RSRP), Reference Signal
Received Quality (RSRQ) and other of a network. Schaffner et al [20] presented the
effectiveness of commercially available LTE drive test radio scanner for multiple-input
and multiple output (MIMO) antenna's performance.
In 2010, the specifications and requirements needed for modelling handover
procedures in the current LTE simulator were presented by Cheng-Chung et al [21] to
introduce the multi-cell support. Anas et al. [22] examined the performance of a hard
handover algorithm based on received signal strength in terms of the number of
successful handovers, handover time and uplink SNIR (Signal to Noise plus
Interference Ratio) experienced by the users. In [23], the results showed that the
relocation based handover procedure improves the user perceived performance and the
radio efficiency of the network.
Various publications present different analyses of LTE network performance and of
the effectiveness of different simulation tools. But in terms of user experience, the
research is very limited. In 2011, Xianling et al [24] did user experience evaluation of
a Time Division LTE based on typical user data rate (TUDR). A method of optimizing
cell reselection procedure which would improve the user experience was moved in
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[25]. By defining enhanced measurement triggering conditions and evaluation
conditions of LTE cell selection procedure, the end user experience can be improved.
Lossow et al [26], proposed a traffic modelling methodology to examine the user
experience in a loaded wireless network, the results provided a non-linear impact of
desired parameters, which promotes the idea of using a more realistic traffic model
when evaluating user experience in a wireless network.
1.3 Problem Statement:
The use of simulation has the great advantage of analyzing a physical process without
the implementation of that process. In this modern era, most of the telecom industry is
using software simulation tools for the planning, designing and optimization of an
actual product without the actual production of that product. But still there are few
areas that don’t have such software simulation tools. The walk-test data collection is
one of the processes for which the simulation software is rarely available. Typically,
engineers collect network data after the deployment of a wireless cell site for
optimization purpose. This data is then analyzed to study and improve the performance
of a network which sometimes results in the relocation or readjustment of the cell site.
The development of a simulation tool to predict these issues in advance of the
implementation can improve the performance of the network, this gives the motivation
for this study. From the above literature review, we have seen that there has been a lot
of research in LTE technology. But still there are some issues that are missing or for
which there is very little scientific literature. The following are some issues that
continue to require further research:
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1. Most published research concentrates on the evaluation of performance of the
network, but there is very little work done on the evaluation of the user
experience in a real-life environment.
2. The mobility of the users is an important factor in the wireless communication
systems. Most research considers stationary users for conducting studies this is
not a very realistic approach when studying user experience.
3. There is no simulator presented in the previous studies with which one can
model or predict a walk-test for an actual physical environment.
Below is a list of objectives of this study. These objectives can consider as the
major contribution to the current research efforts.
1. Modelling an advanced walk-test simulator that can predict realistic data rate
as a user moves through an environment. Based on these simulation results a
network designer can design and optimization a wireless network.
2. Developing an environment based Radio frequency simulator that can take the
environment to account and can make better path loss predictions and
evaluations of the performance of a network.
3. Modelling an environment based on a random path generator model to
implement a more realistic mobility model.
4. Using the real network statistics to increase the accuracy of prediction of
network performance and user experience.
5. Performing simulations and experiments in different scenarios to investigate
the accuracy of the proposed model.

9

1.4 Thesis Structure:
The thesis is divided into five chapters. The first chapter provides an introduction,
literature review and problem statement. The second chapter covers a number of
available industrial software tools, these tools and models are used in this study. In
chapter three, the detail description of UofR walk-test simulation is provided. In the
fourth chapter, an actual experiment and results are presented and finally, chapter five
presents the conclusions and future works.
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CHAPTER 2: INDUSTRIAL SOFTWARE TOOLS
Network planning and optimization tools play a vital role in the deployment of a
telecommunication network. Network planning and optimization is an ongoing process
in the deployment of a new telecommunication network or service to make sure that
the new service will meet the needs of the subscribers and the operator. Wireless
network planning and design simulators are frequently used by network service
providers to predict the network propagation path loss, coverage, coverage holes, interchannel interference, RF conditions, throughput and other parameters of the designing
process of a wireless network. For different type of wireless solutions like an indoor
wireless solution, for example, a Pico cell or an outdoor wireless solution such as a
Micro or Macrocell, different types of commercial software tools are available. iBwave
[29] is an example of an indoor planning software tool, whereas Mentum Planet [28]
is an example of the outdoor network planning software tool.
This chapter provides a detail view of Mentum Planet, which is a PC-based network
planning and optimization tool for a wireless network. The three sub-sections of this
chapter explains the three main modules of Mentum Planet – Monte-Carlo simulation,
Network analysis and Fixed subscriber analysis.
2.1 Mentum Planet:
Mentum Planet is a commercially available wireless network design, planning and
optimization software which is used by a majority of the cellular service providers,
network performance management, RF planning engineers, wireless equipment
vendors and RF network designers in the industry. Mentum Planet supports all
commercially available wireless access standards such as GSM (Global System for
Mobile communication), cdma2000 (Code-Division Multiple Access), GPRS (General
11

Packet Radio Service), EDGE (Enhanced Data rates for GSM Evolution), WCDMA
(Wideband Code-Division Multiple Access), EVDO (Evolution-Data Optimized),
iDEN (Integrated Digital Enhanced Network), HSPA (High Speed Packet Access),
HSPA+ (Evolved HSPA), LTE (Long Term Evolution (TDD (Time Division
Duplexing) and FDD (Frequency Division Duplexing)), Wi-Fi, WiMAX (Worldwide
Interoperability for Microwave Access), TDMA (Time-Division Multiple Access),
FDMA (Frequency Division Multiple Access), TETRA (Terrestrial Trucked Radio)
and P25 [28]. Its compatibility with Bing and google map provides engineers with
access to view results on a coverage map. Using Mentum Planet one can significantly
improve the overall quality of the current or a new designing network by: optimizing
network performance, resolving network issues like coverage holes or gaps, delivering
higher received signal strength level, improving system quality and providing higher
network capacity. Mentum Planet has all the tools that one requires to outline, enhance
and evaluate a wireless network. The different features that Mentum Planet provide are
as follows:
a. Project Explorer: The Project explorer manages all the projects related data
in a hierarchical manner that makes the organization all work related data very
easy. A variety of commands can be accessed using the different shortcut
menus available in the project explorer. The different data that explorer
includes are sites, network analyses, surveys, and project information. Project
explorer can be divided into subcategories as follows:


Network Analysis



Operational Data



Optimization



Project Data
12



RF Tools



Sites



Fixed Subscribers



Microwave



Monte Carlo simulation



Windows

A generic project is a convenient way to manage the candidate sites where there
is no base station assigned to the site and for which there is no detailed network
information available. A generic project contains and organizes all the
information pertaining to a particular wireless network. A generic project
contains digital elevation models, project clutter information and clutter
information for a specific environment, propagation model, site locations and
sector equipment, including antennas.
b. Site Editor: The site editor contains all the data parameters that are required
when defining sectors, sites and base station technologies. This includes the
general

settings,

sector

settings,

implementation

settings

and

link

configuration. A site is a fixed geographical location. At each site, there is a
base station that supports specific technology with associated sectors. A unique
name defines each site. There are different parameters that are required in the
site editor when defining a site. These parameters are general sector parameters,
custom user data, implementation parameters, general site parameters,
configuration parameters, power parameters, neighbor list, antenna systems
and link parameters.
c. Traffic Map Generator: Mentum Planet uses the traffic map generator to
generate the traffic maps based on the vehicle traffic, market information,
13

switch statistics and demographics. For highly accurate assessment of traffic
load of a current wireless network, one can combine the available information
with the coverage area’s cluster information. Traffic maps are data that provide
information about the distribution of subscribers in a network. To generate a
quality traffic maps one should use high-resolution Geodata for clutters, heights
and building files. With highly accurate traffic maps, operators can find the
areas of high telecommunication usage and can make sure that they provide
telecommunication service where they are needed the most. The various data
that can be used as an input to a traffic map are Regions, Vectors, Classified
Grids and Network Data.
d. Interference Matrix Generator: In an interference matrix generator, Mentum
Planet calculates the co-channel and adjacent interference of a wireless network
using the interference matrix. An interference matrix compares the sector signal
strength across the network and finds the sectors that are potentially interfacing
with each other. The two sectors with the same signal strength produce
interference when they are on the same or the adjacent channel. An interference
matrix is based on the network analysis or a traffic map. An interference matrix
is based on the signal strength predictions and its comparison with Channel to
interference values using the best server area. There are three algorithms that
can be used to create the interference matrix.


Overlapped Best Server Area



Best Server Area



Sector Service Probabilities

e. Neighbor Plan Generator: Neighbor Plan Generator manages the neighbor
list for single-technology and for multi-technology networks. Neighbor
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selection is based on multiple-users. It is really important to understand the
influence of the neighbor network on the new network. To include this
information in the design process, it is important to make the neighbors plan
that contains the list of all the neighbor cells, which can be very useful while
deciding the handover strategy for the new network. Different sectors/cell
coordinates with each other in order to maintain a good quality coverage to
subscribers. As the mobile user moves from current serving cell to another cell,
the signal strength of the current serving cell becomes weaker. At the point
where the signal strength of the neighbor becomes stronger than the current
serving cell, the network re-routes the user to the neighbor sector to maintain a
good quality connection. This process is called handover, which is the key
feature of the wireless technology that provides a seamless service to a moving
user.
The neighbor can be identified and distinguished from the non-neighbor sectors
on the basis of a variety of criteria. For example, the neighbors plan can be
created for one technology or for a multi-technology and can be created
according to the specific environment like indoor or outdoor environment. The
fundamental elements that are required for the neighbor planning process are
as follows:
i.

Neighbour list, which contains the list of eligible the neighbour
sectors and their sector levels.

ii.

Blacklist, which contains the list of the neighbors that are no
available and will not be considered in the planning process.
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iii.

Neighbour plan, which is a database contains the details of all the
nearby sites and the sector, including the sites and sectors that are
in the black list.

f. Network Data Import Wizard: One can import different network and
performance related data, including call drop rate, blocked call rate, neighbour
list, traffic maps and traffic levels for more accurate predictions. The different
network data that can be used in the design and planning process are traffic
maps, interference matrix and neighbour list. The procedure of creating the
traffic map changes depending on the input data used. The locations of the
subscriber in a network are a strong element in the design process. The aim of
design of a new network is to handle the expected traffic and the quality of the
design of a network can be measured in the terms of how well the network
matches the demand and capacity. One way to improve the equality of a
network is to serve the high traffic areas with high signal quality.
g. Metro Designer: For better presentation and better examination of the analysis
one can view the different traffic maps, network analyses, buildings and
prediction in 2-dimensional or 3-dimensional view using the Metro Designer.
This is particularly very useful in design of an urban network
h. Survey Data Tool: Survey data is totally managed by the survey data tool. It
provides different functionalities like organizing, uploading and viewing the
different survey data. Survey data represent the actual network coverage, which
can improve the accuracy of the predictions. The survey data helps to tune the
tool calculation according to real environment. The survey data includes
collection of the signal strength values at small intervals from the network.
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i. Subscriber Setting: Subscriber setting is a powerful tool to define and manage
different subscribers. It provides all parameters that are required to characterize
a network subscriber, including various settings like the quality of service,
equipment type, traffic thresholds, demands and services. The subscriber
settings represents the two main building blocks for a subscriber type:


Equipment Type: defines the types of the mobile equipment and
antenna that are used by subscribers in current networks. It includes the
various parameters like antenna height and antenna gain.



Services: provides the information about the services that subscriber
uses and level that it required. This includes the factors like the time the
subscriber needs service and the quality of the service it needs.

j. Automatic Cell Planning Tool: Mentum Planet provides this automatic
optimizing tool, which helps to increase the coverage and extend the coverage
of a site by fine tuning the antenna parameters. Automatic cell planning
provides details of the potential improvement that can involve changing the
antenna model, modifying the individual antenna parameters, fine tuning power
and repeaters gain and activating or deactivating the sites. ACP (Automatic Cell
Planning) tool performs the two key functions:


Provide a list of the potential changes to the antenna parameters like
mechanical azimuth and tilt, electrical azimuth and beam width.



Providing a list of the candidate sites those should be activated and
those should be deactivated.

k. Microwave links: It is powerful tool to perform all the basic microwave
planning tasks, like creating a microwave link between two selected sites.
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The above section provides a brief introduction of various features of Mentum Planet.
In the next subsection, a detailed description of the three main modules of Mentum
Planet: Monte-Carlo simulation, network analysis and fixed subscriber analysis is
presented.
2.1.1 Monte Carlo Simulation for LTE:
Monte Carlo simulation for LTE is one of the important features of Mentum Planet.
Monte Carlo simulation is a static analysis method that determines the characteristics
of a network over repeated runs. The Monte Carlo simulation multiple runs in which it
distributes a random number of subscribers in a random pattern over the testing area
and performs the uplink and downlink analysis. The analysis generates operating points
and subscriber information. The average of the individual runs provides a realistic
representation of the network performance. The ultimate goal of Monte Carlo
simulation as a network analysis is to obtain loading values on both the uplink and
downlink for all sectors and carriers included in the simulation. These average values
are used to produce coverage and interference layers that provide a visual
representation of network performance. The analysis starts with selecting a modulation
and coding scheme (MCS) from the available list of the MCS to serve the subscribers.
The algorithm first tries to serve the subscribers with the MCS with the best spectral
efficiency that satisfies its corresponding required signal-to-noise ratio. The
subscribers are served when MCS fulfills the service quality requirements and when
there are enough resources to support the selected MCS. There are four phases in the
Monte Carlo simulation. They include:
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2.1.1.1 Placing subscribers in a random pattern:
Each run starts with the placement of the subscribers in a random pattern throughout
the prediction area. This pattern is created according to the input values defined in the
subscriber settings and the channels defined for bands. The random distribution
patterns correspond to the traffic map and is an efficient way for establishing
transmission patterns when the exact location of each subscriber cannot be established.
2.1.1.2 Sorting subscribers based on their assigned priorities:
The resources that a subscriber gets and the services that they get are based on their
priorities defined in the settings. The priorities can range from 1 to 100, where 1 is the
highest and 100 is the lowest priority. For each subscriber, the different priorities that
can be defined are subscriber type priority, service priority and quality of service
(QOS) priority.
2.1.1.3 Analyzing the downlink and uplink:
The uplink and the downlink analysis determines the subscribers that can be served
according to their RF (Radio Frequency) conditions and takes into account of the
served subscribers in the analysis area while distributing the resource among the
subscribers. The uplink analysis and downlink analysis performs the following tasks.
The Uplink Analysis:


It determines the best server that is the best uplink as well as the downlink
server for that subscriber.



It calculates the received signal-to-noise ratio (S/N+I) and checks if the
required coverage probability is achieved or not.



It calculates the noise rise and verify if the limit is exceeded in any sector.
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The uplink analysis checks the uplink load and the cell radio, to find if they
exceeded the limits.

The Downlink Analysis:


It calculates the reference signal strength and reference signal to noise (C/N+I).



If the interference coordination is supported, it assigns the subscribers to their
inner or outer cell.



It predicts the received signal-to-noise ratio (C/N+I) to predict the coverage
probability and it checks if the required limit is achieved.



It checks the users limit, downlink load, and throughput limit is not exceeded.

2.1.1.4 Generating operating points and subscriber information:
On the last run of the simulation, the Monte Carlo simulation generates operating
points and subscriber information. These points are the average value of all the runs of
the analysis and result in a prediction that is more accurate. Subscriber information
provides the coverage status of the subscribers.
Monte Carlo simulation produces a final result in a report format. There are three types
of reports that it produces. The sector/carrier report contains the analysis information
sorted by the sector and the channel, including PA power, preamble power, downlink
load and uplink noise rise. The subscriber report contains the reasons why subscribers
were blocked on either a global basis or a per-sector basis.
2.1.2 Network Analysis:
Network analysis provides all the information that is required to predict the coverage
and the capacity of the network. The analysis runs only once and generates the analysis
layers. For analysis, the downlink MIMO gain is applied to the downlink data rates
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which directly increases the capacity of the network similar in the uplink. Mentum
Planet, network analysis layers can be grouped into common layers which provide a
view of the overall system performance and the carrier specific layers which provide
per carrier performance information. The overview of the all network analysis layers
is as following:
i.

MBSFN Best Server: Multimedia Broadcast Single-Frequency Network
(MBSFN implies the transmission of the same information signal from
multiple cells at the same time) Best Server shows the best server based on
the received signal power for a specific MBSF area.

ii.

MBSFN Area Coverage: This Layer displays the detail of the traffic
coverage in selected areas. The displayed layer is based on the factor that if
there is at least one coverage from MBFSN modulation and coding scheme
which is higher than the cell edge probability percentage threshold defined
in the analysis configuration.

iii.

Downlink Best Available Modulation: This layer displays the on the
downlink modulation that has the highest spectrum efficiency and where
the coverage probability is above the defined target cell coverage threshold.

iv.

Best Server: This layer represents the coverage area of the sector, which
provides the best RSRP or RSRQ as defined in the analysis settings.

v.

Composite Coverage: This layer displays full coverage of downlink as
well uplink transmission. It indicates which is the limited factor downlink
or the uplink coverage.

vi.

Handover Status: This layer provides the information about the possible
areas of handovers. It indicates those areas in the map where the handover
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of the mobile users will occur while moving from one sector to another or
from one site to another site.
vii.

RSRQ: This layer illustrates Reference Signal Received Quality (RSRQ)
for the best carrier at each point on the map.

viii.

Downlink Maximum Achievable Data Rate: This layer provides the
information about the maximum downlink throughput that can be achieved
with the best downlink modulation scheme. The throughput is calculated
for the best carrier.

ix.

Reference C/N+I: The reference C/N+I layer is a count of the downlink
reference power at a specific map point with compare to the other
interference power.

x.

Worst Co-Channel Interfering Sectors: This player provides the
information about the areas where the co-channel interference has a most
negative effect on the CINR.

The other network layers are: MBSFN C/N+I, MBSFN Delay Spread, MBSFN
Best Available Modulation, MBSFN Coverage Probability, MBSFN Worse
Interfering Sector, Diversity Gain, Best Server Reference Signal Strength, Total
RSRP, Nth Best Server, Nth Best Server Reference Signal Strength, Best Server
Carrier, Uplink Best Server, Geometry Factor, Reference C/N+I with Reference
Signal Frequency Hopping, Range Expansion, Reference Coverage Probability,
PDCCH (Physical Downlink Control Channel) C/N+I, PDCCH coverage, PDSCH
(Physical Downlink Shared Channel) C/N+I, Downlink C/I, Downlink Maximum
Achievable Data Rate, Downlink Coverage, Downlink Best Available Modulation,
Downlink Margin, Downlink Coverage Probability per Modulation, , Worst
Margin, Uplink C/I, Uplink Maximum Achievable Data Rate, Uplink Coverage,
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Uplink Best Available Modulation, Composite Coverage , Uplink Margin, Uplink
Coverage Probability per Modulation Interference Coordination, , Worst CoChannel interfering Sector, MIMO Type and Spatial Multiplexing Gain.
2.1.3 Fixed Subscriber Analysis:
By using the fixed subscriber analysis, one can evaluate and analyze network
performance at discrete subscriber locations with a variety of different equipment. LTE
enables the true mobile broadcast capabilities as well as the convergence of the fixed
and mobile services. The evolved all IP-based core network and the high-efficient air
interface of the LTE network provides the operators with great opportunities and
capabilities to deploy the integrated applications that provide high-speed mobility
services and fixed broadband wireless services.
In addition, the nature of the fixed locations, services and applications used by the fixed
subscribers, the quality of the service requirements can be totally different from the
one that are normally used by the mobile users. The behavior and pattern of the two
types of the subscribers can be different. So this has become a requirement in the
planning and optimization process of a 4G based system to make sure that the network
does not only meet the performance requirements of the mobile users but also supports
and delivers a high quality of service to fixed subscribers. Mentum Planet fixed
subscriber analysis is a powerful tool to evaluate and analyze the network performance
at the discrete subscriber positions. The Fixed subscriber analysis includes the
following steps:


The first step in the fixed subscriber analysis is to create a fixed subscriber
table. The subscriber table includes the subscriber information as well as the
equipment configuration.
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Then the subscribers can be placed on the map. The quality of service, priority,
equipment settings and thresholds can be specified in the subscriber settings.
The prediction can be set to ground level or the user equipment height. The
equipment height is usually used when an external antenna is mounted on the
top of the Customer Premise Equipment. In this analysis point to point analysis
is generated from all the neighboring sites.



The fixed subscriber then performs a network performance analysis at the
discrete location defined in the fixed subscriber table. This analysis can also be
used to do a multi-floor analysis by defining the different antenna heights at
same fixed location which could represent different people living in the same
building on different floors.



For every subscriber, the analysis predicts the best server, the signal strength
and potential second best server.



The uplink and downlink performance are predicted in terms of best available
modulation, maximum achievable data rate, coverage probability and margin.



An optimal connection uses the best server in the analysis, but can be forced to
select a specific site or sector by using force connection configuration in the
subscriber settings.



The fixed subscriber analysis results are saved in the fixed subscriber table.

In the above section, the fixed subscriber analysis of Mentum Planet is described. In
Mentum Planet, there is no tool that can be used to predict a realistic walk-test data in
a network. The only available option that can be used to estimate the walk-test analysis
is fixed subscriber analysis. For walk-test prediction, a number of subscribers can be
dropped on the test map in the same pattern as the actual walk-test path. Then using
fixed subscriber analysis, Mentum Planet can create a profile of each user dropped on
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the map. This data can be used as the walk-test data of a special case where there is
only one user connected to the network. This walk-test data can be used as reference
data for comparison purposes, but to predict a more accurate walk-test data, a more
realistic model is needed. The next chapter describes the development of a walk-test
simulator to generate the more realistic data outputs.
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CHAPTER 3: UofR WALK TEST SIMULATOR
Simulation modeling is a process of designing and analyzing a computer-based digital
model of a physical process to predict how it will perform in the real world without
any testing in a real life environment [27]. The simulation is very useful in engineering
practise for testing and optimizing a product before actual deployment of that product.
Simulation plays an important role in the industry as well. This chapter provides a full
description of the UofR walk-test simulator, which is capable of predicting the user’s
experience in a walk-test under different scenarios. The UofR walk-test simulator is
developed from the LTE Downlink simulator. LTE downlink simulation only supports
stationary users as in current state. In order to develop a walk-test simulator, it is
necessary to implement mobility in the users. A random walk path generator model is
used to implement an environment aware mobility model in the simulator.
The first section below provides a detailed description of the LTE Downlink simulator,
which is a Matlab-based LTE simulator that produces a performance matrix of the test
environment. The next section presents the implementation of mobility in LTE
Downlink simulator and a description of the UofR walk-test simulator. This section
also describes the mathematical modelling used for the implementation of mobility in
the UofR walk-test simulator.
3.1 LTE Downlink Simulator:
The LTE Downlink simulator is a Matlab-based simulator that was developed in 2013
by Diego Castro-Hernandez, University of Regina. This simulator simulates the basic
behaviors of an LTE heterogeneous network. This simulator requires a number of input
parameters to model the different characteristics of a real network. These parameters
are defined manually by the user to create his/her own heterogeneous network. The
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user needs to import geodata (an environment model that includes all the building,
terrains and trees) as well as any available traffic maps, CQI (Channel Quality
Indicator) to SINR mapping and antenna patterns are used if they are available. The
simulator supports Micro as well as Pico sites. The user can create a number of base
stations in the testing environment. The simulator is based on Matlab Release R2010
and later. The computation process of the simulator can be slow so to speed up the
processing the Parallel Computing Toolbox can be used. Parallel Computing Toolbox
is a Matlab feature that takes advantage of the full processing power of a multi-core
computing system. It executes the simulation program in parallel to the extent possible
(Matlab Computational Engine). For example, parallel for-loops (par for) run the for
loop iterations in parallel by just replacing for the instruction with “par for” instruction
in the program.
3.1.1 Simulator working procedure:
The operation of the LTE Downlink simulator can be divided into a number of different
steps. The simulator starts with the initialization of various input parameters. Then the
custom data (like traffic maps, geodata and CQI to SINR mapping) are generated and
uploaded to the simulator. In the next step, the simulator starts calculation of the path
loss predictions. The simulator predicts the path loss and SINR for each base station
for each point in the test environment. Then simulator initializes the generation of the
mobile users or user equipment (UE). UEs are distributed in the environment,
according to a predefined distribution model that can include hotspots, uniform
distributions or a specific traffic map. After generating and distributing UEs in the test
environment, the simulator starts simulating transmission time intervals (TTIs). For
each TTI, the simulator runs the scheduler, calculates the performance matrix and
updates the UE’s state. After completion of simulation, the simulator displays the
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results in the form of a performance matrices. The following graph (Figure 3.1) shows
the various states of the simulator.

Initialization of the
parameters

Generation or import of custom data
(Geodata, traffic maps, CQI to SINR map)

Path loss prediction and SINR calculations
(For each base station)

Initial generation and distribution
of User Equipment (UE)

Time Simulator
(Scheduler, calculation of performance metrics
and updating UEs state)

Display of Results & End of Simulation
Figure 3.1: Different states of LTE Downlink Simulator
3.1.2 Initialization of the Parameters: The simulator starts by initializing the input
parameters. The simulator requires geodata (model of the environment) as well as
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custom traffic maps, CQI to SINR mapping and antenna patterns if available. The
program user can create any number of base stations by defining different base station
parameters (like location, height, power and antenna parameters and transmission).
There are basically three types of parameters that program user needs to define
manually. These are base station parameters, network parameters and simulation
parameters. The following table summarizes the list of the parameters that characterize
the base station.
Table 3.1: List of all base station parameters
Parameter

Description

Site ID

This is a unique identifier for all base
stations.

Location

This is the position of each base station
in pixels according to geodata used to
model the environment.

Transmission power

Transmission power of each base station
in dBm.

Carrier Frequency

In MHz

Antenna Azimuth

The azimuth angle is the angle of the
main beam with respect to the north axis.
From 0 to 360°s

Antenna Gain

The gain of main beam in dbi.

Antenna Main beam width

The total width of the main beam in
degrees.

Antenna Height

The height of each antenna in meters.
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Antenna Downtilt angle

Mechanical down tilt angle with respect
to horizontal axis in degrees

Cell Specific Offset RSRP per site

The offset used during the acquisition
procedure

Frequency Specific Offset

Used to encourage or discourage UEs
(User Equipment) for being handed over

to cell according to their frequency.
Specific Parameters used for cell
selection:
Qrxlevmin

Minimum required RX level in a cell

Qrxlevminoffset

In dBm

PEMAX

PEMAX is the maximum transmitting
power that a UE can use to transmit data
on uplink transmission. PEMAX can
take a value between -30 to +33 dBm.

Qqualmin

The minimum value of RSRQ to select a
cell.

Qqualminoffset

In dBm

Antenna_patterns_3D

These are Matlab variable files that
contain the horizontal and vertical
antenna pattern for each antenna used for
each tier (Micro & Pico) of the network.

The simulator can simulate a heterogeneous network with a certain number of tiers
(e.g. tier1: macro cells, tier2: microcells). The following table illustrates the list of the
network parameters that are used to define the different layers of base stations.
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Table 3.2: List of all network parameters
Parameter

Description

Total number of cells

Total number of cells, including all tiers.

System Bandwidth

In MHz

Number of Resource block available
UE power class

UE power class defined for LTE is
23dBm.

MIMO configuration

Multi-input Multi-output configuration
can be 2x2 or 4x4.

Cyclic Prefix

Normal or Extended which defines the
total number of REs per subcarrier per
RB.

Number of Resource blocks reserved for Specified per subframe.
transmission of reference signals
Number of resource blocks reserved for Specified per subframe
control channels
Subframes

selected

for

PBCH Subframe for Physical Broadcasting

transmission

Channel (PBCH)

Subframes selected for synchronization Indicates the subframes selected for
signals

transmission
Synchronization

of

PSS
Signal)

(Primary
and

SSS

(Secondary Synchronization Signal).
Number of reserved RE used for The number specified per subframe
synchronization signals
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Offset measurement event trigger

The offset used to trigger A3 event when
RSRP of the neighbour cell is higher than
serving cell plus this offset.

Offset measurement event hysteresis

To avoid the re-triggering of the same A3
event.

The following table represents the simulation parameters that are used to control the
simulation according to different scenarios:
Table 3.3: List of all simulation parameters
Parameter

Description

Time duration

Total time the simulation should run. It is
represented in a number of TTIs
(Transmission Time Interval), where
1TTS is equal to 1millisecond.

Resolution of geodata

In Pixels

Handover Timer

Duration of execution of an X2-based
handover

Size of simulation area

Total size of simulation area in pixels

UE distribution model

Supported models: hotspot, uniform and
Traffic map

Hotspot distance

The maximum distance UEs can be
dropped from the selected small cell

Percentage of UEs in hotspot

Percentage of UEs to be dropped near
selected small cell
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UE pedestrian speed

In kilometres per hour.

Arriving speed of UEs

Alpha parameter of the Poisson process
controls the arrival of new users, in the
UEs per min

Traffic Model

Supports: infinite buffer and finite buffer

Amount of data received by a UE

If finite buffer is selected, this represents
size of data to be received by any UE in
MBs

Maximum Demanded rate

Maximum data rate that a UE can
demand in Mbps

CQI reporting period

The amount of time after which UE will
report its value of CQI to eNB in
milliseconds.

3.1.3 Path loss predictions and SINR calculations: Once all the parameters are
initiated, the simulator starts a propagation prediction path loss model [30] which is
based on the geometric theory of diffraction and physical optics. The model supports
the calculation of all the path losses due to the multiple rays reaching the receiver due
to reflections and diffractions. For the calculation of path losses, simulator considers
four propagation mechanisms: Vertical-edge diffractions, free space propagation
(LOS), reflections and over-rooftop diffractions. To calculate the total magnitude of
the received signal (Er) at a particular location, the magnitude and phase of all
propagation mechanisms are combined, as shown in the following equations.
𝐸𝑟 = 𝐸𝑖 ∗ 𝐴𝑡𝑜𝑡𝑎𝑙
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Where Atotal is the total attenuation loss of the received signal and can be defined as:
𝐴𝑡𝑜𝑡𝑎𝑙 = (𝐴𝑙𝑜𝑐. 𝑒 𝑗∅𝐿𝑂𝑆 ) + (𝐴𝑟𝑑. 𝑒 𝑗∅𝑟𝑑 ) + (𝐴𝑐𝑑. 𝑒 𝑗∅𝑐𝑑 ) + (𝐴𝑟. 𝑒 𝑗∅𝑟 )
Where:


Aloc – free space propagation losses



Ard – over-rooftop diffraction losses



Acd – vertical-edge diffraction losses



Ar – specular reflection losses

Program users can define a penetration loss is dB per meter for indoor receivers. The
simulator uses the same value for all buildings. The propagation path losses are
predicted for location in the test area for every base station defined by the program
user. The calculation of propagation path losses is a lengthy process to avoid the
recalculation of same losses, the results of predictions can be saved. The path loss
prediction produces a 3D array which contains the value of estimated path loss in dB.
The path losses in the summation of the contribution of four propagation mechanisms:
free space, over-rooftop diffraction, lateral diffraction and reflections. The simulation
estimates path losses for a base station for the test environment at a predefined
resolution. The simulation starts with checking if the test receiver is inside or outside
of a building. If the location of the receiver is inside a building then the simulator
calculates the depth of the receiver location in that building. The simulator calculates
the total penetration losses using the penetration losses parameter defined by the user.
It finds the nearest location to the receiver that is outside the building to calculate the
outdoor losses only. Finally, the simulator calculates the total path losses which are the
summation of all path losses and penetration losses. After calculating for the first
location, it repeats the same process for the rest of the test area.
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With the prediction path losses, the simulator starts generating RSRP maps for every
base station. It calculates the effective power which is the summation of the antenna
gain of the transmitter, the antenna gain of the receiver and total transmission power
for current receiver locations. Then, the simulator estimates RSRP value by adding the
effective power and the total path losses for that location. After completing one
iteration, it updates the location of the receiver and repeats the same process for all
locations of the test environment. With the results of path loss predictions and RSRP
predictions, the simulator proceeds to calculate the values of the SINR for every point
in the map for each base station.
During the cell selection procedure, the mobile selects a suitable cell that belongs to
the selected network and, if necessary to the selected a closed subscriber group. The
best server is selected according to the Srxlev (Cell selection RX level value (dB)) and
Squal (Cell selection quality value (dB)) must be higher than zero.
Where:
𝑆𝑟𝑥𝑙𝑒𝑣 = 𝑄𝑟𝑥𝑙𝑒𝑣𝑚𝑒𝑎𝑛𝑠 − (𝑄𝑟𝑥𝑙𝑒𝑣𝑚𝑖𝑛𝑜𝑓𝑓𝑠𝑒𝑡 + 𝑄𝑟𝑥𝑙𝑒𝑣𝑚𝑖𝑛) − 𝑃𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛
𝑆𝑞𝑢𝑎𝑙 = 𝑄𝑢𝑎𝑙𝑚𝑒𝑎𝑛𝑠 − (𝑄𝑢𝑎𝑙𝑚𝑖𝑛 + 𝑄𝑢𝑎𝑙𝑚𝑖𝑛𝑜𝑓𝑓𝑠𝑒𝑡)
𝑃𝑐𝑜𝑚𝑝𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 = 𝑚𝑎𝑥𝑖𝑚𝑢𝑚(𝑃𝐸𝑀𝐴𝑋 − 𝑃𝑝𝑜𝑤𝑒𝑟𝑐𝑙𝑎𝑠𝑠, 0)
Where:


Srxlev - Cell selection RX level value (dB)



Squal - Cell selection quality value (dB)



Qrxlevmeas - Measured cell RX level value (RSRP)



Qqualmeas - Measured cell quality value (RSRQ)



Qrxlevmin - Minimum required RX level in the cell (dBm)
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Qqualmin - Minimum required quality level in the cell (dB)



Qrxlevminoffset - Offset to the signalled Qrxlevmin taken into account in the
Srxlev evaluation as a result of a periodic search for a higher priority PLMN
while camped normally in a VPLMN



Qqualminoffset - Offset to the signalled Qqualmin taken into account in the
Squal evaluation as a result of a periodic search for a higher priority PLMN
while camped normally in a VPLMN



PEMAX - Maximum TX power level a UE may use when transmitting on the
uplink in the cell (dBm)



Ppowerclass - Maximum RF output power of the UE (dBm) according to the
UE power class, at the moment only one power class is defined for LTE, which
corresponds to Power Class 3 in WCDMA that specifies +23 dB

The best server and second best server per location are selected according to the
highest Srxlev with Squal greater than zero. If, at the same location, more than one
cell has same cell selection signal level, then the cell selection quality level is used
to select the best server. The simulator generates a 2D map of best servers for each
location in the test map which is used to select an eNB for a UE at that location
during the cell selection procedure. After completing this step, the simulator gets
all three maps SINR, RSRP and best server map, for all locations for all base
stations. Figure 3.2 gives detail of the best server from the three sectors of the
Macro site for each point on the map. Figure 3.3 provides the RSRP level for the
best server at each point in the test area. Figure 3.4 shows the level of SINR for the
best server. Finally, Figure 3.5 illustrates the possible area of the handover region
where handover between two sectors can happen.
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Figure 3.2: Best server map of test area
The above Figure 3.5 represents the best server map for the macro site located on the
rooftop of the Library Building in the campus of University of Regina, Canada. The
three colors represent the network areas served by three sectors of the macro site.
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Figure 3.3: Reference signal received power for best server map for the test area
The above picture illustrates the RSRP levels for the best server map of a macro cell
site of the Library Building. The RSRP levels range from -118dbm to highest of -2
dBm for the best server.
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Figure 3.4: Signal to noise plus interference ratio for best server map
Figure 3.4 presents the SINR map for the best server map of University of Regina
campus. The SINR levels are very high in the line of sight of three sectors and are low
at the edge of the two sectors. These areas are also the possible handover regions
between the two sectors. The Figure below shows the possible area of handover. The
brown color represents the area where a handover between two sectors can occur and
the no-handover area is represented by blue color in the image.
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Figure 3.5: Handover region of three sectors
3.1.4 Initial Generation and Distribution of User Equipment: The program user can
define any number of UEs to be distributed over the test area. Simulator requires
program user to manually define the number of UEs using UE initial number
parameter. The simulator produces a UEs_per_site array that contains a list of all
connected UEs, disconnected UEs, blocked UEs, no best server UEs and to be handed
over UEs for each base station. When creating UEs, the simulator first selects the
position of each UE. The initial distribution of the UEs is based on the distribution
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model selected by the program user. The simulator supports three types of distribution
models as follow:
1. Hotspot: A fixed percentage of total number of UEs is dropped in the
neighbour area of selected small cell, the rest are distributed randomly over the
test area. The program users can define the percentage of the UEs to be dropped
near the small cell.
2. Uniform: All the UEs are dropped randomly over the test area. The position of
the UE is selected according to a random number generation function.
3. Traffic map: The program user can define a traffic map of the distribution of
the UEs. For generating a traffic map, the map can be partitioned into small
regions. Then program users can specify the percentage of UEs to be dropped
in that region. Program user can create high traffic and low traffic area by
dropping more or less UEs in that region.
After dropping the UEs according to the selected distribution model, simulator selects
the traffic model according to the program user’s selection. Simulator supports two
traffic models:
1. Infinite Buffer: There is an infinite amount of data to be delivered to each UE
(eNB buffer is infinite).
2. Finite Buffer: The data to be delivered to UE is not infinite. Each UE is
expecting to receive a specific amount of data. This amount is determined
randomly between 0.5 MB to a maximum defined by program user.
The simulator creates an array that contains all the information that is required to gather
the information of received service. Following table consists if all the parameters that
are generated to define the level and quality of service of a UE.
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Table 3.4: List of all UE parameters
Parameter

Description

Speed

In kilometres per hour

Direction

In degrees

Timer movement

Total time a UE can move in a specific
direction

Remaining data burst size

This function keeps the track of the size
of the payload that remained undelivered
after a subframe.

Demanded rate

In Mbps

Data rate

Current data rate in Mbps

Timer connected

Total time the user is connected to the
network

Serving cell

Cell ID of current serving cell

RSRP

Current RSRP value

SINR

Current SINR value

CQI

Channel Quality Indicator value

Modulation scheme

QPSK, 16QAM, 64QAM

Info bit per symbol

Based on CQI value

Update best server

A Boolean variable to determine if best
server and SINR is required to update
after a subframe

A3

To see if A3 event is triggered or not
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A3 cell triggering ID

ID of the cell that has triggered the A3
event

A3 preventing flag due to LB

Used to prevent the triggering event of a
UE that was just handed over.

After creating all the UEs and distributing them over the map, the simulator connects
the UEs to one of the cell sites. Using the current position of the UE, the simulator
connects the UE to the best server according to the best server map generated in the
previous step. The simulator also updates the RSRP and SINR values for the current
serving cell.
3.1.5 Timer Simulator: After creating and distributing all UEs, the simulator proceeds
to simulate the behavior of the UEs and the network during TTIs. The program user
determines the number of TTIs that are going to be simulated. In LTE, one TTI
corresponds to 1 millisecond. The simulator creates a performance matrix of the
network. The simulator starts with assigning resources to the UEs connected to each
cell. The time simulator can be divided into two parts:
1. Scheduler: The first step during the simulation of a TTI corresponds to a
scheduling procedure. Each base station assigns a certain amount of downlink
resources (Resource Blocks RBs) in time and frequency to the currently
connected UEs receiving data from that eNB. The scheduler is an algorithm
that defines the rules for assigning available resource blocks to the connected
UEs. A commonly used scheduler in LTE systems is the well-known
“proportional fair” scheduler. This algorithm assigns the resource blocks to
UEs according to a priority score. Such a score is calculated based on the long-
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term average rate that each UE has received in the past and a “potential” rate it
would receive if the current resource block is assigned to it. UEs with poor
conditions will be assigned more resource blocks to satisfy their demanded so
that they can achieve “fair” rates compared to those UEs with good RF
conditions (that only need a small number of RBs to satisfy their demand).
The scheduler starts by calculating the maximum and minimum number of
available resource blocks that can be assigned to a single UE. Then it computes
CQI and Transmission mode, this is only done if the CQI timer has expired or
the UE just have connected to the site. Then it calculates the average throughput
for UEs. The average is calculated with an exponential moving average filter
to give a higher weight to recent values of throughput. Further, the simulator
calculates the number of resource block that it can assign to the UE. Finally, it
calculates the expected throughput of the UEs if these resource blocks will be
assigned. It assigns the resource block to the UEs that satisfies their demanded
data rate and remove them from the list of users. For the rest of UEs, it repeats
the above procedure and try to provide a more resource block to the UEs with
poor RF conditions. After assigning all resource blocks to all the UEs, it updates
their current data rate that they will get.
2. Updating UE state and performance metrics: After every base station is
done scheduling resources for the current transmission time interval (TTI), the
simulator starts updating the state of every UE in the network. The simulator
starts by updating the position of the UEs if UE is assigned any speed and
direction. The simulator updates the CQI reporting timer. It updates the best
server and SINR of the UE which is used to check if there is any handover
request. The simulator then checks for the A3 event if any are triggered. If a
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neighbour cell’s RSRP becomes higher than current serving cell plus offset,
then the UE triggers an A3 event to request a handover to another cell. Once
the UE triggers an A3 event, the simulator automatically assumes that the UE
has to be handed over to the neighboring base station. The UE is put on a
waitlist and a handover timer is started. The simulator checks if the target base
station has enough capacity to accept the UE as part of the handover procedure.
If the target station satisfies all requirement, UE is connected and its
information is updated. Otherwise, the UE remains connected to its current cell
and the handover fails.
The simulator then checks for any new arriving UEs to the test area. It connects
these UEs to the best servers and updates their information. Depends on the
traffic model, if no more data to be delivered to a UE, that mobile is
disconnected from the network. Furthermore, if the UE moves out of the
coverage map, then it also gets disconnected from the network. For every UE
currently connected and receiving downlink data, simulator updates:


Position



Request for retransmission of data (if needed), due to error in
transmission (10% BLER (Bit Error Rate))



SINR and RSRP of serving cell at the new position



Remaining payload to be received by UE



Update CQI value if CQI timer expired



Handover of UEs is triggering an A3 measurement report event



Arrival of new UEs based on Poisson process
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The simulation end when the total number of TTIs have been simulated. The following
performance metrics are calculated by the simulator based on the data gathered during
the execution of the simulation:


Percentage of UEs per modulation scheme (QPSK, 16QAM, 64QAM)
per base station



Throughput of each eNB for every TTI



Average Throughput for each eNB



CDF (Cumulative Distributed Function) of network-wide spectral
efficiency



Average rate for any percentile defined by the user



Offered and demanded load indexes per base station

3.2 UofR walk-test simulator: A walk-test is the process of collecting data while
moving in a wireless network. A walk-test data collection is a part of the optimization
process in the deployment of a wireless network. It helps the engineers for performance
evaluation of a wireless network. To develop a walk-test simulator, it becomes a
necessity to have moving UEs, who can follow a certain path while moving in a service
area. The motivation for this study is to develop a simulator that can simulate a walktest data collection process in a real world scenario. The LTE downlink simulator
explained in the above section is a powerful tool to simulate the basic behaviour of a
downlink LTE heterogeneous network. There are however, a number of improvements
that are needed to be implemented to develop a walk-test simulator. The first and most
important improvement is the development of an environment aware path generating
mobility model. The basic LTE simulator randomly generates UEs and distributes
those UEs over the test area.
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Mobility modelling is currently not implemented in the LTE downlink simulator. There
is a need to develop a more realistic mobility model for the implementation of walktest simulator. The following section gives the detail of mathematical model that was
used to implement the mobility in UofR walk-test simulator. The random walk
generator is capable of generating a random walk trajectory between the two user
defined points.
3.2.1 Mobility model of UofR walk-test simulator:
Mobility is the key feature of a wireless network. To implement a more realistic
mobility model, a random walk algorithm is executed. The model creates trajectories
that the user follows to move from one position to another on the map. This model can
be very useful in many scenarios, for example, one can distinguish the areas of higher
mobility from the areas with less mobility. The random walk algorithm creates
trajectories for users to move from a start point to end point. The random walk
algorithm consists of n number of random steps that user can take from the starting to
the final position. The algorithm generates a random number that is used to select the
direction of the next step. The walk simulator selects the next step of the trajectory
from eight possible directions. The selection of the direction of the next step is
controlled by various factors.
The algorithm requires a starting and destination point in the test area. The algorithm
starts with generating a random number with Matlab random function that generates 1,
0 and -1 with equal probability for all three. These random values are used to select the
direction of movement of the user. Following matrix represents all the eight directions:
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X-1, Y-1

X, Y-1

X+1, Y-1

X-1, Y

X, Y

X+1, Y

X, Y+1

X+1, Y+1

X-1, Y+1

Figure 3.6 Matrix representation of direction of movement
Where X, Y is the current position of the user. The summation of the coordinates of
the current position and randomly generated 1, 0 or -1 gives the direction of the next
step. This will produce a random trajectory of the user from a starting point. The
following image shows the trajectory generated by the algorithm for 400 steps.
In Figure 3.7, three colors represent three different trajectories generated by the
algorithm. All three colors represent three different trajectories for three users. It is
clear from the image below that all three are starting from the same starting point, but
then move to three totally different directions. This nature of random walk makes it of
no use when modelling a human walk. The human walk is generally random in nature
but there is always a starting and end point. To model the users moving behavior in the
simulator, it is important to choose a starting and end point for every user. For example,
in a university campus, students move from one place to another, like from library to
class or from class to the cafeteria. These places are most active in terms of moving
users, but all users follow different trajectories. The surrounding environment is
another important factor to be considered in the modelling of the movement of the
users. In Figure 3.7, the trajectory represented by the red color is entering a wall which
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is not practically possible. The surrounding area can totally change the trajectory of a
user. If there is a building, water body or any other obstacle, then the user always
changes its trajectory.

Figure 3.7 Random walks trajectory path generator
As we have seen in the previous example, the algorithm provides various random walk
trajectories. But one cannot relate this trajectory with a real life scenario. To improve
the output, there are other factors that need to be considered. The first factor is the
model of the environment. To avoid having the user move into an obstacle in the test
area, like moving into the building or a tree, it is necessary to consider the model of the
environment. The model examines the next position before assigning it to the user to
determine if there is an obstacle or not in any way. If the model finds an obstacle at the
next position it regenerates the random values to select a different direction. The other
factor that needs to be considered is the destination point. With destination point, the
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model generates a random walk trajectory for the user instead of a straight line because
it is not practically possible to have a straight path in every situation. In real life, a
human can’t move through walls or any solid object, they have to move around it if
their destination is on the other side of it. Following example shows the generation of
5 different trajectories each including 500 steps from a single starting point to a
destination point. The path is plotted on the actual map of the test area to show the
position of all buildings and roads.

Figure 3.8 Directional random walk trajectory path
It is clear from Figure 3.8 that by considering these two factors, one can get more
realistic user trajectories. In this example, the five users (represented by five different
colors) are having the same starting point (Classroom Building) and ending point
(Education Building). The algorithm produces five different paths for these users while
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moving them from the same starting and ending point. The main difference between
the two models is consideration of two points (starting and ending) and the
environment of the test area. The model starts at the first position with generating 1, 0
and -1 randomly with equal probability. The model creates an error function that
calculates the distance from the current point to the ending point. The next point must
satisfy two conditions to be a valid point. First, the point should be outside the building
and second, the current distance must be less than previous distance. After satisfying
these conditions, this point becomes the next point. For a specific number of steps, the
simulator moves the user and produces a trajectory. The following diagram represents
the different steps involved in producing a trajectory.
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Get the X, Y coordinates of the
initial position and final position

Calculate total distance between
two points

For (steps <=
Total number of
steps)

FALSE

Final
Trajectory

TRUE
Generate (1, 0, -1) using
random function

Calculate the next
position

If (Next Position
lies inside the
Building?)

FALSE

TRUE
Calculate the distance
from new position

FALSE

If (Distance <=
Total distance)

TRUE
Select this positon &
update the total distance

Figure 3.9: Flow diagram of random walk path generator algorithm
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3.2.2 UofR walk-test simulator working procedure: The UofR simulator uses the
basic model of the LTE downlink simulator and extends it using these advanced
mobility model. The simulator produces a performance matrix of the wireless signal
quality as well as creates a user profile of each UE in the simulation. The random walk
model is used to implement the mobility in the UEs and the user profile of each UE is
used to collect the predicted walk-test data.
The UofR walk-test simulator starts with distributing the UEs over the test area. There
are two different user profiles, one for the moving UEs and another for non-moving
UE. The program user can define a number of moving as well the non-moving UEs.
The program user defines the initial and final position of the trajectory of a moving
UE. After placing the UE over the test area, the simulator starts the TTIs. In each TTI,
the simulator starts with the scheduler to calculate the data rate and modulation scheme
that a UE will get according to its level of quality of service. After scheduling all the
resource blocks to all the UEs in the test area, the simulator updates the user profile of
each UE. The simulator updates the position of the UE and according to mobility
model, it updates the user profile such as RSRP, serving cell id, SINR and other
parameters. It follows the same procedure explained in the section 3.2.1 to find the next
position of the users. The same procedure is followed in the each TTI. The user profile
is updated in each TTI. After the completion of all the TTIs, the simulator produces a
performance matrix and user profile for each user. The final output of the simulator is
an array that contains all the user related information stored with respect to the position
of the UE. This user profile contains all the changes that an UE experiences in a
simulated walk-test. The following Figure explains the predicted user experience of a
moving UE in terms of RSRP, SINR and data rate by UofR walk-test simulator. In this
Figure, the different parameters of the user profile of test UE are plotted over the test
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area. The color bar shows the variation in levels of RSRP, SINR and data rate while
following a specific path in the test area.

Figure 3.10: User experience in terms of RSRP (dBm), SINR (dB) and data rate
(Mbps)
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CHAPTER 4: EXPERIMENT & RESULTS
The previous chapter provides details of the tools and simulators that are used in this
study. In this chapter, the experiment that was carried out is explained. To test the
effectiveness and the accuracy of the UofR walk-test simulator, this experiment has
been done. The campus of the University of Regina is used as the test site for this
experiment. The University of Regina campus is served by a macro-cell located on the
rooftop of the Library Building with three sectors. The sector one (PCI-99) serves the
Administration and Humanities Building, Language Institute and Wascana lake area.
Sector two (PCI-100) provides the service to the users in north and south residence,
Centre of Kinesiology, Health and Sports, Education Building and Riddle Centre,
whereas the third sector (PCI-101) handles the subscribers in college west, Research
and Innovation Centre (RIC), Laboratory Building and Classroom Building. The
outside areas of the campus are important for this study because it is in these areas that
a handover region between the two sectors is identified. In this study, only outdoor
walk-tests are considered. The motivation of this study it to develop a walk-test
simulator that could replace an actual walk-test in the field. This experiment also
analyzes the accuracy of predictions of the LTE downlink simulator as compared to
the real world readings and the results of the commercially available Mentum Planet
simulator.
The main objective of the experiment is to compare the predicted user experience with
real-time walk-test data. The user experience can be defined as the quality of service
that a user is actually receiving while doing normal operations like surfing the internet,
watching YouTube or downloading data from the internet. The user experience
depends on a number of factors like SINR, the number of RB (Resource Blocks)
assigned, the network load, the antenna pattern, the user power class, the mobility and
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the radio frequency conditions. So to compare the actual walk-test data with the
simulator’s predicted data, it is very important to model the environment with high
accuracy and background condition. This means that various real-time network
conditions must be known and incorporated into the simulator in order to obtain
meaningful comparative results.
This chapter is divided into three main sections. The first section describes the walktest data generated by Mentum Planet. In the second section, real-time walk-test data
collection is explained. For the walk-test measurement, QualiPoc is used, this is an
android based application for measuring voice and data service quality used for
troubleshooting signal quality and RF signal strength. It is a standard industrial tool for
mobile network testing. Multiple walk-tests were performed for this research and an
average value was used to compare the walk-test results to the simulator results. The
final section illustrates the simulated walk-test data generation and the final results
produced from the comparison.
4.1 Mentum Planet walks test data generation:
Mentum Planet is one of the industries leading planning software available for
designing and optimizing a wireless network. Mentum Planet offers a number of
analysis tools like network analysis for radio frequency predictions and fixed
subscriber analysis for analysis of a single UE at a particular location. As the main goal
of this research is to analyze the user experience while the user follows a random
trajectory from one point to another on a map, the fixed subscriber analysis is used to
produce the desired results. In fixed subscriber analysis, one can drop a-- number of
UEs on the map. The analysis takes the individual subscriber and performs the analysis
on that UE. It treats the UEs as that is the only UE connected to the network. It
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calculates the maximum achievable data rate that UE can get by providing all the
available resources. According to the current position and quality of service, it receives,
the final downlink data rate is calculated. It creates a performance matrix for that UE.
By dropping a number of UEs in a similar manner as the walk-test path, one can
produce walk-test data using Mentum Planet. This is the only tool in the Mentum Planet
that can be used to produce a walk-test data. To produce a better result, a number of
different trajectories are produced by placing a number of users. The following Figure
shows the different paths that are used to produce the different fixed subscriber
analysis.
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a.

b.

c.

d.

e.

f.

Figure 4.1: Different trajectories used in fixed subscriber analysis
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In the above Figure, a UE is starting its movement from the Classroom Building and it
is reaching at the Education Building after following a trajectory path. In Mentum
Planet there is no tool to define a trajectory, so each UE is placed manually on a similar
trajectory the position per run to produce a comparable data set to the random walk
path generator function. For the user experience analysis, the fixed subscriber provides
maximum achievable data rate instead of the actual data rate. There is no function that
can be used to change the background conditions. So it is treating every point displayed
in the above Figure as one single subscriber and according to its position it is
calculating its user experience at that point. It repeats the same process for every UE
dropped on the map and produce a matrix with a profile for every UE. These profiles
can be used to produce the user experience of a UE who is moving along that trajectory.
The following Figure shows six different outputs of Mentum Planet’s fixed subscriber
analysis while following different trajectories. The output represents the maximum
achievable downlink data rate in each case as shown in Figure 4.1.
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Figure 4.2: Data rate output for UE using Mentum Planet fixed subscriber analysis
and following the various trajectories of Figure 4.1
In the above Figure, each graph represents the downlink data rate for the UE in each
of the six trajectories. These different six cases are just examples from the all 25 outputs
produced using Mentum Planet. All six data rates graphs follow the same trend but
there is the same fluctuation due to the different paths followed in each trajectory. An
average is calculated to better represent the changes in the user experience foe the UE.
The following Figure represents an average output over the 25 runs for SINR and
downlink data rate of the multiple user experiences outputs produced using the
Mentum Planet.
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Figure 4.3: Average SINR and maximum achievable downlink data rate graph outputs
over 25 runs
The above Figure 4.3 (a, b) illustrates that data rate follows the same trend as a Signal
to interference plus noise ratio (SINR) of a UE. This is because SINR is used to
calculate the downlink data rate. In average UE start with a good data rate, but there is
a decrease in the data rate which represents an area of handover. After crossing the
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handover area, the user starts getting better data rate and reaches its maximum value at
the end of the walk-test. This simulation assumes that all the resources available to the
user and calculates its data rate that it will be achieved at that level of service.
4.2 Real-time data collection:
There are various tools that can be used to perform an actual physical walk-test and the
resultant collect data to evaluate the performance of a live network. The main purpose
of a walk-test is to view the performance of a live network while collecting the data for
further analysis. There are three main components in a walk-test tool, GPS (Global
Positioning System), scanner and data collection software. These tools record all the
mobile data (such as signal strength, SINR, best server and etc.) as well as the network
data and map these data outputs with the current position of the human tester (using
latitude and longitude). Today, the mobile phones are powerful enough to perform all
the operations required using a data collection application (such as QualiPoc). Mobile
phones use inbuilt GPS to map all the data to the valid location of the user. To verify
the quality levels of service, QualiPoc can be used to perform various data traffic tests.
The QualiPoc records the current RF conditions like SINR, Serving cell signal strength,
throughput, assigned RBs and all the cellular events and map those with the current
position in latitude and longitude. The device records all the data at the instance of the
time and updates every 2 seconds. It saves the data into a ‘.mf’ format that can be
accessed using various tools like Actix analyzer. Then, using that software tool, one
can access all the data and convert that data into a more common format like .csv.
The following Figure describes the path followed in the walk-test. The walk-test starts
from Classroom Building and ends at the Education Building. This is a general route
that many students follow in the university through Dr. Lloyd Barber Academic Green.
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In order to develop a reliable estimate of the actual user experience as the user move
between these points a large number of walk-tests were performed.

Figure 4.4: Walk-test trajectory from Classroom Building to Education Building
Each walk-test records a number of variables that characterize the RF condition for the
mobile user. The following table provides a list of the data variables that the device
records on each walk-test.
Table 4.1: list of the data recorded in the walk-test
Variable

Description

Time

Time at which it takes a new reading

Distance

Total distance in meters from the initial
position of the walk-test
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Longitude and Latitude

The position of the user in term of
longitude and latitude

LTE_UE_PCI

PCI (physical cell identity) of the current
serving cell

LTE_UE_RRSI

Received signal strength indicator value
of the users

LTE_UE_RSRP

Reference Signal Received Power level
of user

LTE_UE_RSRQ

Reference Signal Received Quality level
of the user.

LTE_UE_SINR

Signal to Interference plus Noise Ratio
of the user

LTE _UE_Wideband_CQI_Average

Channel quality indicator value of the
users

LTE_UE_RB_Num_DL

Total number of resource block assigned
for downlink transmission

LTE_UE_TB_Size_Average_DL

Average transport block size assigned
for downlink transmission

LTE_UE_MCS_Average_DL

Modulation and coding scheme used for
downlink transmission

LTE_UE_BLER_DL

Downlink block error rate of user

LTE_UE_Throughput_L1_DL

UE downlink throughput

Physical_throughput_DL

Downlink physical throughput

App_Throughput_DL

Downlink application throughput
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All walk-test reading were taken in summer of 2015. During the walk-test the UE is
downloading a larger file (10 GBs) from a File transfer protocol server. UE is using a
server that is located in the core network of the service provider. This helps to remove
all the additional latencies introduced due to the use of a remote server. To examine
the user experience, UE’s downlink throughput and SINR is used. Throughput
represents the actual data rate that a UE is getting in Mbps (Megabits per second).
SINR represents the quality of service that the UE is receiving. Providing the same
number of resource blocks to different UEs, users with high SINR gets higher data rate
as compared to the users with low SINR.
The one of the important factor in terms of user experience is the data rate that UE is
getting while using the service of a wireless network. The data rate is directly affected
by the SINR of the UE. So these two values are taken into account to perform this
analysis. The main motive is to determine how accurately the simulator is capable of
predicting the user experience in terms of the data rate for a UE. Following graphs
shows the average data rate of the users over 20 walk-test readings. This is the final
graph that is used as a baseline to compare the UR walk-test simulator output and
Mentum Planet output.
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Figure 4.5: Average downlink data rate of walk-test
The above graph shows the change in the data rate that a UE is experiencing while
moving along the trajectory as shown in Figure 4.1. The graph’s vertical axis represents
the data rate in bits per second and the horizontal axis represents the nth number of the
reading as the device takes a reading every 2 seconds, as the number of the readings
depend on the speed of the UE and total distance travelled. To better understand the
user behaviour in the test area multiple walk-tests with small differences in the
trajectories have been done. The different walk-tests produces a different number of
readings. So to get a more meaning-full average, these walk-tests are aligned according
to the area of handover and an average is used to compare the results. The graph starts
with a higher value as 35 Mbps and then starts decreasing in each interval and goes
down to a minimum value of around 10 Mbps. From number 25 to 57, the data rate
remains between 18-28 Mbps which is very low as compared to the peak value which
is 53 Mbps. This drop in the data rate represents an area of handover, where UE is
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reaching at the edge of one sector and entering another sector. After entering the other
sector, the UE starts to get a significant increase in the data rate. The quality of the
network is increasing as UE is moving from the edge of one sector to its center. The
same behavior can be seen in the SINR graph of the walk-test. The following graph
represents the average SINR of the UE over 25 walk-tests.
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Figure 4.6: Average SINR of the walk-test
Figure 4.6 describes the average SINR of a UE while moving in the test area. The
starting point of the UE is near to the centre of a sector so it experiences a very good
quality of service. The UE SINR starts approximately from 23db and then starts to
decrease as the UE moves towards the edge of the second sector and reaches a
minimum value of 10 dB. After the UE experiences a handover to the next sector it’s
SINR starts to improve and after few steps, it achieves a stable value of approximately
24db.
4.3 UofR walk-test simulator outputs:
The UofR walk-test simulator can be used to model any given environment and
network system. To produce a more precise prediction, it is necessary to accurately
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evaluate the environment and network condition of the test area. There is a macro site
on the rooftop of the Library Building on the university campus that serves almost all
the university area. This site has three sectors with physical cell identity PCI-99, PCI100 and PCI-101. These sectors serve an average 20, 50 and 30 percent of the total
load on this site respectively. For the study purpose, a number of UEs are randomly
distributed over the test area and one UE is moved from the starting position to the
final destination. The simulator starts with generating and distributing the UE over the
test area. The simulator executes TTIs (Transmission time intervals) in which it
connects the users to the different sectors and runs the scheduler to distribute resources
among the users. In each TTI, the simulator updates the state of each UE (including
position, data rate, RSRP and SINR) where one TTI is equal to 1 millisecond. In the
random walk model, the UE is moving one step in each movement which is one pixel
in each cycle. So to match the speed of the real walk-test, the position of the UE is
updated every 750 TTIs.
It is very challenging to find the actual background condition of the network during a
particular walk-test. But the network statistics can be used as the reference values for
the initial estimation of load conditions. The network statistics are peak values that a
network experiences per hour in terms of network load, throughput and probability of
usability. The simulator’s background parameters like number of UEs, demanded data
rate of UEs and UE’s distribution among the three sectors of the test site are configured
according to the network statistics. The following Figure shows the average users
experience and SINR of a UE over multiple runs of the simulated walk-test.
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Figure 4.7: Data rate and SINR of UE with network statistics
To find the accuracy of the predicted user experience, the output results are compared
to real-time walk-test data (Figure 4.5, Figure 4.6). It is clear from the two Figures that
they follow the same trend in output, but there is a big difference between the user
experience that is predicted and actual walk-test user experience. The SINR
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comparison is done on the basis of two factors the peak value and period of the quality
drop. The data rate and SINR both are compared to study the effectiveness of the UofR
walk-test simulator to replace the actual walk-test. It is clear from the two outputs that
simulator is capable of predicting the user’s behavior in the same manner as a real
scenario. For the comparison, the quantitative error evaluation is used.

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐸𝑟𝑟𝑜𝑟 =

𝐴𝑐𝑡𝑢𝑎𝑙 𝑅𝑒𝑎𝑑𝑖𝑛𝑔 − 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑅𝑒𝑎𝑑𝑖𝑛𝑔
∗ 100
𝐴𝑐𝑡𝑢𝑎𝑙 𝑅𝑒𝑎𝑑𝑖𝑛𝑔

UE in both cases starts with a stable value of SINR which represents a good quality of
service and as UE reaches the edge of the one sector, it starts experiencing a drop in
the quality of service. After being handover to the next sector, again it has a good
quality of service. The comparison shows that there is a big difference between the
actual walk-test and predicted user experience. There is a big scaling difference
between the two outputs. One of the possible reason is a poor estimation of the
background conditions. The following table illustrates a comparison of the two outputs.
Table 4.2: Error analysis between of real time and simulated output
Parameter

Peak Percentage error Quality of service Worse
drops period

error

SINR

12%

24%

55%

Data Rate

90.26%

29%

99%

percentage

It is clear from the above table that there was 90.26% peak percentage error (percentage
error between the maximum values achieved by the two outputs) and 99% worse
percentage error (percentage error between the minimum values of two outputs) in
downlink data rate. However, the two graphs share similar trends in both data rate and
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SINR outputs. Simulator was able to predict the quality of service better than the
downlink data rate, but it is impossible to find the exact user experience with the
unavailability of the exact background condition of the network. The network statistics
cannot be simply used as the background conditions. But to predict more accurate user
experience, it is important to find the actual background condition at the time of walk
test data collection. So there are many variables that are hidden in this process that has
a very big impact on the accuracy of the predictions. The following are some of the
most important parameters that are necessary to predict the background conditions.
a) Number of users connected
b) Demand of the other users on Network resources
c) Total duration a user remain connected
These factors affect the user experience that a UE is getting. If there is a large number
of UEs connected at the same time, the available resources are distributed between all
UEs approximately equally and it’s not possible to achieve a high data rate for any a
single UE. The behavior of the UEs connected to the network also has the same effect,
having a large number of user surfing web has the same effect as a small number of
users downloading large files over the internet. One solution to determining the
determining the background network usage is to use the network statistics from the
service provider. But it is already clear from the above example that it is not wise to
use network statistics blindly without detailed analysis. The following study is done to
find out the possible parameters that can be controlled to achieve more comparable
results.
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4.3.1 Background conditions estimation:
The background conditions have a big impact on the user experience of a single UE
connected to the network. The following experiment is done to estimate the
approximate background conditions. For initialization, the network statistics provided
by service operator were used for the simulator calibration. The network statistics are
network data that are stored every hour. These are the peak values of the different
network characteristics such as: network load, subscriber’s throughput and utility
probability. The walk-test readings were taken in summer of 2015. It is the time of the
year the network traffic is low as compared to the fall and winter. According to the
relevant Base station statistics, the experimental site had a peak load of 90 UEs during
the hour of the walk-test. These 90 UEs were divided among the three sectors of the
macro cell. To model the background according to the network statistics, these UEs
were distributed over the test area, according to load percentage of the three sectors.
Then a single test “moving user” (walk-test user) travels from the starting position
(Classroom Building) is in sector 2, following a random path (generated by the random
path generator) to reach the destination point which is in the third sector (Education
Building). Using these statistics the simulator produces the following results.
Following Figure shows the trajectory and data rate that users get while moving from
the Classroom Building to the Education Building in the simulation.
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Figure 4.8: UE’s trajectory and downlink data rate
As shown in Fig 4.8 the UE moves from the Classroom Building to the Education
Building and follows a random walk trajectory. The different colors in the color bar
represent predicted data rate available to the UE in Mbps. At the beginning of the walktest, the UE is experiencing a data rate of 3 Mbps and that data rate is maintained for
some part of the path after followed by a drop in the data rate that goes to almost 0.1
Mbps data rate. After completing is two-third of its path, the UE starts getting a better
data rate. The low data rate represents the area of handover between the two sectors of
the macro site. As the user is going into the handover region, its SINR also starts
decreasing, which ultimately cause the drop in the data rate. The following graph
represents the SINR of the walk-test user.
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Figure 4.9: SINR of the test UE
After comparing the UE’s data rate with the actual-human walk-test data it is clear that
there is a similar trend in the user experience of both the simulation and the actual test.
However, there is a big difference between the absolute values of the data rate for the
simulated user experience and actual human user. In actual human walk-test, the user
is getting a maximum of 53 Mbps data rate, whereas the simulated user can only reach
a maximum of 4 Mbps data rate. Thus there is a scale factor difference between the
two tests of over 13. There are many parameters that are ultimately affecting the user
experience output. The first parameter is the demanded data rate which is determined
by the different actives that the subscriber may be doing such as surfing, video
streaming or downloading etc. The second parameter is a number of another user
currently connected to the base station. Therefore to develop a better understanding of
these parameters five different cases are considered. In each case, the demanded data
rate of each sector is kept constant and the number of UEs connected is varied. This
helps to determine more accurately the background conditions.
experiments are performed.
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The following

4.3.1.1 Case I: The first case is keeping the same data rate, according to the network
statistics and varying the number of UEs. As the same number of the resource blocks
is divided among all the UEs currently connected to a particular site, by decreasing the
number of the users, the scheduler can assign more resource blocks to the test user in
order to satisfy the user’s demand rate. To study the effect of the load on the network
and demanded data rate, the UE follows the same trajectory in each case. The demand
rate of the other UEs is set according to the given statistics. The demand rate of the
UEs connected to sector one, two and three were 12.02, 15.28 and 11.29 respectively.
The numbers of UEs connected to the network are varied from 90 to 3 UEs. This is
because there is no commercial software tool available to find the exact number of UEs
connected at that the exact time that the human walk-test was performed. The following
Figure shows the user experience for test UE with different background conditions.

Test UE data rate with Case I background conditions
60

Data rate in MBPS

50
40
30
20
10

1
11
21
31
41
51
61
71
81
91
101
111
121
131
141
151
161
171
181
191
201
211
221
231
241
251
261
271
281
291

0

Number of steps UE moved
Number of connected UE = 90

Number of connected UE = 45

Number of connected UE = 22

Number of connected UE = 10

Number of connected UE = 5

Number of connected UE = 3

Figure 4.10: The downlink data rate of test UE under Case I background conditions
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Above Figure determines that as the number of the users is decreased, the test UE is
starts getting better data rates that are closer to real-time human walk-test data rates.
This is the one way of finding the background conditions. But same user experience
can be archived by reducing the demand rate of the UEs as well as the number of UEs
connected to the network. As the scheduler assigns more resource blocks to the UEs
with the higher data rate to satisfy UE’s demand rate. The following table (4.3) presents
the quantitative analysis of user experience with different background conditions as
compared to the real time human walk-test data.
Table 4.3: Quantitative analysis of user experience with case I network conditions
Case I

Number of Users

Quantitative Error

A

90

92.67%

B

45

90.47%

c

22

76.13%

d

10

47.16%

e

5

37.03%

f

3

1.96%

4.3.1.2 Case II: The data rate is affected by both the number of the UEs connected and
their demanded data rate. Demanded data rates can be changed to understand the effect
on the demand rate of other UEs on the test UE. As in Case II, the UEs are getting
around 5 percent error as compared to real time readings. Now, in this case, the
demanded data rate of another UEs is decreased to the half of Case I. The similar
approach is used to vary the number of the UEs and producing various outputs with
different background conditions. In this case, the demanded data rates for sector one,
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two and three are 6.01, 7.64 and 5.64 respectively. The following Figure shows the
UE’s data rate with different background conditions.
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Figure 4.11: The downlink data rate of test UE under Case II background conditions

As shown in the above Figures, it is clear that user experience in the last case with 5
UEs in the test area is similar to case 1 with 3 UEs in the test field. These examples
explain the effect of the demanded data rate as well the number of the UEs under study.
The results are approximately same in two cases with a different number of the UEs
and different UE’s demanded data rate. The following table demonstrates the
percentage error between the real-time test values and the simulated predictions.
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Table 4.4: Percentage error analysis with different number of UEs under case II
background conditions
Case II

Number of Users

Quantitative Error

a

90

92.50%

b

45

88.33%

c

22

76.07%

e

10

39.83%

f

5

1.69%

4.3.1.3 Case III: To study more deeply the effect and relation of demanded data rate
of the users and the number of the UEs, the demanded data rate is further reduced to
one-third of the original demanded data rate in case one. The similar procedure is
followed to vary the number of the UEs and produce the results under different
background conditions. In this case, the demanded data rate of three sectors is 3.0, 3.72
and 2.82. The following Figure demonstrates the different outputs under various
background conditions.
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Figure 4.12: Downlink data rate of the moving UEs under Case III background
conditions
Table 4.5: Quantitative error analysis of case III background conditions
Case III

Number of Users

Quantitative Error

a

90

92.83%

b

45

86.41%

c

22

74.56%

d

15

55.11%

e

10

34.71%

f

8

1.96%

g

5

0.9%
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4.3.1.4 Case IV: The above three cases use the network statistics to calculate
demanded the data rate of the UEs connected to the three sectors. But to cover all the
possibilities two additional cases are examined. These days most of the UEs are either
surfing the internet, visiting social media websites or watching videos. In the typical
situation of a UE such as: watching standard definition videos on YouTube, this
activity does not demand a very high data rate. So, in this situation, demanded the data
rate of all the users is set to 2 Mbps (as defined in the official YouTube system
requirements) except the test users and a similar procedure is used to complete the
experiment. The following Figures represent the user experience of the test UE with a
different number of users connected to the network at the background.
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Figure 4.13: Downlink data rate of the moving UE under Case IV background
conditions
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Table 4.6: Quantitative error analysis of user experience with case IV network
conditions
Case IV

Number of Users

Quantitative Error

a

90

92.09%

b

45

80.37%

c

20

59.73%

d

15

35.07%

e

10

1.71%

4.3.1.5 Case V: In this case, the users demanded data rate is set to 1 Mbps. This may
represent a user is surfing the web and as a result he/she needs very small data rate. As
it may be possible that most of the users are just surfing the internet or accessing their
social media apps, the 1 Mbps data rate is an important case to consider. The following
Figure shows the outputs under a different number of UEs.
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Figure 4.14: Downlink data rate of the test user under case V background conditions
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Table 4.7: Quantitative error analysis of user experience with case V network
condition
Case V

Number of Users

Quantitative Error

a

90

90.16%

b

45

85.81%

c

22

27.05%

d

15

9.20%

e

12

1.71%

After considering various possible network conditions that could be present at the time
of real-time human walk-test, it is clear that there are different conditions that can
provide the user experience output that was actually observed. For each case, the
conditions with less than 5% error are selected. The following table contains the
conditions that are considered to create an average output to compare with the real time
walk-test data rate.
Table 4.8: Each case effective case with their respective demanded data rate in Mbps
Case

Number of Users

Sector I Sector II

Sector III

Case I

3

12.02

15.28

11.29

Case II

5

6.01

7.64

5.65

Case III

8

3.01

3.57

2.83

Case IV

10

2

2

2

Case V

12

1

1

1
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4.3.2 Final UofR walk-test simulator User experience output:
After estimating the background conditions, from each five cases one effective
background conditions with less than 5% error are selected as shown in table 4.8. Now
to develop a better understanding, using these five case an average user experience
output is produced after multiple runs. The simulator simulates 15 multiple runs to
produce 15 different results with background conditions from each case. Then an
average of these 15 outputs is calculated to generate an average output for the final
comparison. The random walk model produces a random trajectory with each
simulation. So the UE is following different trajectories while moving from one point
(Classroom Building) to the destination point (Education Building). With different
paths, the user experiences different SINR conditions which ultimately affects the data
rate that UE is getting under these radio frequency conditions. With different trajectory
paths, the UEs can experince different handover regions. The region can be extended
with the multiple handovers between the two sectors. As shown in the above Figure
4.7, the users experience a drop in the data rate while moving across the handover
region. These are average data rates that can be compared to the real-time human walktest data. The following Figure shows the multiple data rate profile outputs with
different trajectories.
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Figure 4.15: Data rate (in Mbps) graph with different trajectories
To cover a broad and representative number of cases, multiple simulations are done
with different network conditions from all five cases of table 4.8. Finally, an average
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value is produced to generate a general behavior of the users while moving in the test
area. The following Figure illustrates the different average values under all the five
cases with different demanded data rate and various numbers of users connected to the
network.
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Figure 4.16: Average downlink data rate of UE under all five selected conditions
The above Figure shows the results that can be compared with the real-time human
walk-test data. These Five Figures represent the average output of five different
network conditions from table 4.8 which produce a comparable user experience. Even
with available network statistics, it is hard to define exact background conditions at the
moment of walk-test data collection. The five cases that are chosen to represent an
approximation of the typical background conditions. As already shown in section 4.3.1
using directly the network statistics to predict the user experience is not the useful
option.
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After evaluating these five cases that produce a comparable user experience with less
than 5% peak to peak error, it is important to find the difference in these five cases. To
better understand these differences between these five cases, the quantitative analysis
has been done. The following table presents an error evaluation of the five cases with
different background conditions.
Table 4.9: Error analysis of proposed five cases
Case

Peak

data

rate Worse data rate Quality of service drops

percentage error

percentage error

period error percentage

Case I

0.7%

26.4%

22.7%

Case II

1.88%

24.8%

32.5%

Case III

1.6%

67.3%

29.4%

Case IV

1.6%

63.5%

44.4%

Case V

1.69%

65.8%

26.4%

After a review of the above error evaluations, this is clear that the case one produces
the best and most representative scenario of the actual human walk-test. All five cases
are capable of capturing the best data rate that user will experience, however that
cannot be used as the best comparison point, it is therefore concluded needed that it is
necessary to compare more factors to understand the issues affecting overall user
experience. The other main observation is that worse data rates are predicted that a user
will experience in the handover region. It is further observed that case III, IV and V
are unable to predict the worst data rate situations. The final aspect to consider is the
period when a user is experiencing a drop in the quality of service. Case I is able to
capture that area with higher accuracy than the other cases. Given this observation,
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case I is chosen as the most representative of the actual human walk-test. The following
Figure represents the final output from five different predicted results.
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Figure 4.17: Final average downlink data rate and SINR output of UofR walk-test
simulator
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4.3.3 UofR walk-test simulator Single subscriber maximum achievable user
experience output:
It is clear in the previous section that the simulator is able to produce the predictions
that are comparable with the real world human walk-test scenario, but if one wants to
compare these results with the Mentum Planet prediction then some additional work is
needed. As in each of the above cases there are a number of the users with a different
demanded data rate, but to compare with Mentum Planet’s outputs, the same condition
as the Mentum Planet must be used. In the case of Mentum Planet (which produces
peak achievable data rate), the background conditions are fully known. In Mentum
Planet, it treats UE as the only one connected to the network at the instance of time. It
provides an estimated maximum achievable data rate that a UE can get by providing
all the available resources. So to make a comparable user experience profile, the same
conditions are used. There is only one test UE that is following the trajectory path while
moving from the initial point to the destination point. The subscriber can provide all
the available resources to satisfy the demanded data rate of UE. As the same factor is
affecting the two outputs which are background condition. Mentum Planet generates
the results by considering only one UE and provides it all the available resource. So
the simulator is loaded with the same conditions. Ultimately the test UE is provided
with the maximum achievable data rate that it can have under the current radio
frequency conditions. The following Figures present an average of multiple
simulations run with a single UE moving from one initial to the final position.
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Figure 4.18: Test UE’s maximum achievable data rate and average SINR graph
We observed that there is a remarkable similarity between Figure 4.18 and Figure 4.17.
We thus conclude that results produce by the commercial software Mentum Planet cab
be generated by the UofR walk-test simulator.
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CHAPTER 5: CONCLUSION & FUTURE WORK
In this study, a walk-test simulator is presented and evaluated to determine its
effectiveness as compared with data from an actual human walk-test and a commercial
tool (Mentum Planet). The motivation of this study is to develop a simulator that could
in principle replace the actual human walk-test data collection process performed
manually by engineers. Walk-test data collection is currently an important part of the
optimization process when a new cell site is deployed. It is hoped that with a walk-test
simulator, one can avoid the physical labor work and post-deployment adjustments of
the cell site. The user experience is defined as data rate that a user gets while connected
to a network. The network performance is defined as the quality of the service that
users get in a particular network. But several times, there is a big difference between
the qualities of service that telecom company promise and quality of the service that
the user actually gets in the field. This is because while the designing tools that are
commercially available that are capable of predicting realistic data require proper
environmental models. It is a real-world challenge to obtain necessary models and
associated data as otherwise predictions can be totally different from the real world
experience. So keeping this in focus, it becomes very important to predict the actual
user experience that a user will get in the real world. This is very important for the
better evaluation of network performance as well for the optimization of the network.
In this study, a Matlab a based simulator is used to predict the user experience and
ability to predict the real time walk-test user experience is tested. To evaluate this tool
further, a comparison between the simulated output and an industry leading software
(Mentum Planet) has been done.
In this study, the three different approaches are used to assess the user experience
in terms of data rates. The first method is by performing an actual walk-test in the real91

world environment and collect data. For real world walk-test an android based
application (QualiPoc) is used, which records all the relevant performance parameters
and map them with the current position of the user. This process is used to take the
multiple walk-test outputs and a final value is produced for the comparison. This output
is used as the baseline for comparison with the software simulation tools. The second
method is through using the commercial software Mentum Planet. This is an industry
level network planning and optimization software. Fixed subscriber analysis has been
used to produce the results. The limitation of this tool is that it can only produce user
experience of a single user without considering any background conditions. The third
method is to evaluate the user's experience using the UofR walk-test simulator. A
random walk model is used to produce the different random paths for the user. With
multiple simulations, the user follows different paths and experiences different data
rates. An average value of different runs is used to present a more general output.
5.1 UofR walk-test simulator vs Real Time walk-test: The first comparison is
between the real time human walk-test data and the UofR software simulated output.
As shown in the Figure 4.16, there are five different cases that produce similar realistic
user experience data. While comparing the two outputs in Figure 4.5 and 4.17, it is
clear that both outputs are following the same trend.
The quantitative error between maximum values of both outputs is about 0.7 %. The
worse data rate percentage error is about 26%. The quality of service drop region error
percentage is about 22.7%. The test starts with a higher value and then faces a drop in
the data rate, after the handoff region, it starts rising again and stables itself at a higher
value. Although both actual data and simulator data have the same trend, but the
simulated output is like a shifted version of the real time human walk-test output. The
other notable difference in the two outputs is the difference between the duration of
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handoff region in the quality of service. This handoff region represents user reaching
at the cell edge of one sector and handover to the other sector. The two outputs have a
difference in the lengths of the handover regions. The following are the difference
between the two outputs are noted:
a. Simulator output is shifted version of the real time walk-test data
b. Length of the handover region
The shifting issue between the two outputs can be explained by the fact that the position
and antenna setup of the actual antenna is not that accurate by the known. In the
simulator, a 120° separated sector antenna setup is used which is a general accepted
and typical approach for major cell sites. However, the actual antenna situated on the
rooftop of the Library Building at the University of Regina, may not be at a perfect
120° separation. It was determined after the testing that a 270° and 90° separation
antenna system is in place. This means that two sectors of cell sites cover 270° and the
third sector serves only 90° of the coverage. This antenna system has a significantly
different setup position as two sectors are combined at one location and the third sector
is positioned at a distance from other two sectors. The position and antenna setup of
the cell sites used in the simulator are taken as the reference from a leading service
provider’s planning tool. As for the current antenna setup the cell site in the simulator
is at the centre of the Library Building but in the actual system on the Library Building
the two sector antennas at the south-west corner of the Library Building whereas the
third sector is at the north-east corner of the Library Building. This further explains the
shift of the output as compared to the real world output. By moving the position of the
cell site in the simulator, it is possible that results more consistent with the actual
human walk-test could be produced. This is the important factor to be considered as
the future work.
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The second issue is the length of the handoff region in the quality of service. The
handover region is shown in Figure 2.4. The handover region is affected by the position
of the antenna and procedure of the handover implemented in the simulator. The
position has the effect that handover region increased as the user moves far from the
antenna. But the major factor that affects the handover region is the procedure
implemented in the simulator. The simulator uses a simple A3 event handover
procedure, which generates a handover request when the signal strength of the neighbor
cell is higher than the serving cell plus a threshold. This threshold is used to remove
the retriggering of the handover and the ping pong effect in the handover procedure.
Once the handover request is generated the simulator put the user in the handover list
and starts the handover procedure. After a successful handover between two sectors,
users are connected to the other sector. In most of the cases, users only experience one
handover while following the random trajectories whereas in the actual human walktest user experience between 1 to 5 handovers in the handover region. So there is a
need to implement a more complex and realistic handover procedure which is
comparable to the real world situation. This is an important topic for future work.
5.2 UofR walk-test simulator vs Mentum Planet: The next comparison analysis is
between the output of the UofR walk-test simulator and the output of the commercial
Mentum Planet software (Figure 4.3). The simulator is loaded with same conditions as
Mentum Planet to produce comparable results (Figure 4.16). The both outputs have the
same trends and have a comparable scale of results. The handover regions in both
outputs have approximately the same area. The percentage error between the maximum
values of both outputs is approximately 2%. Even with these similarities, the two
outputs are quite different. This is because there are a number of hidden factors that
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affects the overall output of the program. The difference between the different
thresholds can be one factor that is creating differences between the two outputs.
5.3 Real-time walk-test vs. Mentum Planet: A final comparative analysis is
performed between Mentum Planet output (Figure 4.3) and real world human data
collection (Figure 4.5). The two outputs have the same issues as presented in section
5.2 which is there is a shift issue between the two outputs. This is because both the
simulator and Mentum Planet use same position and antenna system configuration.
This ultimately results in a deviation from the position and length of the handover
region. The other difference is a quantitative error between the two outputs. The
percentage error between the two is approximately 58%. This because Mentum Planet
does not really provide walk-test data. It provides maximum achievable data rate for
the user under observation. The maximum achievable data rate is the data rate that a
user gets when there is only one connected user in the network and that user can get all
the available resource blocks. This approach is used determine the maximum data rate
according to the user’s current quality of service level. This is clear from the
comparison that Mentum Planet is unable to capture the typical user experience as it
has a lot of limitation to control the background conditions.
From above discussion, it is shown that the UofR walk-test simulator is able to predict
the user experience in a test environment and that its results can be comparable to the
real time walk-test. Whereas the real walk-test data collection process is only capable
of capturing the user experience of a UE at an instance of time there UofR walk-test
can produce user experience in of multiple time frames with different background
conditions. UofR walk-test simulator is not only able to predict the user experience of
a real walk-test scenario but also provides the opportunity to evaluate different
operational scenarios and network loads. UofR walk-test can be considered as the
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extension of Mentum Planet that can also model the background conditions and
resource consumptions of other UEs. This is a useful feature that can play an important
role in the planning and optimizing process of a wireless network. Telecom companies
expand a lot of resources in planning and optimizing software tools. But currently,
there is no software available that can predict effectively the user experience in a real
world scenario. For performance evaluation, Telecom companies perform walk-test
after deploying the cell site.
5.4 Future work: This study shows that the UofR walk-test simulator is able to
produce similar results to that of the leading industry software. In addition, the UofR
walk-test simulator has a number of advantages over the Mentum Planet software tool.
UofR walk-test simulator not only predicts the single user experience with certain load
conditions (Mentum Planet output), but it can predict user experience with the different
network background conditions. Further work is required to improve the UofR walktest simulator as there are a number of hidden parameters that affect the user
experience. The following are two important extensions that can be done to improve
the accuracy and performance of the UofR walk-test simulator
1. More accurate setup of antenna systems
2. Implementation of advanced handover procedures
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