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Abstract

Due to recent years’ fast development of mobile communication technologies, the demand for high
capacity network and excellent quality of service with thorough coverage has become essential. And
the basic criteria in planning this type of network is the concept of Path loss. Path loss models
estimates the average path loss a signal encounter at a certain distance from a transmitter. But, each
kind of path loss propagation model intended to forecast path loss in a specific environment which
might be wrong in another environment. Incorrect propagation model might cause low data
throughput, poor coverage, poor quality of service, high investment cost and call drops which is
clearly being observed in Hawassa City. Therefore, one of the root cause of these problems is the

usage of un-calibrated path loss model during the network planning stage.

This thesis presents a comparative study of five empirical path loss models according to the measured
data collected from selected sites in Hawassa city at 1800 and 2100 MHz frequency bands. The
preferred five models for investigation are COST- 231, ECC-33, Hata, SUI, and Ericsson model. A
drive test approach was used for data collection and Nemo Handy and Nemo Outdoor were used as
measuring a tools for the test. And the measured data were analyzed and extracted to suitable excel
form for further analysis using ACTIX analyzer. Error measuring tools such as RMSE, Standard
Deviation (SD), Mean Absolute Percentage Error (MAPE), and Mean Absolute Error (MAE) were
used to evaluate the closeness of actual measured path loss with the path loss calculated from the
listed empirical models in all area types. Then the best suited models were statistically calibrated
using the Least Square algorithm to enhance the estimation accuracy.

The result shows that, at 1800 Mhz band ECC-33 was the best fit model for Hawassa Urban areas
with RMSE of 4.18 and 2.46 before and after calibration respectively whereas Hata was the finest for
Sub-urban with RMSE of 7.86 and 5.18 before and after calibration respectively. And at 2100 Mhz
band ECC-33 was once again the best fit model for Urban areas with RMSE of 6.15 and 5.28 before
and after calibration respectively while Hata model found to be the best model for sub-urban areas
with RMSE of 6.11 and 2.86 before and after calibration respectively. Thus, the optimized models
are recommended for better deployment and gives an accurate path loss prediction.

Keywords: Path Loss models, Urban, Sub-Urban, RMSE, MAPE, Least Square
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Chapter One

1. Introduction

All wireless communications mainly involve transmission of data in the form of electromagnetic
(EM) waves. And the transmitted data experiences a path loss when the electromagnetic wave travels
from the transmitter to the receiver. Path loss refers to electromagnetic wave power density reduction
(attenuation) or degradation in its signal strength as it travels between transmitter and receiver [1].
Radio wave propagation, particularly in urban environment, is a complex scenario since diffracted
and reflected waves which are caused by multipath propagation are included. In general, radio wave

propagation can be seen as three different main modes:

(a) Reflection: It’s when a radio wave propagation in one medium impinges on a different medium
with dissimilar electromagnetics characteristics. After the Collison, some portion of the radio wave
energy could be absorbed or transmitted through the reflecting medium causing some kind of

attenuated reflected wave [3].

(b) Diffraction: Occurs when a radio wave passing through two different mediums or through a

gradual variation in a medium alters its direction to bend or diverge in the neighborhood of obstacles

[3].

(c) Scattering: It occurs when radio a wave hits an irregular surface or a body having a size much

smaller relative to the signal wave length [3].

Besides the above main characteristics of radio waves; Terrain contours, environment (rural or urban,
foliage and vegetation), propagation medium (moist air or dry), and the location and height of
antennas also influence the path loss [4]. Signal strength degradations like this will cause call drop
and other cellular network quality of service degradation.

Hence, we can say that path loss forecasting is a significant element in the designing phase of any
communication system. A reliable propagation model is a model which can estimate the path loss
with minimum standard deviation. And to achieve that the proper models should be selected for path
loss, field strength and other parameters measurements. A precise and reliable forecasting methods

helps for coverage area and transmitter power optimization, realization of highest quality of service

. ________________________________________________________________________________________________|
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and eliminating interference problems of another radio transmitter as well. This will help planners

and network engineers to improve the coverage area and to apply the accurate transmitted power.

As we know Cities have the most changing environment because of fast increasing of a high rising
and highly dense buildings. Besides, cities also have different environment types (i.e. morphology
types) across its region. Hence, propagation models tuned to each environment type should be

considered when planning cellular networks.

Therefore, numerous path loss models which can estimate path losses that could be encountered by
wireless signal propagation at different frequencies and landscapes have been developed and used.
And this path loss models are categorized in 3 groups, which are empirical models, deterministic
models and non-deterministic models [10]. Empirical models like Hata model and Okumura model
uses measurement data and statistical properties. Semi-deterministic models like Cost-231 are based
upon empirical model and deterministic aspects. Whereas, Deterministic models are site-specific and

need large number of the city’s geometrical information.

Because of their simplicity, the Wireless communication industry have been using empirical models
intensively which has made them most popular [13]. Nevertheless, the original empirical model
parameters have to be tuned or adjusted to reduce the estimation error when they are deployed in
some other terrain than the one they were developed.

In the case of Hawassa city, Although the network is designed to have a full coverage in the city, it
is not difficult to observe that there are areas with almost null coverage. That is why Coverage
problems are issues in Hawassa that demand daily focus. This problem is caused because of the fact
that coverage planning was not done with an appropriate path loss model for the terrain,
environmental aspects (buildings, foliage and vegetation) and propagation medium (moist air or dry)

of Hawassa city.

Therefore, it is necessary to find the best path loss model that fit Hawassa city’s terrain, environmental
aspects and propagation medium and calibrate it by using the actual measured path loss data as an
input. And this would benefit Ethio-telecom by saving of an investment cost and delivering quality
of service. Hence, this thesis focuses on selecting the right propagation model and calibrate it based

on the measurement data taken from some selected sites in different areas of Hawassa.
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1.1 Statement of the Problem

Coverage planning is one of the key tasks in network dimensioning. And the reliability of radio
network planning for optimum network coverage principally depends upon the precision of the
path loss prediction models implemented for the network planning. This indicates the non-linear
correlation between the Received Signal Strength Level (RSSL) and the distant between the
mobile station and the BTS, while the essential radio network parameters provided. Ethio-
Telecom used the original (un calibrated) COST-231 model to make coverage planning for both
GSM and WCDMA networks in Hawassa City. Because this original model is not calibrated for
the specific nature of Hawassa, it is one of the root causes for the coverage problems, poor quality
of services and poor quality of experiences in both GSM and WCDMA networks with many other
factors. Therefore, since a propagation model goals to characterize some parameters which varies
with the environment at hand and their property might alter according to the system that models
will be applied for, the existing path prediction model has to be calibrated to accurately fit the
actual measurements collected over the part of the network already deployed. This process aims
to improve the degree of precision of the model so that it could represent the actual signal
propagation behavior of Hawassa city. This can as well save investment cost beside solving the

problems stated above.

. ________________________________________________________________________________________________|
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1.2 Objective

This thesis aims to achieve the following general and specific objectives.

1.2.1 General Objective

The general objective of the thesis is to compare COST- 231, ECC-33, Hata, SUI, and Ericsson
models for different selected areas of Hawassa city at 1800 and 2100 MHz and calibrate the best
performing models so that they could fit the city terrain, propagation medium and environmental

aspect.

1.2.2 Specific Objective

The specific objectives of the thesis are listed below:

e Find the best theoretical propagation models for 900, 1800 and 2100 MHz frequency
bands from the selected five propagation models.

e Calculate the actual path loss of Awassa city using the measured signal strength data of
the selected sites.

e Examine the performance of the models using Root Mean Square Error (RMSE), Mean
Absolute Error (MAE), Standard Deviation (SD), and Mean Absolute Percentage Error
(MAPE).

e Calibrate the models for all morphological areas and evaluate their performance.

e Propose the calibrated model that best fit Hawassa’s terrain, propagation medium and

environmental aspects.

. ________________________________________________________________________________________________|
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1.3 Methodology

As mentioned in the objective section of this thesis the aim of the thesis is to compare different
path loss models for different selected areas of Hawassa city and calibrate the best performing
models so that they could fit the city terrain, propagation medium and environmental aspect. And
to accomplish the objective the thesis was divided in different phases and different procedures
were used in each phase.

The first phase was pre-planning and preparation. In this phase detailed information was collected
about the existing cellular coverage and network quality of Hawassa city, Sites distribution, path
loss model and cellular network planning parameters. And with this information different works

written on path loss model comparison and optimization were reviewed.

The Second phase of the thesis was Site Selection and data collection. Site selection was one of
the crucial parts of the thesis so sites which represent all types of environment, building
distribution and population density were chosen. And then measurement data were collected from
the live network using Drive Test methodology. In this step, a high number of data which would
be enough for analysis were collected. Data was collected by drive test using tools such as laptop,
mobile equipment, Nemo software (Licensed) and GPS.

The Next phase was data analysis. Here selected sites were classified into different area types and
the actual measured path loss data was compared with the path loss calculated from
empirical models base on different error measurement tools such as RMSE, Standard Deviation
(SD), Mean Absolute Percentage Error (MAPE) and Mean Absolute Error (MAE). In this step
MATLAB and excel were used as data analysis and result displaying tools.

The final phase of this thesis was model tuning and result discussion. In the last phase of the thesis
the best fit original path loss models were calibrated using LLSM. And the calibrated models path
loss values were compared with the original model’s and the measured path loss values to show

how successful the thesis was.

. ________________________________________________________________________________________________|
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Pre-Planning and Preparation
(Information collection about the ntk.)

Site Selection
(Based on Building distribution,
population density...)

Data Collection
(Using Drive Test Methodology)

Data Analysis
(Measured and Calculated PL Value
Comparison using RMSE, MAPE, SD &

Classification of Sites & Determining Best Fit Model
(Based on Closeness of measured and calculated
value)

Model Tuning
(Best fit model was calibrated using
LSM)

Comparison of Original and Calibrated model
(Measured and Calculated PL Value
Comparison using RMSE, MAPE, SD & MAE)

Figure 1.1 Methodology Flow Chart
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1.4 Literature Review

There are Several studies which are done in the fields of path loss propagation model where many
obtained good results. Many researches tried to choose a certain propagation model and optimize
it to fit a specific area. In this thesis some researches which are which are more related to my title

were reviewed.

Authors in [4] compared three propagation models; COST 231-Hata, Okumura-Hata, and Egli
models by comparing the relative outcomes attained from each models with their Measured
Received Signal Power (MRSP). 2100 MHz radio communication RSS was measured in Egbu-
Abba Road, Owerri suburban area. And finally, the thesis found COST 231-Hata to give the
closest prediction so it was tuned by using Least Square method (LSM). The thesis has considered

three propagations models but took measurement data at only 2100 MHZ.

In [5], Okumura, Cost231 and Egli propagation models were studied. The comparison was based
upon the original data of each models and field measurements in the frequency range of 400MHz
to 1800MHz. The field measurement was conducted in Cyberjaya, Malaysia. The thesis found
Cost231 and Egli model to accomplish a better result than Okumura for sub-urban areas of
Malaysia. And calibrated model was found to be a best fit to the Malaysia suburban areas, so it

was suggested to estimate the signal strength of mobile stations from the base stations.

In [6], Hata model was modified at frequency bands of 900, 1800 and 2100 MHz to match the
environment of Tripoli area. Measurements were taken from five area types (Rural, Suburban,
Dense Suburban, Urban and Dense Urban). And regression method and neural network
approaches were used to edit Hata model parameters so that they could coincide with the real
measured RSS figures within an agreeable range of precision. Finally, the calibrated module gives
3.62 to 20.29 dB enhancement in the accuracy of estimating the path loss. In this thesis, even if
the authors studied the path loss at 3 different frequency bands, it only considers one path loss

model.

In [7], the performance of three path loss models (COST231, SUI and ECC-33) were investigated
against field data measurement from the three possible area type (i.e. Urban, Suburban and Open
areas) at 1800MHZ and 2100MHZ. The research was done to modify a path loss model that best

HAWASSA UNIVERSITY, INISTITUTE OF TECHNOLOGY 14
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fit Addis Ababa city. The Author used RMSE to measure the error between the predicted path
loss values and the measured values. And after the analysis, the author concludes COST231 to be
the most fitting path loss model for urban and sub urban areas and SUI model for open areas in
Addis Ababa at 1800MHZ. While SUI was the best path loss model in all the three morphology
types at 2100MHZ band. Generally, in this thesis, the author tries to compare the three path loss
models for Addis Ababa city and tune the best model but he only collect data at 1800 and 2100
MHz frequency bands.

In [8], Calibration of COST-231 Hata model was done based upon experiment at 2.3 GHz
WiIMAX transmission carried out in western India. The authors tried take measurement records
from seventeen sites so that they could make accurate predication. In the thesis a linear iterative
tuning method was used to adjust the parameter of the COST-231 model. And the path loss
estimation of calibrated model were compared versus the theoretical COST-231 Hata model.
Finally, the authors have concluded the adjusted model offers high precision and is able to
estimate path loss with minimum standard deviation relative to the theoretical COST-231 Hata

model.

In [9], different propagation models Hata Model, ECC-33 Model, Cost-231 Model and Ericson
Model) were analyzed and compared using the collected data. The author takes measured data
from two different sites operating at 800 MHz frequency band using a drive test. Finally results
of the comparison concludes that the Hata Model and Ericsson model were better in predicting
the urban environments. And in rural environment Hata model generally provides better
estimation. In this thesis, even if the comparison of four path loss models was done it only

considers measured data from only two sites at only single frequency band.

While [10], forecasts path loss using the following five models, ECC-33 model, Stanford
University Interim (SUI) model, COST-231 Hata model, Hata-Okumura model and Ericsson
model. In this thesis, received power experimental measurements for 900 MHz GSM system were
made in rural, suburban, and urban areas of Dar es Salaam, Tanzania. The authors compared the
results of the original models with the measured data from the field. And the results show the
ECC-33 model provides better estimation for sub-urban environment. In this thesis, five path loss
models were compared but the best performed model was not modified to fit the city and the

experiment was done only at 900 MHz frequency band.
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In the above listed reviewed and many other thesis, we can see that COST-231, SUI and ECC-33
models showed a best result at different environment types and frequency band. So, we cannot
conclude that a particular propagation model is best for all the environment types and for all
frequency ranges. Different Propagation models can be best for different environment areas or
for the same area with varying morphology types and frequency range. Therefore, it is necessary
to perform a research so that we could know which propagation model could fit the environment
of Hawassa city and calibrate the model for a good coverage, high data throughput, minimum call

drops, good quality of service and low investment cost.
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Chapter Two

2. Radio Wave Propagation

Radio propagation is the way radio waves travels from one point (transmitter) to another
(receiver) and how the medium of transmission affects them and specifically the way the waves
propagate around the Earth in different parts of the atmosphere. And the transmission path in
which the wave propagate can be a simple line of site(LOS) where there is only air between the
transmitter and the receiver or heavily congested by mountains, foliage, buildings or moving
objects. Depending on the barriers the radio wave propagating in the NON line of site medium
may exhibit diffraction, reflection and refraction. The resultant radio signal might also be the
combination of numerous signals which might have propagated through different paths. These
signals might be added together or subtracted from each other, and furthermore the signals
propagating through different paths might be delayed resulting resultant signal distortion. This is
known as propagation path loss. Hence, it is important to recognize the potential radio propagation

characteristics which probably prevails [21].

Thus, Radio propagation is extremely site-specific and it varies depending on the terrain,
interference, how fast the mobile device is moving, operating frequency and other dynamic
factors [21]. Therefore, accurate classification of the radio channels via basic parameters and
mathematical model is essential for the predicting signal coverage, different systems” interference

analysis and base station antennas optimal location selection.

As mention above received signal in wireless communication is affected by path loss and fading
during the propagation process. And mobile radio propagation creates a small-scale effects and
large-scale effects on the received signal. The small-scale propagation effect is when the power
strength of received signals varies rapidly in a relatively short distance. It may occur due to
multipath or Doppler spread (when the frequency of received signals differs from the frequency
of the transmitted signal.). In other hand, Large-scale propagation effect is when the power
strength of received signals varies slowly in a relatively longer distance and it occur due to

shadowing and path loss. Therefore, Large scale and small scale (fading) propagation effects
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should be studied carefully to get a complete picture of the channel in a particular environment
[21,22].
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Figure 2.1 Characterization of Path Loss, Multipath and Shadowing versus Distance [25]

2.1 Propagation Mechanisms

Propagation of radio waves in space may go through different physical mechanisms: line-of-sight
or free space propagation, scattering, diffraction, reflection and wave guiding. The free space
propagation model is the most simple scenario for the propagation of radio signals. Here radio
wave travels out of the source where they are radiated by the antenna without encountering any

obstacle.

Reflection is the phenomenon which occurs when radio waves encounter transmission medium
change and some of them propagates into the new medium whereas the remainder is reflected. For
shorter range signals like cellular communication the signals undergo numerous reflections and
these multiple reflections may direct the signal reaching to the receiver through several paths. So,
radio wave reflections usually rise to multi-path effects. And the multiple reflections and multi-

path effects will distort the signal and cause fading [21,22].

Refraction occurs when radio waves impinges upon a sharper and more like a "knife edge"
obstacles. As a results wave disturbance will occur which affect the propagation of the radio

waves like bending of the path around obstacles or beam divergences. And the radio wave

. ________________________________________________________________________________________________|
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propagates behind the blockade arriving at the receiver even if there is no LOS. For radio signals
the level of a knife edge depend on the frequency and the wavelength of the signal. For instance,
low frequency signals may found a mountain ridge sufficiently sharp edge and more rounded hill

may not result a noticeable effect.

Scattering is when the energy of the radio wave is dispersed in the propagation medium in several
directions after the signal hits an irregular surface or heterogeneities with small dimensions

compared to the signal’s wavelength [21,22].
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Figure 2.2 Propagation Mechanisms [23]

2.2 Small Scale Effect

Small Scale effect refers to the quick alteration of the amplitude and phase of a radio wave signal
in a small period of time (a matter of seconds) or a small distance (few wavelengths). This may
be caused when a radio waves hit small objects with sharper edges which make the signal
scattered, reflected or absorbed. Beside this small scale effect may occur due to Doppler shift,
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multipath propagation and transmission bandwidth of the signal [24]. In a mobile-radio
environment, every path has its own time delay, Doppler shift, multipath propagation, and path
attenuation which causes a time-varying signal when the mobile changes position. And this makes
it suitable for small scale fading. Depending on the correlation between signals parameters
(symbol period and bandwidth) and channel parameters (Doppler spread, delay spread, coherence
time and coherence bandwidth) small scale fading can have two forms. For example, Flat fading
is caused when the channel coherence bandwidth is greater than the signal’s bandwidth and delay
spread is less than the symbol period Flat fading will arise. And frequency-selective fading results
when the reverse case happens. Coherence bandwidth can be defined as the frequency gap over
which two frequencies are expected to experience equivalent fading. While, Fast fading is caused
when there is a high Doppler spread and when the coherence time is less than symbol period and
the channel variations is faster than base band signal variations. Similarly, the reverse case results
in slow fading. Coherence time can be defined as the time duration over which impulse response

is considered to be not varying [24].

2.3 Large Scale Effect

Large Scale effect is used to describe the average signal-power reduction or path loss because of
propagation of radio waves in a larger area. The landscape pattern between the transmitter and
receiver impacts large scale effect, and power will also be steadily attenuated over a very long
distance (several hundreds or thousands of meters). The measurement of large-scale fading,
defined in terms of a mean-path loss (n™ -power law) and a log-normally distributed variation
about the mean, will help for path loss estimation as a function of distance. And Experiments
prove that log-normal distribution obeys the large scale fading [24].

L —(n@-p?
e 202 (21)

f&) =

2mox

The below figure illustrates the received signal strength variance in fast and slow fading over the
distance from the transmitter. As shown in the middle graph we can find slow fading or shadowing
curve by taking a small segment from the path loss curve and magnifies it. And by taking a small
segment from the slow fading curve and examines it in detail we could find the fast fading or

short-term fading curve as shown in the first graph.
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Large-scale effect can also be briefly defined in the concepts of path loss and shadowing.

Received Signal Strength (dB)

TN Fast-fading
—
o s Y g
—_—
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s Path loss
—

Figure 2.3 Path loss Vs Slow Fading Vs Fast fading characteristics [26]

2.3.2 Path Loss

As described in Large scale effect, path loss is the first type of large scale fading and it is defined
as the dissipation of the power which is emitted from the transmitter as the radio wave propagates
from source to destination. Path loss can be caused by numerous reasons; like natural expansion
of the radio wave, due to obstruction which causes diffraction path-loss or due to the presence of
non-transparent medium to electromagnetic waves which causes absorption path loss. As
illustrated below Path loss is frequently expressed as a received power B.(d) as a function of the

distance (d) between the transmitter and receiver:
A 2
F(d) o —(P) (2.2)

Where, P.(d) is the received signal power, A is the wavelength, P; is the transmitted signal power

and d is the distance between transmitter and receiver [21].
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2.3.3 Shadowing

Shadowing is the other type of large scale effect which refers to the fluctuation or degradation of
the received signal power due to large object obstructions like buildings, mountains and
vegetation between the transmitter and receiver. This means, the signal variations because of the
shadowing mostly originate from reflection and scattering during propagation. Wave lights
bending is also another outcome of the shadowing effect, this means the transmission will not
follow a straight line. In addition to large-scale fading, sometimes shadowing is also described as
the small-scale fading [22] [25].
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Figure 2.4 Path loss, shadowing and fast fading Characteristics versus distance [22]

Commonly radio coverage is believed to be the most significant measurements to ensure network
quality. In GSM network planning, radio coverage planning takes the vital role since it sets
coverage area range, mobility, speech quality, and customer satisfaction. Different forms of
customer’s inputs and limitations in terms of frequency planning, local wireless regulations,

HAWASSA UNIVERSITY, INISTITUTE OF TECHNOLOGY 22



Comparative Analysis and Calibration of Empirical Path loss models at 1800 and 2100 MHz frequency Bands for Hawassa City
|

network dimensions, network growth, spectrum availability, and the RF environment itself plays
a significant role in coverage planning. The coverage planning approach should also be well
described, since it needs to accommodate, several phases of network growth across time without
compromising any service quality target. In areas with limited network coverage the coverage
planning phase is necessary to find the least possible amount of cell sites with optimal locations
which delivers the requested coverage for the target area. Coverage planning is usually performed
with forecasting modules on digital map database. Coverage region’s, coverage threshold values
(outdoor, in-car, indoor), antenna (tower height limitation), preferred antenna line system
specification and preferred BTS specifications are the key input information for coverage
planning. Activities like propagation modeling, field strength forecasts and measurements are

commonly denoted as coverage planning.
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Chapter Three
3. Propagation Models

3.1 Cellular Network Coverage Planning processes

Mobile communication has vital role in our daily life. The fast growing mobile technology is
enabling us to use it beyond voice application. Data usage, Location applications, financial
transactions and many others are emerging in the new mobile communication technology [11].
All these applications are possible if and only if the mobile network is properly designed,
implemented and managed. The two key activities in designing a mobile network are capacity
planning and coverage planning. The main objective of planning is to minimize Total Cost of
Ownership (TCO), maximize coverage, maximize capacity, optimize Handover (HO) zones and
minimize power consumption while achieving the maximum quality of service. The planning
work is done in three phases: Dimensioning, Detail Planning and Optimization [12]. The main
output of dimensioning is to forecast the number of base stations required to cover the required
area. The locations and the estimated number of BS stations are determined in the detailed
planning. Once the network is deployed and running, adjustments are made in the optimization

phase.

Figure 3.1 The three phases of planning cellular networks [12]

The following steps are followed in detailed planning of cellular networks: Capacity Planning,
Coverage Planning and Parameter Planning [11]. The practical processes followed in capacity
and coverage planning in different technologies are shown below and they are elaborated further.
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Figure 3.2 GSM and UMTS Planning Process [7]

As shown in the planning process above, link budget is done with the coverage requirement as
an input. The coverage requirement is stated as the coverage probability of, for example, 95%
which is the total area the radio signal should cover with acceptable signal strength. Link budget
is performed to get the cell radius and the distance between sites. The link budget in any cellular
technologies is calculated with the formula below. The value of P is highly dependent on the
value of Py and PL. P is obtained by measuring the transmitter output signal strength whereas
the value of PL is determined with only a best estimation through path loss models. The value of
PL at a point obtained from one path loss model is different from the one obtained from the other.
This will vary the value of the received signals power (Prx) which will lead to a conclusion that a
point which is actually in the acceptable signal strength range to be considered as out of the range
or a point which is not actually in the acceptable signal strength range to be considered as in the
range. This will either reduce the coverage area of the BS or enlarge the coverage area of the base

station beyond the actual one, leading to either incurring higher cost or bad quality of service.
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Prx = Pex + Gey + Gry — Ly — Ly — PL (3.1)
Where,

B, - the received power (dBm).

P;,. - the transmitter output power (dBm).

Gty - the transmitter antenna gains (dBi).

G, - the receiver antenna gains (dBi).

L, - cable and other transmitter loss.

L, - receiver side losses.

PL - Path Loss

3.2 Radio Propagation Path loss Model

Path loss is the reduction in Electromagnetic signal received power when it travels through space.
Path loss happens because of many reasons like is diffraction, absorption, reflection, free space
path loss, coupling and cable loss, and refraction. And it depends on depends on numerous
variables like distant between transmitter and receiver, propagation environments, location and
height of antennas. It is calculated by subtracting the transmitted power to the received power as

shown in the equation below.
PL = Ptx = Prx (32)

In wireless network design stage estimating signal strength in terms of separation distant between
receiver and transmitter is the fundamental objective, which affects cellular network cell coverage

radius.

In network planning, propagation models are broadly used to study feasibility and in the initial
deployment. Similarly, as the deployment proceeds they are helpful to perform interference
studies. Generalizing the models to different types of environment, either to specific areas (rural,

suburban, and urban), or to a particular cell radius (macro cell, microcell, Pico cell) based on the
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environment diversity where mobile communications take place is necessary. Generally, there is

a correlation between the models and the type of environment where they are suitable.

The models could be divided into 3 types; empirical, deterministic and semi-empirical [10].

Figure 3.3 Classification of Propagation model [10]

3.2.1 Empirical Models

Empirical path loss models are used to study the main behaviors of system-level theories or to
assist a rough prediction of required amount of sites in large areas. These models do not need site-
specific terrain data. Their input parameters are effective antenna heights, path loss decay
exponents, or average clutter loss factors describing the average propagation environment and the
likes [15]. Empirical path loss models are subdivided into time dispersive and non-time
dispersive. Time dispersive models are formulated to deliver data related to the time dispersive
properties of the channel i.e. the multipath delay spread of the channel whereas non time
dispersive models estimates mean path loss from the function as distant, antenna height, and so
on. SUI is a best example of time dispersive model whereas Okumura and Hata models are

examples for non-time dispersive [16].

3.2.2 Semi-empirical Models

The extensive obtainability of digital terrain data like terrain height, building data, and land use
information resulted the development of site-specific propagation model and its inclusion into
radio planning tools. They depend on the complete terrain properties which exists along the
individual propagation paths between transmitter and receiver. Semi-empirical models are the
first site-specific models used for cellular planning tasks. Here the path loss computation is based
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upon the combination of empirical models and deterministic approaches. These models use Low
Resolution (LR) geographic data. They give realistically good outcomes for the coverage
estimation of large macro cell sites even when implemented in urban areas, but because of their
limited resolution these models have their limits in estimating. For instance, indoor coverage
difficulties in dense urban areas. Okumura-Hata model and its extensions are the commonly used

semi-empirical macro-cell path loss models in commercial radio planning tools [15].

3.2.3 Deterministic Models

Deterministic path loss models depend on a terrain description (altitude, building layout, clutter
types, building contours, etc.) and accurate terminal locations. And they take advantage of these
terrain descriptions to simulate part of the shadow fading, to approximate the effect of propagation

physical mechanisms, then provides realistic and correlated spatial variations of the path loss.

Two families of deterministic models are commonly incorporated in the radio-planning tools:
vertical-plane (VP) models depend on multiple knife-edge diffraction and they are bi dimensional
models that analyze the direct path only whereas ray-based (RB) models compute the lateral

multipath contributions and may be bi- or three-dimensional [15].
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3.3 Empirical Models

As explained on the above section empirical models are models based on the practical
measurement data. Under these model the COST- 231, ECC-33, SUI, Hata, and Ericsson models

are discussed respectively.

3.3.1 COST-231 Model

This model is the most extensively used path loss estimating model in mobile wireless system
[16]. The model is designed to work in the frequency range of 500 MHz to 2000 MHz, BS
antenna height from 30m to 200m and MS antenna height from 1m to 10m. It also contains
corrections for rural (flat), sub-urban, and urban environments. Even if the measured data is out
of its frequency range, its simplicity and the prepared correction factor has make it broadly used

for path loss forecasting at this frequency band.
The main equation of the path loss in dB is [17],
PL = 46.3 4+ 33.9logy, f — 13.82logyo hy —apm + (44.9 — 6.551og ¢ hp) logod + Cpp, (3.3

where, f is frequency in Mhz, d is the distant between MS and BS in km, and h,, is the MS
antenna height above ground level in meter. The parameter C,, is defined as 0 dB for sub-urban

or open environment and 3 dB for urban environment.

The parameter ay,,, for urban environment is given as:

apm = 3.2 (logyo 11.75h,)% — 4.97 for f > 400 MHz (3.4)
And for suburban or rural (flat) environments,

apm = (L.1logyo f — 0.7)h, — (1.56log,, f — 0.8) (3.5
where, h,. is the BS antenna height above ground level.

The following simulated graphs shows how cost-231 path loss model performs to the variation of

different parameters like distance, base station height and frequency.
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Cost-231 Model for different base station Ant, hb, in different environments
145 T T T T T T T

Path Loss [dB]

! | | ! | | ! |
a1 02 a3 04 05 o8 07 o8 08 1
distance [Km)]

Figure 3.4. Cost-231 model path loss performance with the variation of base station height
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Figure 3.5 Cost-231 model path loss performance with the variation of frequency

The above figures show the characteristics of COST-231 path loss model respect to distance. As
shown in both graph the path loss near to the base station in Urban areas is higher than Sub-urban

areas. And as expected the path loss also increases as we go further away from the base station.
|
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Figure 3.4 displays how the path loss responds when we vary base station heights in all area types.
And as we increase the base station height the path loss decreases. Similarly, figure 3.5 shows the
relation between frequency and Cost-231 path loss model where path loss decreases with

decreasing operational frequency.

3.3.2 ECC-33 Model

The ECC-33 path loss model is developed by the Electronic Communication (ECC). It was
derived out of the original measurement by Okumura and its assumptions were modified [18].
The initial experiments of Okumura model were implemented at the suburban areas of Tokyo.
Okumura model divides urban areas into large city and medium city types and gives correction
factors to sub-urban and open areas [19]. The ECC—33 path loss model is empirical model

formulated from four terms [20] and it defined in dB as:
PL = AfS + Abm - Gb - G‘r (36)

where, Gy, Ass, G- and A,,, are BS height gain factor, free space attenuation, the MS height gain

factor and, the basic median path loss. They are independently described as [10].

AfS =924 + 20 10g10 d + 10g10 f (37)
h
Gp = loglo(ﬁ){13.958 + 5.8[log1, f1%} (3.9)

for medium city environments.

G, = [42.57 + 13.7 log,, f][ log1o h, — 0.585] (3.10)
and for the large city.

G, = 0.759h, — 1.862 (3.11)

where, f is frequency (GHz) , d is the distant between mobile antenna and base station(BS) in km,
hy, is height of the BS in meters and h,. is height of the mobile antenna in meters. The medium

city model is more applicable for European cities while large city environments must only be
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considered for cities with tall building. It is interesting to note that the estimation generated by the

ECC-33 model do not lie on straight lines when plotted against distant having a log scale.

The following simulated graphs shows how ECC-33 path loss model performs to the variation of
different parameters like distance, base station height and frequency.

ECC-33 Model for different base station Ant. hb. in different environments
T T T T T T ]

Base Staton Height Range: 20-40m J

Path Loss [dB]
B

110

100

%0 1 1 1 I L 1 | !
01 02 23 04 05 06 07 08 08 1
distance [m]

Figure 3.6 ECC-33 model path loss performance with the variation of base station height
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Figure 3.7 ECC-33 model path loss performance with the variation of frequency
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The above figures show the characteristics of ECC-33 path loss model with respect to distance.
As shown in both graph the path loss nearby the base station in sub-urban areas is higher than
Urban areas. And as expected the path loss also increases as we go further far to the base station.
Figure 3.6 displays how the path loss responds when we vary base station heights in all area types.
And as the base station height increases the path loss decreases. Similarly, figure 3.13 shows the
relation between ECC-33 path loss model and frequency where path loss decreases with

decreasing operational frequency.

3.3.3 Stanford University Interim (SUI) Model

This model was developed by the Institute of Electrical and Electronics Engineers (IEEE) 802.16
working group for estimation of path loss in rural, sub-urban and urban environments. This model
is defined for the Multipoint Microwave Distribution System (MMDS) frequency band ranging
from 2.5 to 2.7 GHz. The functionality of this model within the range of 800 and 1900MHz band
is not validated. But, since there is a correction factor for this frequency, the model has been
selected. The SUI model is categorized into 3 types of terrains, namely, A, B, and C. Type A is
linked with maximum path loss and it is preferable for hilly landscape with heavy to moderate to
foliage densities. Whereas, Type C is linked with minimum path loss and it is applied to flat
landscape with slight tree densities. Finally, Type B is linked with either mostly flat landscapes
with heavy to moderate to heavy tree density or hilly terrain with slight tree densities. The

fundamental path loss equation with the correction factors is presented in [10]:
PL = A+10ylog;o(:) + X; + Xy + s ford > d, (3.12)

where d is the distant between the mobile station (MS) and Access Point (AP) in meters, d, =
100m and s is log normal distributed factor which is necessary to account for the shadow fading
owning to tree and other cluster and its value is between 8.2 dB and 10.6dB . The rest of the

parameters are described as [10]:

4md,

A = 20logq,( P

) (3.13)

y=a—bh, +— (3.14)
hp
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where h,, is the height of the base station above ground in meters and must be between 10 m and
80 m. The constants a, b and c are given in Table I1l. The parameter y is the same as the path loss

exponent. For a particular terrain types the path loss exponent is defined by h;,.

Table 3.1: SUI model parameters in different environments [10]

Terrain | Terrain | Terrain
Model parameter A B C
a 4.6 4 3.6
b(m™) 0.0075 | 0.0065 | 0.005
c(m) 12.6 17.1 20

The model’s correction factors for the frequency of operation and the MS antenna height are [10]:

X = 6log;o(-2) (3.15)
and

X, = —10.8log;, (ZQSO) for Terrain Types A and B (3.16)
X, = —2010g10(2';;0) for Terrain Type C (3.17)

Where, f is frequency in MHz and h,. is the BS antenna height above ground in meters.

The following simulated graphs shows how SUI path loss model performs to the variation of

different parameters like distance, base station height and frequency.
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Figure 3.8 SUI model path loss performance with the variation of base station height
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Figure 3.9 SUI model path loss performance with the variation of frequency

The above two figures show the characteristics of SUI path loss model with respect to distance.
As shown in both graph the path loss nearby the base station increases as we go from rural areas
to Urban areas. And as expected the path loss also increases as we go far from the base station.
Figure 3.8 displays how the path loss responds when we vary base station heights in all area types.
And as the base station height increase the path loss decreases. Similarly, figure 3.9 shows the
relation between SUI path loss model and frequency where path loss decreases with decreasing

operational frequency.

3.3.4 Hata Model

Hata model, also known as Okumura—Hata model, is among the most frequently used model to
estimate the radio signal reduction in a macro cell environment. Since the model is developed
using field measurements data, it is considered as an empirical model. The field measurements
were executed in Tokyo-Japan, and the acquired result was issued in the form of graphs and put
into equations. The model is valid for quasi-smooth terrain in urban areas. For some other terrain
types correction factors are used. The ranges of the used parameters for this model are shown in
the following table [6].
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Table 3.2 Range parameters of Hata Model [6]

Parameter Symbol Range
Frequency range f 150-1500 MHz
Frequency Extension 1500-2000 MHz
Distance between BTS and MS d 1-20 km
Transmitter antenna height hy, 3-200 m
Receiver antenna height hon 1-10m

The Okumura—Hata model for path loss estimation in Urban areas can be expressed as
L =A+ Blogyy f —13.82log ¢ hy —apm + (44.9 — 6.5510ogo hp) log,o d (3.18)

While: - f - frequency (Mhz). h;, - BS antenna height (m), h,, - the MS antenna height (m), ax.,
- mobile antenna correction factor and d - distant between the BTS and MS (km). For small or

medium sized cities, the correction factor of MS antenna height is formulated as shown below:

apm = (L.1log.o f — 0.7)h,, — (1.56l0g,, f — 0.8) (3.19)

and for large city:

apm = 8.29 (logyo 1.54h,,)% — 1.1 for f < 200 MHz (3.20)
3.2 (logyo 11.75h,,)% — 4.97 for f > 400 MHz (3.21)

The parameters A and B are reliant on the frequency as shown below [6]:

A=69.55 150 < f < 1500 MHz (3.22)
46.30 1500 < f < 2000 MHz (3.23)
B=26.16 150 < f < 1500 MHz (3.24)
33.9 1500 < f < 2000 MHz (3.25)

For sub urban area
L = Lurpan = 2 [log1o (i)” — 5.4 (3.26)
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For rural areas

L = Lyrpan — 478 [log1o(2)]? + 18.33 log,, f — 40.94 (3.27)

Hata model is not appropriate for micro-cell planning where antenna is below roof-height.

The following simulated graphs shows how Hata path loss model performs to the variation of
different parameters like distance, base station height and frequency.
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Figure 3.10 Hata model path loss performance with the variation of base station height
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Figure 3.11 Hata model path loss performance with the variation of frequency
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e
The above two figures show the characteristics of Hata path loss model with respect to distance.
As shown in both graph the path loss nearby the base station is higher in rural areas whereas lower
in sub-urban areas. And as expected the path loss also increases as we go further away from the
base station. Figure 3.10 displays how the path loss responds when we vary base station heights
in all area types. And as we increase the base station height the path loss decreases. Similarly,
figure 3.11 shows the relation between Hata path loss model and frequency where path loss

decreases with decreasing operational frequency.

3.3.5 Ericsson Model

A model where network planning engineers use a software delivered by Ericsson company to
estimate a path loss is called Ericsson model. The model also relies on the reformed Okumura-
Hata model so that there is a room to change parameters in accordance with the propagation

environment. According to Ericsson model we can define the path loss as [10].

L = ap + a;log,od + a logy by + azlogyo(hp)logyo(d) — 3.2(logy0(11.75h,)%) + g(f)
(3.28)

where g(f)is defined by [10].

g(f) = 44.491ogyo(f) — 4.78(log1(f))? (3.29)

Where, f is frequency in (MHz), h,, is the base station antenna height in (m), h,. is the MS antenna
height (m).The default values of these parameters (a,, a;, a, and a3) for different terrains are

provided in the table below

Table 3.3 Values of parameters for Ericsson model [10]

Environment ao ai az as

Urban 36.2 30.2 12 0.1
Suburban 43.2* | 68.93* 12 0.1
Rural 45.95* | 100.6* 12 0.1

*The value of parameter a, and a, in sub-urban and rural areas are computed using Least Square
(LS) method in [17].
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The following simulated graphs shows how Ericsson path loss model performs to the variation of

different parameters like distance, base station height and frequency.
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Figure 3.12 Ericsson model path loss performance with the variation of base station height
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Figure 3.13 Ericsson model path loss performance with the variation of frequency
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The above two figures show the characteristics of Ericsson path loss model with respect to
distance. As shown in both graph the path loss near to the base station increases as we go from
rural areas to Urban areas. And as expected the path loss also increases as we go further away
from the base station. Figure 3.12 displays how the path loss responds when we vary base station
heights in all area types. And as we decrease the base station height the path loss also decreases.
Similarly, figure 3.13 shows the relation between frequency and Ericsson path loss model where

path loss increases with increasing operational frequency.
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Chapter Four

4. Data Collection and Path Loss Measurement

4.1 Measurement Methodology

After studying the available propagation path loss models and deciding the appropriate models
for the target city or area, field measurement will be the most crucial step for path loss model
tuning project. The success of the project hangs on the accuracy of the measured data. Regardless
of that wrong data measurement may happen due to various reasons. Selection of proper sample
site which can represent the whole city and choice of the right measurement tools are the two

main factors. And a wrong field data measurement will result in a wrongly tuned path loss model.

Field data measurement tools use different hardware and software elements. And these tools have
to be selected carefully and should be calibrated (configured) properly, so that the right data
measurement which reflect the effect of the area in focus can be collected. And it has to be known
that when base station antennas are used for measurement, the coverage area of the sector should

first be determined before taking the measurement.

Despite following all procedures appropriately, measurements can be biased by many factors.
Some of the challenges are the speed of the drive when the measurement was taken, Consistency
of using the same measurement tools, weather condition, traffic movement, road limitation, time
of measurement, etc. Since The measured data can be affected by weather condition and time of
measurement, | have tried to perform the measurement at different times and on different weather
condition but that is also not enough to declare the collected data perfect. So, these challenges are

taken as limitations of this thesis.
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4.1.1 Measurement Tools and Equipment Setup

Table 4.1 Measurement Tools

No Tool Version Model
Nemo Outdoor -
ACTIX Analyzer :

3 Samsung mobile Phone SAMSUNG

(Nemo router installed) Galaxy S8

4 Samsung mobile phone SAMSUNG

. with Nemo Handy Galaxy S5

GPS
“ Laptop
]

Lenovo Core i7

Mobeke Dietace for 26 : ~ 03P Pe0 "

Maobile Device ¢ 3G

o gs

Figure 4.1 Drive Test Measurement Equipment’s Setup

4.2 Site Selection

License

License on flash
No License
License
Activated
License
Activated

No License

No License

USB Dywiader with Laoense
key Imtalled Flash Disk

GPS Antesm

In this Thesis the whole Hawassa city is set to be the target area. Hawassa City has different area
types. The city area was divided into different area types according to their morphology which
depends on population density, building height and plant density. Some areas have high density
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e
of buildings, more traffic. Other areas have some buildings, some traffic flow, living houses and
dense plant coverage. There are also areas having open spaces and only some living houses. From
this we can see that Hawassa city has urban, suburban and open area morphologies. Before the
measurements, planning was done to decide where the measurements should be taken. A google
earth assisted and physical observation planning was done on the entire city so that the best sites
which can represent all the morphology types, open areas, suburban areas and urban areas of
Hawassa, can be selected. There are a total of 44 sites which are dispersed around Hawassa city
[14]. All the sites were installed so that they could cover the entire city based on population
density and geographical structure. From these 44 sites | selected 14 sites which can represent all
morphology types. In this Thesis, a sector is considered as a site because a sector facing to one
side of an area and the other to the another side of an area actually represents different areas. Base

stations of 2G and 3G technologies (GSM and UMTS) were used for measurement.

Figure 4.2 Total Sites in Hawassa City
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The above figure shows all the 44 sites in Hawassa. As seen in the google earth image the sites
are dispersed in the total area justly. The below table shows the list of the sites on the image:

Table 4.2 List of Sites in Hawassa City [14]

1 222082 Hawasa 7.0275 38.4848 35
L2 222084 Hawasa 7.02883 38.47149 34
38 222089 Hawasa 7.03561 38.48378 29
L4 222092 Hawasa 7.04027 38.4751 34
5 222095 Hawasa 7.0451 38.46526 32
6 22209 Hawasa 7.0452 38.482 27
7 222097 Hawasa 7.04591 38.490708 33
8 222105 Hawasa 7.05248 38.470555 37
L9 222088 Hawasa 7.03823 38.50561 34
10 222101 Hawasa 7.05038 38.51297 38
L1 222107 Hawasa 7.05487 38.48494 34
12 222109 Hawasa 7.05955 38.50117 34
13 222110 Hawasa 7.0597 38.4744 34
14 222113 Hawasa 7.06187 38.48696 34
15 | 222116 Hawasa 7.07088 38.47975 34
16 | 222117 Hawasa 7.0736 38.4899 27
17 222118 Hawasa 7.07464 38.50618 30
18 222080 Hawasa 7.0227 38.5008 27
19 | 222087 Hawasa 7.0345 38.4946 37
200 222120 Hawasa 7.08375 38.4898 35
21 | 222102 Hawasa 7.04801 38.47805 29
22 222076 Hawasa 7.01212 38.50313 30
23 222077 Hawasa 7.0197 38.49193 29
24 222078 Hawasa 7.0199 38.47249 29
L 25 | 222079 Hawasa 7.0203 38.48114 29
126 222083 Hawasa 7.02586 38.49523 30
21 | 222085 Hawasa 7.03275 38.47745 29
28 222086 Hawasa 7.02877 38.46454 29
- 222093 Hawasa 7.04087 38.48233 30
180 222094 Hawasa 7.04333 38.49763 29
- 222098 Hawasa 7.04434 38.47359 29
10832 | 222099 Hawasa 7.04356 38.45952 30
- 222100 Hawasa 7.04953 38.49397 29
18 222091 Hawasa 7.04016 38.51438 30
- 222103 Hawasa 7.0504 38.48244 29
178 @ 222104 Hawasa 7.05173 38.48813 30
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222106

222108
222111

222112
222114

222115
222121

222090

Hawasa

Hawasa
Hawasa

Hawasa
Hawasa

Hawasa
Hawasa

Hawasa

7.05328

7.05462
7.059

7.05313
7.06537

7.06729
7.07722

7.03922

38.4782

38.49331
38.47998

38.50423
38.47574

38.48467
38.48367

38.48975

29

30
28

30
30

30
29

29

From the above listed sites the following 14, which are thought to represent all topologies and
urban structure of the city, were selected:

Table 4.3 Selected Sites [14]

222078
222080
222082
222089
222096

222097
222101

222102

222105
222110
222112

222116

222118
222120

Baleweld Church
New Market

Nigist Fura

Liz Sefer

Behind St. Gebriel
church

Pay Station

Chefe Genet Church
Beza Collage

Tele Branch

Old Market
Hawassa
University(Techno)
Debub Ez
Condominium
Industry Park

Dato

7.0199
7.0227
7.0275
7.03561
7.0452

7.045912
7.05038

7.04801

7.052475
7.0597
7.05313

7.07088

7.07464
7.08375

38.47249
38.5008
38.4848

38.48378

38.482

38.490708

38.51297
38.47805

38.470555

38.4744
38.50423

38.47975

38.50618
38.4898

29
27
35
29
27

33
38

29

37
34
30

34

30
35
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R
Google Earih

Figure 4.3 Selected Sites

4.3 Measurement Procedures

As mentioned above the crucial part of this work was data measurement since all the analysis and
conclusions made at the end relies on the collected data. And since Drive Test Methodology is
used by many telecom industries as the best possible solution to collect signal strength, mobile
network latency, voice call KPIs and optimization, it is also adopted in this work for data
collection process. For the Drive test measurement process, | have used different high quality and
commercially licensed hardware and software tools. The tools used for drive test measurements
were Nemo handy, Nemo outdoor, GPS, mobile phones, laptop, ACTIX software for data analysis
and a vehicle. Nemo Handy is an Android-based application which is used for measuring and
monitoring the air interface of LTE/ LTE Cat 6, HSPA+, HSUPA, HSDPA, WCDMA, EVDO,
CDMA, GSM, and Wi-Fi wireless networks, and QoS/QoE of mobile application. Whereas,
Nemo Outdoor is a laptop-based drive test tool which can support more than 280 terminals and
scanning receivers from different vendors. And It is a powerful software platform which work for
any technology and various protocol and application testing preferences. And ACTIX Analyzer
is a software tool which offers a cutting-edge drive test survey analysis and support network
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calibration, network acceptance and confirmation. It is used in 2G, 3G, LTE, VOLTE and 5G
rollouts. The data measurement procedure starts by connecting all the devices, two Samsung S8
mobile phones (one for 2G and the other for 3G), GPS antenna and flash disks with license key
to the laptop. After connecting and powering up all the devices the NEMO outdoor Software on
the laptop and Nemo router on the phones will be launched. And then, Nemo outdoor software
will be configured so that it could be able to measure the signal strength of BCCH (Broadcast
control channel) in GSM and PSC (Pilot Scrambling Code) in WCDMA. Finally, the System will
be ready for measurement after enabling carrier and channel locking to GSM and UMTS.

The measurement was conducted by initiating calls at each test point till the call is setup and then
the signal strength data transmitted through air interface between the BS and the MS were read.
Then the drive test is carried out by setting the tools in a car and driving along the coverage area
of the site. For all sites, received signal strength was measured at a reference distant of 200m from

the BS and at continuous intervals of 100m up to 1000m.

In the measurement process there were challenges that may have impacted the accuracy of the
collected data. The first problem was since the drive test was performed was since the drive test
was performed following the available road route it was difficult to get the signal properties of a
site up to the required range. Following the road route will take us out of the coverage area of the
required site and we were unable to find enough data for some sites. And the other challenge was
the closeness of sites in Hawassa city. There are many sites in the city and the antennas of each
sites are tilted down not to intrude into the coverage areas of other sites. Thus, the signal range of
some sites are somehow shorter and measurements were unable to be taken up to the required

range.

Table 4.4 Sample Path Loss Measured data of a single site at 2100Mhz

1 222080 A 18.29 -52.4
2 222080 A 101.02 -70.5
3 222080 A 150.84 -62.6
4 222080 A 198.34 -57.4
5 222080 A 249.2 -71.45
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6 222080 A 300.33 -74.2

7 222080 A 349 -75.2

8 222080 A 400.79 -71.8

9 222080 A 452.6 -69.6
10 222080 A 500.16 -82.6
11 222080 A 550.14 -95.9
12 222080 A 599.63 -98.45
13 222080 A 653.5 -95.15
14 222080 A 701.74 -99.55
15 222080 A 751.83 -99.95
16 222080 A 797.17 -99.85
17 222080 A 850.81 -68.85
18 222080 A 902.7 -74.1

19 222080 A 1001.86 -83.85

Figure 4.4 Sample drive test of 1800 MHz displayed on google earth
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Figure 4.5 Sample drive test analysis of 2100 MHz on ACTIX analyzer
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Chapter Five

5. Data Analysis and Discussion of Results

5.1 Error Measurement and Optimization Algorithm

This sub-chapter discusses the error measurement techniques used in this thesis to compare the

measured and calculated data. It also discusses the model tuning algorithm used.

5.1.1 Error Measurement

Error measurement was done to evaluate the closeness of the predicted path loss by the path loss
model with the measured path loss on the field. To do this four types of error measurement
techniques were implemented in this Thesis. These are, Root Mean Square Error (RMSE), Mean
Absolute Percentage Error (MAPE), Standard Deviation (SD) and Mean Absolute Error (MAE).

5111 RMSE

Root mean square error measures the average dispersion of a set of data predicted by a model
from an observed data. It is the most used techniques in most thesis that are done on performance
comparison. In this thesis also RMSE is mainly used to compare the calculated and measured

path loss. And it is calculated with the following formula:

RMSE = \/% (X™(PLy, — PLp)? (5.1)

Where,
PL,,- is the measured path loss
PLp- is the calculated path loss

n - is the number of measured data
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5.11.2 MAPE

The mean absolute percentage error (MAPE) is a statistical measure of the precision of an
estimation model. It calculates this precision as a percentage, and can be calculated as the average

absolute percent error for each time period minus measured values divided by measured values.

MAPE =y [Fm=ttr (5.2)

Lm

Where PL,, is the actual value and PLj is the predicted value.

MAPE is the most common measure used to estimate error, and it work best if there are no
extremes to the data (and no zeros).

5.1.1.3 SD

Standard deviation (SD) measures how much a data is spread out around the mean or average.

And it is calculated as follows:

sp = JZ?((PLm—PLP)—MAE)Z (5-3)
n-1

Where ME is mean error.

5.11.4 MAE

The Mean Absolute Error (MAE) is used to measure the closeness of the predicted values to the
actually measured values. And it is calculated as follows:

MAE = = %7|PLy, — PLp| (5.4)
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5.1.2 Model Optimization Algorithm

In this part of the thesis we will discuss the crucial analysis part of the Thesis. As mentioned in
different parts of the thesis the main purpose of the Thesis is to tune the pre-existing path loss
model toward the measured data which represent the available environmental status. And to do

that model

tuning algorithms are essential. There are different path loss optimization algorithms available
but out of all the available methods Linear Least Square method is the most commonly used. And

this thesis has also used LLSM for model tuning.

5.1.2.1 Linear Least Square method

Linear Least Square method is by far the most broadly used modeling method. Not only it is the
most widely used method but it also has a vital underlying role in various different modeling
methods, including: weighted least squares regression, non-linear least squares regression, and
LOESS. This method is a form of mathematical regression analysis which is used to define
the line of best fit for a set of data, providing a pictorial illustration of the correlation among the
data points. LLSM is an arithmetic tuning approach where all environmental influences are
considered. The key idea of LLSM is to reduce the variance between the measured and estimated
data in a way of mean square error function. Therefore, its simplicity and easy implementation
was the main reason to choose LLSM for mode optimization process on this case study. The

following equation shows the mathematical representation of LLSM:
E (a,b,c,..) = YX%yi— PR,i(xi,a,b,c)]? (5.5)

Where,

yi = measured path loss values at distant xi
PR, i=(xi, a, b, c) = model calculated path loss values at distant xi

a, b and c are the model parameters, n represents number of experiment data.
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Path loss model is considered calibrated at the values of a and b where the equation bring
minimum value of E (a, b, c, ...). To see the tuning process let us for instance take cost 231 path

loss equations as an example. And we can rearrange the formula as follows.

Ey =463+ C; (5.6)
Esys = 33.9l0g,o f — 13.8210g10 hy, — apm (5.7)
Bgys = 44.9 — 6.55 (log hyp) (5.8)

Where, Eq is Initial offset parameter, Egy is Initial system design parameter and By is the slope

of the model curve.

We can then write the total cost 231 path loss as:

P (costy31) = Eg + Egys + Bsyslogio d (5.9)
The Above equation can be written as:

Py pridicted(COSt231) =a+ bx

Where,
a = EO + ES)/S
b = Bsys

x = log, d, a simplified logarithmic base

As mentioned earlier the basic principle of LLSM is to reduce the variance between the measured
and estimated data in a way of mean square error function so that best fit condition could be

satisfied. And to ensure this, all partial differentials of error function have to be zero.

E (a,b,c,..) = X%y; — PR,i(x;,a,b,c)]? (5.10)
Which means:

o5 _ o5 _ 28 _

da ' ab ac

The partial differential of error function with respect to parameter a will be
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0F
da '

2= (Xilyi = (a+bx)]) = 0

After derivation, the detail is attached in the Appendix, with respect to ‘a’ the equation can be

written as:

na+bYix; = X1y

And from this equation ‘a’ can be expressed in terms of ‘b’ as following:
na=Y1y;—bXix

_ Z1yi-bh¥ix
n

a (5.11)

After derivation of the error function with respect to parameter b and rewriting the equation we
will get the following:

aXtx; +bYT(x)? = X yvix;

And from this equation ‘b’ can be expressed in terms of ‘a’ as following:

n n n
bZ(xi)z = ZYixi - azxi
1 1 1

Yyixi—aXix
b = 5.12
Y1 (xi)? (512
We can find the tuned parameters @ and b by substituting the variables a and b in equation
6= ?(xi)z-n 1Yi~ ?Tll'ixi-ZZ?xi (5.13)
IOMCHERIONED)
j— Ny YiXi—X1 Yi-X1 Xi (5.14)

n YR (x)2 - (X0 x)”

Finally, we can find the tuned cost 231 Hata path loss model by substituting the tuned parameters
d and b into the original cost 231 Hata path loss model that we begin the process with. To do that

we first find the initial offset parameter and slope of the model.
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a=Ey+ Egys

Then, E, becomes

Ey = a — Egys

Then, by replacing a with @ we can find E,:

Ey = @-Eqys (5.15)

And since b = By, there should be a tuning factor B to get b

b = BgysBsys (5.16)
b

sys Bsys

—~ b
Bsys = (5.17)

44.9-6.55 (log1o hp)

5.2 Collected Data Trend and Analysis

As mentioned in the site selection sub-chapter for this thesis | have selected 14 sites. And drive
test data was tried to be collected from all sites for 900 MHz, 1800 MHz and 2100 MHz
frequencies. But since most sites in the city are working on 1800 MHZ and 2100 MHz frequencies
and those working on 900 MHZ are installed to cover far areas | was unable to collect enough
900 MHZ data for analysis. Therefore, the data analysis was done for 1800 MHz and 2100 MHz
frequencies only. Data measurement was done up to 1000 meter from the sites. But since the drive
test was done via a vehicle and the coverage area of some selected sites were out of the available

road route, some sites data was not in the required range.

After collecting the data and getting the received power, PB.,, at the required ranges, Path Loss
calculation was done to find the selected sites path loss trend. Path loss was calculated with the
equation, P, = P, — P.. Based on the data | got from Ethio-telecom, all sites are configuered with
transmission power of 43 dBm [14]. Hence, 43 dBm is used for path loss calculation for all 1800
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MHZ frequency. whereas for 2100 MHz,3G, 10% out of the total transmission power allocated
for the BS (43dBm) is used for PCPICH. So, 33dBm is used for path loss calculation for all 2100
MHZ frequency.

In the site selection process, even if sites were selected to represent all area types as much as
possible it was necessary to categorize the selected sites to each area by using error measurement
techniques. Therefore, the four error measurement techniques (Root mean square error, Mean
Absolute Percentage Error, Standard Deviation and Mean Absolute Error) were used to compare
the measured path loss values with the estimated path loss values of all models. And sites were
classified in the area where the measured path loss was closer to the estimated values of variant

models of that area type.

5.2.1 Collected Data Trend

Here are the data samples collected from each selected sites. The graphs show the path loss of

each site in dBm versus distance in meter.

2222078 222080

:

Pathy Lossin e
Path Loss in«
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Figure 5.1 Collected Data Trend of selected sites at 1800 MHz
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Figure 5.2 Collected Data Trend of selected sites at 2100 MHz

From the above general trend of the collected data samples we can observe that the path loss
increases as the mobile station goes farther away from the base station. And this is expected
characteristics of any propagation medium. But beyond that, we can observe how the samples are
dispersed up and down in the path loss vs distance graph. Even if the average path loss is
increasing vs distance, individual records runs up and down, at points where path loss is expected
to be high it is low and vice versa. This is because of blockage and scattering of signals in the
propagation and it is the main reason why we need to tune the path loss model according to the

existing environment.

5.3 Site Classification based on Error Measurement

In this part of the Thesis sites are classified by comparing their measured path loss values with
the forecasted path loss values of all models using the four error measurement techniques (Root
mean square error (RMSE), Mean Absolute Percentage Error (MAPE), Standard Deviation
(SD) and Mean Absolute Error (MAE)).

The following table shows the error measurement between estimated and measured path loss

values at 1800 MHz frequency on each sites using all the five path loss models.
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Table 5.1 Sites and PL models performance classification based on Error measurement (1800)

(<5 —
S 3
| o
© >
b
< | a
—
® MAPE 126 566 953 479 634 542 611 499 533 540 115 047 836 608
h 5 9
5 MAE 131 | 653 | 111  6.02 759 647 763 588 668 618 131 574 748 732
8 5 3 7
SD 848 531 557 358 728 7.18 560 469 928 545 736 467 932 495
RMSE 346 291 338 294 280 254 286 146 224 227 384 270 341 308
6 8 5 1 8 7 4 0 6 7 9 2 5 2
zZ MAPE 306 238 279 223 225 206 211 106 173 177 319 207 279 236
g 5 7 9 5 2 3 8 7 2 7 3 8 3 8
x ®» MAE 333 | 280 322 279 268 246 264 125 | 215 207 369 257 | 267 290
) 2 8 1 9 0 5 4 9 6 2 6 9 4 7
SD 956 794 104 901 836 639 110 739 780 945 107 806 115 101
1 0 5 7 1
RMSE 136 646 963 38 672 679 820 682 970 758 111 625 107 583
1 2 6
2 MAPE 108 420 7.01 243 381 342 443 447 497 583 800 038 696 394
i 6
8 MAE 110 | 471 827 303 453 404 559 538 625 684 889 467 632 467
L 5
SD 794 442 495 234 497 546 600 419 707 325 668 416 7.63 320
RMSE 174 975 155 761 102 996 107 497 946 903 167 846 145 110
- 2 7 3 4 6 1 6
O MAPE 145 708 125 518 725 724 771 338 584 615 132 058 950 801
%) 1 5 8
%)
O MAE 150 @811 144 652 863 860 958 405 197 199 150 7.6 853 9.69
o 2 7 0 6 5
w gsp 882 542 574 393 549 503 485 289 692 885 737 467 102 524
7
RMSE 139 660 105 582 100 989 939 989 128 888 126 7.36 112 7.65
4 3 3 0 6 9
< MAPE 107 377 7.76 396 551 474 527 714 583 603 953 042 739 524
— 7
% MAE 111 430 914 495 655 567 660 839 731 708 107 520 6.66 627
9 7
SD 831 501 522 307 760 811 668 524 956 535 665 522 796 421
RMSE 139 659 105 582 100 990 939 991 128 888 126 7.37 112 7.4
- 3 2 3 1 5 9
©® MAPE 107 376 775 395 551 474 526 715 584 603 952 042 738 524
Z h 6
f-‘? g MAE 111 | 429 913 494 655 567 660 840 7.32 7.09 107 520 666 6.27
o 8 6
) © SD 831 500 522 307 760 811 668 524 956 535 665 522 796 4.21
m
(:,)) RMSE 336 281 323 276 269 243 266 146 211 221 367 253 325 289
S 8 9 6 8 9 8 6 2 6 0 1 5 7 4
®» MAPE 297 232 268 211 217 199 197 110 164 172 306 195 265 224
8 5 4 7 8 1 2 9 0 2 9 7 0
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MAE 322 272 308 265 258 236 245 130 203 20.0 353 242 253 274

1 6 7 3 7 9 9 6 4 9 8 2 8 5
SD 204 718 972 792 769 577 102 657 718 920 977 748 114 906
6 9 3
RMSE 282 223 246 186 207 183 173 148 141 174 277 169 239 197
7 4 5 3 0 0 4 0 2 4 1 2 8 7
™ MAPE 246 187 206 146 167 149 127 121 109 137 235 129 189 155
5 5 6 7 6 6 9 0 3 0 5 6 1 6
8 MAE 260 216 235 182 197 176 157 138 134 158 268 158 17.7 189
L 0 8 6 3 3 2 2 2 3 7 4 9 8 0
SD 110 538 7.6 383 629 495 734 530 467 724 690 580 108 568
8 8
RMSE 188 126 159 146 216 215 177 270 245 171 195 153 122 166
- 7 9 6 9 0 2 3 5 2 9 7 1 8 3
O MAPE 117 864 116 108 125 116 115 211 122 100 144 096 818 113
7 6 8 0 9 8 4 5 2 2 2 2
O MAE 130 972 133 134 147 137 143 240 151 118 168 119 744 138
o 1 9 0 2 6 5 8 6 4 5 4 1
W gp 136 816 870 602 158 165 104 123 160 124 996 958 841 915
7 1 5 1 2 4 7
RMSE 130 106 106 123 154 171 161 209 217 173 837 151 120 124
2 4 5 2 7 5 5 9 8 4 8 7 3
< MAPE 88 853 640 889 998 119 107 173 152 126 571 107 888 832
= 4 3 7 6 1
< MAE 100 100 7.60 109 117 @ 141 136 203 189 152 641 133 873 101
T 6 1 1 7 8 0 3 8 6 5 8
SD 826 361 746 573 100 963 870 524 957 823 539 723 596 7.05
3
RMSE 139 659 105 58 100 990 939 991 128 888 126 737 112 764
4 3 2 3 1 5 9
%. MAPE (150.7 376 775 395 551 474 526 715 584 603 952 042 738 524
g MAE 111 429 913 494 655 567 660 840 7.32 7.09 107 520 6.66 6.27
8 6
o SD 831 500 522 307 760 811 668 524 956 535 665 522 796 421
RMSE 332 277 316 267 264 238 256 148 205 218 357 244 317 279
3 2 2 6 5 7 3 0 0 3 6 8 4 5
MAPE 293 229 263 205 214 195 189 115 159 171 300 188 258 217
S 3 6 0 8 1 5 7 0 0 3 1 5 4
9 MAE 316 268 302 257 254 232 236 134 197 109 345 233 246 26.6
” 4 9 1 6 0 2 3 8 0 6 6 9 6 2
< SD 101 676 935 726 736 550 992 611 692 885 921 722 113 845
_ 4 6
a RMSE 303 247 228 241 369 376 266 503 407 326 259 255 113 252
- 5 0 3 4 5 8 7 1 5 1 9 1 9 5
O MAPE 158 169 157 179 218 218 158 403 223 219 189 152 681 163
2 1 3 8 3 5 3 4 9 4 8 0 3
O MAE 173 188 176 219 253 253 196 459 275 259 217 185 625 197
o 0 3 4 8 6 5 1 0 4 2 5 9 3
W gp 249 159 144 998 268 278 180 205 262 197 142 174 857 157
4 9 9 6 8 7 9 1 8 1 6 1
RMSE 157 849 125 706 105 967 948 745 113 824 151 742 130 895
3 2 5 9 8 2
< MAPE 127 574 960 48 637 545 615 495 533 540 116 047 840 613
= 2 6
% MAE 132 662 112 608 764 651 768 583 668 6.6 132 611 018 7.38
3 1 5
SD 849 532 558 360 728 7.5 556 463 819 546 739 468 923 497

. ________________________________________________________________________________________________|
HAWASSA UNIVERSITY, INISTITUTE OF TECHNOLOGY 65



Comparative Analysis and Calibration of Empirical Path loss models at 1800 and 2100 MHz frequency Bands for Hawassa City

As shown in the above table the RMSE, MAPE, MAE and SD between the measured and the
estimated path loss are calculated to all sites. And based on the closeness of the estimated path
loss to the measured one, sites are classified to the three area types (Urban, Sub-urban and rural).
Since RMSE and MAPE calculates closeness better than the other tools, they are mainly used to
classify the sites. Thus, according to the error measurement tools the least values shows the
highest closeness of the path loss models to the measured data. In addition to classifying the area

type of the sites, the table also shows which path loss model predict that area best.

Therefore, out of the evaluated 14 sites, 11 sites are classified under Urban area type whereas the
remaining 3 sites have fallen into Sub-Urban area type. And as can be seen on the highlighted
cells of the table, among the sites classified in the urban type ECC-33 has performed best in 10
of them which is 91 % of the urban sites. When we see the RMSE, the minimum it has scored is
3.83. Ericsson model has performed best in the remaining 1 site of the urban sites which is 9 %

of the total urban sites.

Out of the 3 sites which have fallen under Sub-Urban area type Hata path loss model has
performed best in 2 of them, which means 67% of the total Sub-Urban type area. When we see
their RMSE, the minimum value scored is 8.37. And in the remaining 1 site of Sub-urban area
COST-231 model performed better. This means 33% of the total Sub-Urban type area.

The following table shows each sites and the area they are categorized in:

Table 5.2 1800 Mhz Sites and the area type they categorized into

No. | Site ID Antenna Height | Best Fit Model | Area Type
1 222082 35 ECC-33 Urban
2 222089 29 ECC-33 Urban
3 222096 27 ECC-33 Urban
4 222097 33 ECC-33 Urban
5 222101 38 ECC-33 Urban
6 222102 29 Ericsson Urban
7 222105 37 ECC-33 Urban
8 222110 34 ECC-33 Urban
9 222116 34 ECC-33 Urban
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10 | 222118 30 ECC-33 Urban
11 | 222120 35 ECC-33 Urban
12 | 222078 29 Hata Sub-Urban
13 | 222080 27 Cost-231 Sub-Urban
14 | 222112 30 Hata Sub-Urban

The following table shows the error measurement between estimated and measured path loss

values at 2100 MHz frequency on each sites using all the five path loss models.

Table 5.3 Sites and PL models performance classification based on Error measurement (2100)

(5] e
S
| o
g >
s |
< | a
—
2 MAPE 164 146 192 105 1097 104 303 121 1001 212 851 212 16.0
il 0 0 8 1 6 8 7 4 8 1
0 MAE 165 161 | 21.3 118 1118 158 577 @ 127 1142 221 967 @ 224 175
8 0 5 1 7 4 1 7 6 7 2
SD 790 6.16 899 563 478 775 617 322 705 895 577 107 6.36
7
RMSE 382 | 391 | 473 347 2944 346 290 350 3309 462 303 481 408
3 9 3 5 1 9 8 0 5 2 1
MAPE 358 340 411 294 2761 241 194 327 2587 425 245 434 347
= 8 5 9 6 5 5 4 0 4 2 0
®» MAE 374 | 379 456 339 2865 379 320 348 2982 446 280 312 385
8 6 2 0 2 7 4 9 6 6 0
SD 753 921 126 764 678 989 831 403 1433 117 115 193 135
= 2 2 7 6 0
g RMSE 170 142 | 181 103 1356 121 7.6 138 945 201 853 204 145
o 9 7 6 9 5 1 3 3 7
D 9  MAPE 151 12,0 153 816 1255 774 453 127 6.47 1819 6.62 168 121
& 7 4 1 6 9 8
O MAE 149 131 | 168 905 1240 126 7.70 @ 132 738 188 @ 740 116 131
L 7 2 3 7 6 3 4 3
SD 823 556 681 510 547 687 439 384 591 709 424 118 624
7
RMSE 65.2 174 | 248 140 1423 17.0 127 170 1471 248 131 254 20.7
> 8 5 9 7 0 8 3 7 6 3 5
O MAPE 60.4 148 214 113 1330 114 827 159 1094 225 105 219 177
y) 1 9 5 9 5 5 9 3 2 0
O MAE 647 163 | 236 127 1342 183 141 167 235 119 | 153 193
o 3 6 3 9 6 2 5 1256 1 1 8 1
w SD 847 605 782 586 473 719 574 3.05 810 560 130 754
7.67 3
- <« RMSE 137 126 183 12.0 19.1 222 161
3 5 9 879 760 3 679 995 10.83 1 956 5 8
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MAPE 120 105 149 17.3 185 137
7 5 4 700 660 747 430 905 750 2 706 4 6
MAE 120 116 164 10.6 18.0 128 150
9 9 9| 786 659 8 692 952 846 4 800 3 2
SD 12.6
652 464 813 395 378 760 367 289 676 632 523 5 595
RMSE 157 | 145 204 | 106 936 @ 135 678 120 1177 211 955 222 161
o 2 1 8 4 3 2 3 4 7
®  MAPE 139 122 167 840 801 869 429 110 844 189 705 185 137
(V]
i 4 0 0 8 9 2 5
v MAE 139 | 135 184 | 943 812 127 691 116 957 197 799 128 150
8 7 1 6 1 7 9 2 0
SD 720 513 886 493 465 775 366 289 685 741 523 126 595
5
RMSE 375 380 451 335 2969 331 276 346 3179 448 294 463 39.1
5 0 7 5 4 0 4 0 0 5 5
MAPE 353 332 395 285 2814 231 185 324 2522 414 241 418 336
= 7 3 5 9 4 0 5 2 1 2 6
®» MAE 368 369 437 328 2908 368 310 344 2905 434 275 300 37.2
1 8 4 2 5 3 7 9 0 9 4
SD 746 838 112 697 595 907 739 347 1290 107 104 187 120
8 4 1 1 5
RMSE 341 297 | 359 276 3137 261 208 319 2572 379 248 376 320
Z 4 6 7 7 5 8 8 9 4 0 0
g ™  MAPE 322 265 320 238 3053 182 139 302 2156 357 212 337 285
d X 2 8 9 7 2 7 0 5 8 8 7
) 8 MAE 328 292 353 270 3089 311 254 317 2472 373 239 242 312
m W 6 0 2 3 6 0 5 2 6 1 0
(:,), SD 924 557 681 591 547 687 554 384 740 7.09 655 157 7.06
4
RMSE 116 | 17.0 288 | 127 1506 @ 160 @ 11.8  7.98 1471 232 182 244 240
> 6 0 2 8 8 1 2 7 8 7
O MAPE 9.90 11.8 226 855 1011 972 648 670 1094 203 122 199 198
7 7 4 7 4 4 0
O MAE 104 | 134 252 | 988 964 @ 129 122  7.05 2873 217 135 137 220
o 6 9 2 6 1 1 8 7 2
W gp 516 103 139 810 1157 112 7.70 374 12.03 824 122 145 966
2 5 3 2 4
RMSE 102 116 1238
793 696 988 819 770 626 629 377 1343 3 6 7 978
< MAPE
= 556 475 718 498 591 358 297 251 1003 847 794 986 6.98
I MAE
594 532 779 588 617 663 7.28 272 1138 875 904 667 7.43
SD
526 448 609 569 460 425 598 261 714 530 736 854 6.28
RMSE 157 | 145 204 | 106 936 @ 135 678 120 1177 211 955 222 161
o 2 1 8 4 3 2 3 4 7
©  MAPE 139 122 167 840 801 869 429 110 844 189 705 185 137
o 4 0 0 8 9 2 5
v  MAE 139 | 135 184 | 943 812 127 691 116 957 197 799 128 150
o 8 7 1 6 1 7 9 2 0
5 SD 720 513 886 493 465 775 366 289 685 741 523 126 595
5
a RMSE 372 374 | 440 329 2999 323 268 345 3115 440 289 454 383
9 0 2 6 7 4 2 9 9 0 2
3 MAPE 351 328 386 281 2860 226 180 324 2495 408 239 409 331
n 8 5 9 7 0 0 0 9 8 6 7
MAE 365 365 427 322 2948 363 305 343 2873 429 273 294 366
3 0 6 9 5 6 7 0 0 7 2
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SD 751 789 104 @ 662 551 861 690 320 1203 101 973 183 112

8 7 5 2

RMSE 190 | 248 342 | 208 3706 147 128 199 3511 261 330 223 338

> 7 2 7 8 4 1 3 1 6 4 0

O MAPE 151 185 266 138 31.27 817 533 153 2314 193 213 177 237

7 4 7 2 1 9 3 4 2 4

O MAE 155 | 204 = 294 | 153 3040 @ 183 @ 177 @ 154 2589 206 233 122 261

o0 7 9 8 3 3 9 4 8 2 2 6

w SD 110 123 174 141 2120 132 162 126 2372 159 234 138 213

1 6 8 7 4 1 0 3 4 7 8

RMSE 163 153 211 112 14.2 12.9 219 113 250 187

7 6 5 6 10.20 1 882 5 1215 0 6 6 9

MAPE 145 129 173 11.9 19.6 214 161

3 3 1 889 886 923 564 8 877 2 860 2 2

< MAE 145 143 191 136 126 20.4 149 176

= 7 2 4 999 901 7 848 2 9.97 5 978 8 4
% SD 13.2

746 541 899 519 478 775 539 289 693 784 579 0 6.39

The Same as 1800 Mhz sites analysis the above table also presents the performance the path loss
models in each 2100 Mhz sites. Therefore, out of observed 13 sites, 2 sites are classified under
Urban area type whereas the remaining 11 sites falls under Sub-Urban area type. The highlighted
parts of the table show the minimum values scored under each sites and minimum value means
that Path loss model prediction is closer to the measured value. And based on that, among the
sites classified in the urban type ECC-33 has performed best in all of them which is 100 % of the

urban sites. When we see the RMSE, the minimum it has scored is 8.53.

And out of the 11 sites which have fallen under Sub-Urban area type Hata path loss model has
performed best in all of them, which means 100% of the total Sub-Urban type area. When we see

their RMSE, the minimum value scored is 6.26.
The following table shows each sites and the area they are categorized in:

Table 5.4 2100 MHz Sites and the area type they categorized into

No. | Site ID | Antenna Height | Best Fit Model | Area Type
1 222110 |30 ECC-33 Urban

2 222116 | 34 ECC-33 Urban

3 222078 | 29 Hata Sub-Urban
4 222080 |27 Hata Sub-Urban
5 222082 | 35 Hata Sub-Urban
6 222089 |29 Hata Sub-Urban
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7 222096 | 27 Hata Sub-Urban
8 222097 |33 Hata Sub-Urban
9 222101 |38 Hata Sub-Urban
10 | 222102 |29 Hata Sub-Urban
11 | 222112 |30 Hata Sub-Urban
12 | 222118 | 30 Hata Sub-Urban
13 222120 |35 Hata Sub-Urban

After categorizing the sites into the area type where they behave the nearest, now we can see the

measured path loss trend of each sites in their respective area.

The following graph shows the measured path loss trend of sites classified under Urban area type
at 1800 Mhz frequency.

wlpe M 2251 | .
140
el M i L 089
= Measu L 222096
130
Measy 209
e M A5 | 10135 120
——Measured PL 222102 4
-
£ 10
e Measured P 222105 @ 110
w—Mogsured P 222110
100
— M E3SU 116
——Measu ! 118
90
il 350 120

Distance in meter

Figure 5.3 Measured Path Loss trend of Sites in Urban area type at 1800 Mhz
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Whereas, the next graph shows the measured path loss trend of sites classified under Sub-Urban

area type at 1800 Mhz frequency.

=== Neasured PL 222078

Measured PL 222112
i00
»

30

Path Lossin dBm

2
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Figure 5.4 Measured Path Loss trend of Sites in Sub-Urban area type at 1800 Mhz

The above two figures show the measured path loss characteristics of selected 1800 Mhz sites
versus distance in Urban and Sub-urban area types respectively. As shown in the figures each
sites are represented by different colors. The graph is plotted using path loss records taken at
100m interval. Even if the path loss runs up and down unpredictably, we can see that the average

path loss is increasing vs distance.

After categorizing the sites in their area types and observing the measured path loss trend of each
sites. | have calculated the average measured path loss of both area types and evaluated it against
all path loss models so that | can determine which path loss model predict each area type best.
And as shown in the below table, for Urban area type ECC-33 scores the least value when
compared to the other models with RMSE of 4.18. ECC-33 was also the best model (in 91 % of
the total Urban sites) in urban areas when each sites were analyzed separately. And for Sub-urban

area type HATA scores the least value when compared to the other models with RMSE of 7.86.
I ——
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Table 5.5 Urban area type Average measured path loss performance at 1800 MHz

RMSE MAPE MAE
Cost- | SUI | Eric | ECC | Hat | Cos | SUI | Erics | ECC | Ha | Cos | SUI | Eri | ECC- | Hat
231 sson | -33 a t- son 33 | ta |t- css | 33 a
231 231 on
426 | 251|445 (418 (49 |23 |188 [3.16 |264 [2. |31 |254 |41 [356 |31
8 6 9 41 | 2 5 8

Table 5.6 Sub-Urban area type Average measured path loss performance at 1800 MHz

RMSE MAPE MAE
Co | SUIl | Eric | ECC- | Hat | Co | SUI | Eric | ECC | Hat | Cos | SUI | Erics | ECC | Hat
st- sson | 33 a st- sson | -33 a t- son -33 a
231 231 231
79 [ 317 {121 |2415|78 |59 |26. |83 2028 |51 | 6.8 |31 |97 234 |6.2
5 5 2 6 2 45 5 8 2 9 4

The following graphs shows the average measured path loss of Urban and Sub-Urban areas in

comparison with the best fit path loss prediction model in that area.

Path Lossin dBm

200 200 600 BOO 1000 1200

Distance in meteos

Figure 5.5 Urban area type average measured path loss and ECC-33 model for 1800 MHz
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Figure 5.6 Sub Urban area type average measured path loss and Hata model for 1800

The above two figures compare selected sites averaged path loss characteristics in both urban and
Sub urban areas with the best fit path loss model determined in that respective area type. As can
be seen on the figure the averaged path loss trend of urban areas and sub-urban areas trace ECC-

33 and Hata path loss models respectively.
Similar to the analysis at 1800 MHz frequency, the below graphs and tables explain the collected
path loss data of 2100 MHz and its analysis.

The following graph shows the measured path loss trend of sites classified under Urban area type
at 2100 Mhz frequency.
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Figure 5.7 Measured Path Loss trend of Sites in Urban area type at 2100 Mhz

Whereas, the next graph shows the measured path loss trend of sites classified under Sub-Urban

area type at 2100 Mhz frequency.
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Figure 5.8 Measured Path Loss trend of Sites in Sub-Urban area type at 2100 Mhz
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Similarly, the above two figures also show the measured path loss characteristic of selected 2100
Mhz sites versus distance in Urban and Sub-urban area types respectively. As shown in the figures
each sites are represented by different colors. The graph is plotted using path loss records taken
at 100m interval. Even if the path loss runs up and down unpredictably, we can see that the

average path loss is increasing vs distance.

As done in 1800 MHz data, here the average measured path loss of 2100 MHz sites in both area
types is calculated and evaluated against all path loss models. And as shown in the below table,
for Urban area type ECC-33 scores the least value when compared to the other models with RMSE
of 6.15. ECC-33 was also the best model in all urban areas when each sites were analyzed
separately. And for Sub-urban area type HATA scores the least value when compared to the other
models with RMSE of 6.11.

Table 5.7 Urban area type Average measured path loss performance at 2100 MHz

RMSE MAPE MAE
Co | SUIl | Erics | ECC | Ha | Cos | SUI | Erics | ECC | Hat | Cos | SUI | Erics | ECC- | Ha
st- son -33 ta | t- son -33 a t- son 33 ta
231 231 231
77 [ 278 1949 |6.15 |6. |57 |22. |717 | 426 |45 |68 |26. | 848 |518 |55
3 5 |2 06 9 1 71 1

Table 5.8 Sub-Urban area type Average measured path loss performance at 2100 MHz

RMSE MAPE MAE
Co | SUIl | Erics | EC | Hata | Cost | SUI | Eric | EC | Hat | Cost | SUI | Erics | EC | Hat
st- son C- -231 sson | C- a -231 son C- a
231 33 33 33
7.8 1316|1085 |25 |6.11 |6.23 269 803|221 |45 (7.2 |31.3]|9.28 |25. |522
7 2 62 8 3 1 4 4

Similar to the 1800 MHz analysis, the following graphs shows the average measured path loss of

Urban and Sub-Urban area in comparison with the best fit path loss prediction model in that area.

. ________________________________________________________________________________________________|
HAWASSA UNIVERSITY, INISTITUTE OF TECHNOLOGY 75



Comparative Analysis and Calibration of Empirical Path loss models at 1800 and 2100 MHz frequency Bands for Hawassa City
|

140

130
. A LRAS P = 120
il ECC-33 urban

110

100

Path Lossin @&m

0 100 200 100 400 500 &00 700 500 S00

Distance in meter

Figure 5.9 Urban area type average measured path loss and ECC-33 model for 2100 MHz

150

140

130
120

=4 Average PL :
—fl— Hata Sub-urban 110
100
90

80

Path Loss in dBm

0 100 200 300 400 500 600 700 800 900
Distance in meter

Figure 5.10 Sub-Urban area type average measured path loss and Hata model for 2100 MHZ

The above two figures compare selected 2100 Mhz sites averaged path loss characteristic in
both urban and Sub urban area with the best fit path loss model determined in that respective
area type. As can be seen on the figure the averaged path loss trend of urban areas and sub-

urban areas trace ECC-33 and Hata path loss models respectively.
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5.4 Model Optimization

As briefly shown in the collected data analysis part, the best measured path loss data estimating
models have been selected. So based on the analysis, ECC-33 is the best estimating model for
urban areas where Hata model is selected to be the best method in Sub-Urban areas at both 1800
MHz and 2100MHz frequencies. And after selecting the best estimating models, in this section
the model optimization will be done for both area types. The model optimization is done using
Linear Least Square method (LLSM). Once the optimized path loss model is found the RMSE

values are calculated to see how close the model is tuned to the measured data.

In the model tuning process the average height of 1800 Mhz base station antennas in urban areas
and Sub Urban area is rounded to 30m and 28m respectively. Whereas, the average height of 2100
Mhz base station antennas in urban areas and Sub Urban area is rounded to 34m and 33m

respectively.

5.4.1 Correction Factors and Parameters after Calibration for 1800MHZ

The following tables shows the calibrated parameters of the models based on the calculations
presented in the appendix and the RMSE values of the optimized models.

For Urban area types:

Table 5.9 Tuned parameters of ECC-33 model for Urban area

C1 Tuned slope value of Aym,C2 | Tuned offset value of Apm K1 | K2
135.575 28.187 23.207 8.187
Then, the calibrated ECC-33 model equation for Urban area types will be:

Plgcc_33 = Afs + Apm — Gy, — G, (5.18)
where,

Ars = 92.4 + 20log,o d + 20 log,, f (5.19)
Apm = 23.21 + 8.191og;, d + 7.894 log,, f + 9.56[log, f]? (5.20)
Gy = log1o(5:2){13.958 + 5.8[logy, d]?} (5.21)
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G, = 0.759h, — 1.862 (5.22)
The performance of the calibrated ECC-33 model for Urban area will be:

Table 5.10 Performance of Tuned ECC-33 after for urban area

RMSE MAPE MAE SD
2.46 1.54 2.04 1.53

indBm

vl Tunned PlL w 19¢

Path Los

Figure 5.11 Urban area Calibrated ECC-33 model Vs measured PL and original ECC-33 (1800)

The above figure shows the comparison of Urban area tuned path loss model characteristics versus
selected sites averaged path loss characteristics and ECC-33 (Urban area best fit model) path loss
characteristics at 1800 Mhz. And as shown on the graphs trend the tuned path loss model is closer
to the measured Path Loss than the original model, which means it can estimate hawassa’s Urban
areas propagation environment (at 180 MHz) better than the original model, and it have also
optimized the sinusoidal feature of the averaged measured path loss model to linearly increasing
path loss versus distance. Therefore, we can say that calibrated ECC-33 model can finely

represent Urban area types of Hawassa city.
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For Sub-Urban area types:

Table 5.11 Tuned parameters of Hata model for Sub-Urban area

Tuned Tuned Esys | Bsys | Original | Tuned Eo | Slope Correction
parameter @ | parameter b Eo factor, By
130.135 33.982 83.772 | 35.421 46.362 0.959

Then, the calibrated Hata model equation for Sub-Urban area types will be:

PLya = 46.36 + 33.910g,, f — 13.82 108, hy —ap,, + (43.06 — 6.2810og;, hy) log,o d — 2 [1og10(%)]2 (5.23)
Where,

apm = (L.1log,o f — 0.7)h,, — (1.56log;, f — 0.8) (5.24)
The performance of the calibrated Hata model for Sub-Urban area will be:

Table 5.12 Performance of Tuned Hata model for Sub-Urban area

RMSE MAPE MAE SD
5.18 3.63 4.63 2.76

Path Lossin ditm
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Figure 5.12 Sub-Urban Area Calibrated Hata model Vs measured PL and original Hata (1800)

The above figure shows the comparison of Sub-Urban area tuned path loss model characteristics
versus selected sites averaged path loss characteristics and Hata (Sub-Urban area best fit model)
path loss characteristics at 1800 Mhz. And as shown in the graphs trend the tuned path loss model
is closer to the measured Path Loss than the original model, which means it can estimate
hawassa’s Sub-Urban areas propagation environment (at 1800 MHz) better than the original
model, and it have also optimized the sinusoidal feature of the averaged measured path loss model
to linearly increasing path loss versus distance. Therefore, we can say that calibrated Hata model

can finely represent Sub-Urban area types of Hawassa city.

5.4.2 Correction Factors and Parameters after Calibration for 2100 MHz
The following tables shows the calibrated parameters of the models based on the calculations
presented in the appendix and the RMSE values of the optimized models.

For Urban area types:

Table 5.13 Tuned parameters of ECC-33 model for Urban area

C1 Tuned slope value of Aym,C2 Tuned offset value of Apm K1 K2
135.063 34.38 0.808 14.38
Then, the calibrated ECC-33 model equation for Urban area types will be:

Plgcc—ss = Ass + Apm — Gy — G, (5.25)
where,

Ars = 92.4 + 20logyod + 20 logy, f (5.26)
Apm = 0.81 + 14.38log,, d + 7.894 log,, f + 9.56[log, f]? (5.27)
Gy = l0g10(52){13.958 + 5.8[log, d]?} (5.28)
G, = 0.759h, — 1.862 (5.29)

The performance of the calibrated ECC-33 model for Urban area will be:
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Table 5.14 Performance of Tuned ECC-33 after for urban area

MAE SD
4.78 3.83

RMSE
5.28

MAPE
3.09

150

Path Lossin din

Figure 5.13 Urban area Calibrated ECC-33 model Vs measured PL and original ECC-33 (2100)

Similarly, the above figure shows the comparison of Urban area tuned path loss model
characteristics versus selected sites averaged path loss characteristics and ECC-33 (Urban area
best fit model) path loss characteristics at 2100 Mhz. And as shown in the graphs trend the tuned
path loss model is closer to the measured Path Loss than the original model, which means it can
estimate hawassa’s Urban areas propagation environment (at 2100 MHz) better than the original
model, and it have also optimized the sinusoidal feature of the averaged measured path loss model
to linearly increasing path loss versus distance. Therefore, we can say that calibrated ECC-33

model can finely represent Urban area types of Hawassa city.
For Sub-Urban area types:

Table 5.15 Tuned parameters of Hata model for Sub-Urban areas

Tuned Tuned Esys Bsys Original | Tuned Eo | Slope Correction
parameter @ | parameter b Eo factor, Bgy
129.419 31.796 84.557 | 34.954 44.862 0.91
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Then, the calibrated Hata model equation for Sub-Urban area types will be:

PLyaa = 44.86 + 33.91log,, f — 13.8210go hy, —ap,, + (40.84 — 5.96log;, hy) logod — 2 [1og10(%)]2 (5.30)
Where,

apm = (L.1log,o f — 0.7)h,, — (1.56l0g,, f — 0.8) (5.31)
The performance of the calibrated Hata model for Sub-Urban area will be:

Table 5.16 Performance of Tuned Hata model for Sub-Urban area

RMSE MAPE MAE SD
2.86 1.79 2.63 2.04
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Figure 5.14 Sub-Urban Area Calibrated Hata model Vs measured PL and original Hata (2100)

The above figure also shows the comparison of Sub-Urban area tuned path loss model
characteristics versus selected sites averaged path loss characteristics and Hata (Urban area best
fit model) path loss characteristics at 2100 Mhz. And shown in the graphs trend the tuned path
loss model is closer to the measured Path Loss than the original model, which means it can
estimate hawassa’s Sub-Urban areas propagation environment (at 2100 MHz) better than the
original model, and it have also optimized the sinusoidal feature of the averaged measured path
loss model to linearly increasing path loss versus distance. Therefore, we can say that calibrated

Hata model can finely represent Urban area types of Hawassa city.
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Chapter Six

6. Conclusion

As described in the abstract part, the goal of this Thesis was to compare the performance of five
empirical path loss models named COST-231, ECC-33, Hata, SUI, and Ericsson models for
different selected areas of Hawassa city at 1800 and 2100 MHz and tune the best performing
models so that they could fit the terrain, propagation medium and environmental aspects of the
city. The performance analysis was done based on the measured path loss data and theoretically
calculated values. Data was collected from 14 selected sites which nearly represent all area types
(Urban, Sub-Urban and Rural) in Hawassa city. The four error measuring tools, RMSE, MAPE,
SUI and MAE, were implemented to measure the error between predicted path loss values and
the measured values. After the performance investigation Least Square Algorithm was used to

tune the best fit models. Based upon the investigation done, the following results are obtained.

At 1800 MHz, ECC-33 performed best under 10 sites out of 11 sites which classified as Urban
area type. This means in 91% sites with Urban area type behavior ECC-33 was found to be the
best. This was again confirmed by calculating the average measured path loss of both area types
and evaluating it against all path loss models, again ECC-33 scores the list RMSE value which is
4.18 db. And calibrating the model improved the RMSE from 4.18 to 2.46 dB. Whereas, Hata
path loss model was found to be the best fit model in Sub-Urban areas by performing best in 2
sites out of 3 sites categorized as Sub-Urban. And when the average measured path loss value
was evaluated, Hata model again found to be the best fit model in Sub-Urban sites by scoring
minimum RMSE value of 7.86. And calibrating the model improved the RMSE from 7.86 to 5.18
dB.

At 2100 MHz, ECC-33 path loss model once again performed best under 2 sites out of 2 sites
classified as Urban area type. This means in 100% sites with Urban area type behavior ECC-33
was found to be the best. This was again evaluated by calculating the average measured path loss
of both area types and evaluating it against all path loss models, again ECC-33 scores the list
RMSE value which is 6.15 dB. And tuning the model improved the RMSE from 6.15 to 5.28 dB.

Whereas, Hata path loss model was found to be the best fit model in Sub-Urban areas by

HAWASSA UNIVERSITY, INISTITUTE OF TECHNOLOGY 83



Comparative Analysis and Calibration of Empirical Path loss models at 1800 and 2100 MHz frequency Bands for Hawassa City
|

performing best in 11 sites out of 11 sites categorized as Sub-Urban. And when the average
measured path loss value was calculated, Hata path loss model was again found to be the best fit
model in Sub-Urban sites by scoring minimum RMSE value of 6.11. And calibrating the model
improved the RMSE from 6.11 to 2.86 dB.

Therefore, at the end of this Thesis | have established that at 1800 MHz ECC-33 is the most
suitable path loss model in Urban area type sites. And Hata path loss model best represent Sub-
Urban area type sites. Similarly, at 2100 Mhz ECC-33 is the most suitable path loss model in
Urban area type sites once and Hata path loss model is the best path loss model for Sub-Urban

areas.

. ________________________________________________________________________________________________|
HAWASSA UNIVERSITY, INISTITUTE OF TECHNOLOGY 84



Comparative Analysis and Calibration of Empirical Path loss models at 1800 and 2100 MHz frequency Bands for Hawassa City

Appendix A
Tuning SUI model
PLgy; = A+ 10y 1ogw(dio) + X+ X, +sford >d, (1)
Where,
A = 20log;o(*5™2) 2
y=a-Dbhy+, (3)
Xy = 610g10(550) 4)
and
X, = —10.8log;, (Zggo) for Terrain types A and B 5)
Xy = —2010g10(2:)%) for Terrain Type C (6)

d is the distant between the AP and MS in meters, d, = 100m, s is a log normally distributed
factor (8.2 dB and 10.6dB), h, is the mobile station height and h,, is the base station height (10

m and 80 m).

We can rewrite the equation as:

PLSUI = kl + kZB
Where, k1 = A+ X; + X, + s

ke =y
d
B =10 10810(d_0)
Since the basic principle of LLSM is to reduce the difference between the measured and estimated

data in a way of mean square error, the partial differentials of the below error function have to be

zero. Where 1y is the measured path loss.
E (ki k2) = ¥[y; — PLsy;i(k1, k2)]? (7)

Which means:
]
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0E 0E
= oand Z2=0

The partial differential of error function with respect to parameter k1 will be

0E

k1~ !

m(Z"[ — PLsy;i(k1,k2)]*) =

Zn[ PLSUIl] [0 - aaﬂ(PLSUIl(kll k2)] = O

S31yi — PLsyri] [0 — = (ki + keB)] = 0

Y1lyi = PLgyi][-1] =0

nkl+ k2B, = X1y, ®)

Whereas, the partial differential of error function with respect to parameter k2 will be

0E
2=

@(Zn[ — PLgyyi(k1,k2)]%) =

21[yi — PLsy ][0 — k2 (PLSUIl(kl k2)] =0

21y — PLgyi] [0 — @(kl + k2B;)] =0

21y — PLsyi] [-Bi] =0
Y[y: — ki — keB;][-B;] = 0 = X7[y;B; — kiB; — keB;?*]

TyB; —k1Y1B; —k2Y¥1B;> =0 9)
From equation

1=-(Clyi— k231 B) (10)
Replacing equation 10 into equation 9 we will get

TyB ( Gy, —k2¥EB))YIB; — k2B =0
R e ——————
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TyiBi— = (X1 XIB) + = (21 B)? —k2X1B;* =0
k(icnp)2 —yng.2)=1(yny. ynR.) — Yy B.
n(Zl i) 21 B; n(213’121 ) — 21ViB;

_ ClyiXxtB)-nYty;B;
k2 = (ETB)? -nXTB;? (11

Then, k1 will be calculated by inserting equation 11 into equation 10

(21y;21B;)—nxtyB
(1B)” —n 3B

k1=~ (Z1y;— ( X1 B)

1

Sy (Sl B -5y B 53 yi- (37 v, (ST B )54 y,Bi5E B)
(2} B)° —n3iB;

k1l = TyiBi YT B)-Y B Yy,
(B2 -n ¥t B;?

(12)
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Appendix B

Tuning ECC-33
Plgcc—33 = Afs + Apm — Gp — Gy (13)

where, Ars, Apm » Gp and G, are free space attenuation, basic median path loss, BS height gain

factor and receiver height gain factor.

AfS = 924‘ + 20 10g10 d + 20 log]_of (14)

Apm = 20.41 4+ 9.83log;o d + 7.89410g, f + 9.56[logq, f]? (15)
h

Gp = loglo(ﬁ){13.958 + 5.8[log;, d]?} (16)

for medium city environments.

G, = [42.57 + 13.7log,, f1[log1 h, — 0.585] a7
and for the large city.

G, = 0.759h, — 1.862 (18)

where, f is the frequency in GHz, d is the distant between BS and MS antenna in km, hy, is the

BS antenna height in meters and h,. is the MS antenna height in meters.
We can rewrite equation 1 as:

PLgcc—33 = c1 + c2logyod + 3 (logo d)?

PLgcc—33 = ¢l + c2x; + ¢3(x;)%,where x; = log,, d;

Where, c1 = 92.4 + 20log,, f + 20.41 + 7.894logy, f + 9.56[logy f12 — 13.958log;o(72) — 0.759h, +

1.862 + k1. k1 is the tuned offset value of Aom.

c2 = k2 + 20, the tuned slope value of the d-term in Abm.

h
3 = -5.8l0g,,(5p5)

Then, the minimum error can be calculated by setting the following error function to zero.
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1
E (Cl CZ) = ZTL[ PLECCl(kl k2)]2 (19)
Which means:

OE
T =0a dE—O

6c
The partial differential of error function with respect to parameter c1 will be

0E

ac1 '

a@"[ ; — ¢l —c2x; — ¢3(x)*]) = 0

Zn[ —cl—c2x; — C3(xl) ] [ ] 0

nel + 2y x; = Xy — 3 X1 (x)?
c2 n n 2
cl = 1yl - __Z (xl) (20)

The partial differential of error function with respect to parameter c2 will be

dE
acz !

E(Z"[ —cl—c2x; —c3(x)?*1?) =0
Yy — ¢l —c2x; — c3(x)?][-x;]1 =0

TYix;—c1XTx — 2 ¥T(x)? — 3 XT(x)° = 0
c1XTx; + 2 XT(x)? = LT yix; — c3XT(x)° (21)
Inserting equation 20 into equation 21

1 2
Ty St —— (i a)? - C— 1 2I0)? + 2 X1 (0)? = Bl yi % — 3 X1 (x)®

c2|Zh)? — 2 (T3 x)?| = X0 TH0)? + Bl yix — 3 Th)® — 2 Iy X

) = 33X x X )*4+n X yixi—ne3 X x )3 - yi X1 x;
nYT(x)? -1 x;)?

(22)
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32T x; ST +n ST yixi—ne3 23 -2ty S x

_1¢n ”2?(”)2—@?’5')2 n 3 on 2
Cl—; 1Yi — ln : Z1xi_721(xi)

c3

1
X X () ?+ET yixi—e3 X1 (i)  —— Xl yi X1 x

n YT (x)? -1 x)?

1
cl=="y;, —
n 1 Vi

i c3
er Xi — o er(xi)z

cl =

1 3 1 2 3
Ty SE)? = Sy )2 -2 (X x0)? ER )2 =TT xi BT yixi+e3 B X () 4 ST vi (BT )2 -3 (x)?) " +5 2R (x)? (BT x)?

nYT(x)2-CTx)?

nyyi ST (x)? -3 x)2 ¥ (x) 2 -n ¥ x; T yixi+ne3 T x; P (x)3 _nC3(Z111(xi)2)2 +e3 YT (x) (T x0)? (23)

n2 302 -n(T) %)

cl =
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Appendix C

Tuning Hata model

PLyata = A+ Blogyo f — 13.821logy hy —apm + (44.9 — 6.551ogo hy) logo d

(24)

Where: - f is the frequency (MHz). h,, is BS antenna height (m), h;, is the MS antenna height

(m), an., 1s the MS antenna correction factor d is the distant between the BTS and MS (km). The

correction factor for the MS antenna height is represented as follows, for a small or medium sized

city:
apm = (L.1log,o f — 0.7)h,, — (1.56log;, f — 0.8)

and for large city:

Apm =
8.29 (log,o 1.54h,,)? — 1.1 for f < 200 MHz

3.2 (logyo 11.75h,,)% — 4.97 for f > 400 MHz

The parameters A and B are dependent on the frequency as follows:

A=69.55 150 < f <1500 MHz
46.30 1500 < f <2000 MHz
B=26.16 150< f <1500 MHz
33.9 1500 < f <2000 MHz

For sub urban area

f
PLHata = PLUrban -2 [logw(g)]z —54
For rural areas

L = Lurpan — 478 [1og10(5)]? + 18.33logy, f — 40.94

Now for urban areas we can rearrange the urban path loss formula as follows.

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)
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E,=A
Esys = Blogyo f — 13.8210810 hy — apm

Bgys = 44.9 — 6.55 (logyo hp)

And for Sub-urban areas we can rearrange the sub-urban path loss formula as follows.
Eo=A—54

f
Esys = Blogyo f —13.82logo hp — apm — 2 [loglo(% ]2
Bsys = 44‘9 - 655 (10g10 hb)

Where, Eq is Initial offset parameter, Egy is Initial system design parameter and By is the slope

of the model curve.

We can then write the total Hata path loss as:
P,(Hata) = Ey + Esys + Bgyslogyo d

The Above equation can be written as:

Py pridicted (Hata) = a + bx

Where,
a = EO + Esys
b = Bsys

x = log, d, a simplified logarithmic base

Then, the minimum error can be calculated by setting the partial differentials of the following

error function to zero.

E (a,b,c,..) = XMyi — PLyatai(xi, a, b, c)]? (33)
Which means:

9E 9E _ 9E _

-0 =0 =0
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The partial differential of error function with respect to parameter a will be

oE
da

= (S31yi — (a + bx)]?) =0

Si1y; — (@ + bx)][0 — == (a + bx)] = 0

Yilyi —(@a+bx)][0—-1]=0

na+bYlx; =21y

And from this equation ‘a’ can be expressed in terms of ‘b’ as the following:
na =Y1y; — b Y1 x

_ ?J’i—: YT (34)

a

The partial differential of error function with respect to parameter a will be

o
ab

0,

o _

- Qi — (a+ bx)]*) = 0

Si1yi — (@ + bx)][0 - = (a + bx)] = 0
Yiyi — (@ +bx)][0 - x;] =0

aXtx; +bYH(x)? = X yix;

And from this equation ‘b’ can be expressed in terms of ‘a’ as following:
bYT(x)? = X1yixi —aXix

Ytyixi—aYlx;
b= JE;(X;ZM (35)

We can find the tuned parameters @ and b by substituting the variables a and b in equation
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_ 2T Xy N yixi X1 X

n Y2 - x)’

QN

(36)

j=n Yryixi—XtyviXTx;
n YR - (S %)

@37)
Then we find the tuned Hata path loss model by substituting the tuned parameters @ and b into
the original Hata path loss model that we begin the process with

a=Ey+ Egy

Then, E, becomes

Ey = a— Egys

Then, by replacing a with @ we can find E,:

Ey = a— Egys (38)

And since b = B, there should be a tuning factor B;;s to get b

b = ByysBsys (39)
—~ b

B.,. = — 40
SYS = By (40)
—~ b

Bsys = (41)

44.9-6.55 (log1o hp)
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