LJ. Information Engineering and Electronic Business, 2020, 3, 28-39
Published Online June 2020 in MECS (http://www.mecs-press.org/)

DOI: 10.5815/ijieeb.2020.03.04

=

|
| Modern Education,
| and Computer Science

PRESS

Assessment of Error Bounds for Path Loss
Prediction Models for TV White Space Usage in
Ekiti State, Nigeria

Akinsanmi Akinbolati
Federal University Dutsin-Ma, Department of Physics, Katsina State, Zip Code: 821101, Nigeria.
Email: aakinbolati@fudutsinma.edu.ng; sanmibola2@yahoo.com

Olufemi J. Agunbiade
The Federal Polytechnic, lle-Oluji / Science Laboratory Technology Department, Ondo State, Zip Code: 351110,
Nigeria
Email: oluagunbiade@fedpolel.edu.ng

Received: 18 December 2019; Accepted: 03 February 2020; Published: 08 June 2020

Abstract—~Path-loss propagation models are useful in
radio communications for the prediction of signal’s
coverage area, link’s design and power budget. They are
equally used for radio channel characterization to
accurately predict television coverage, interference
analysis and ensure coexistence between the primary
service providers and secondary users (through frequency
re-use). One of the challenges with the application of a
predictive path loss model for any environment other
than the one it was developed for is the issue of high
prediction errors. This is due to their high dependence on
environmental complexity and terrain. In this paper, we
investigated the error bounds of eight empirical path loss
models to evaluate their reliability of predicting path
losses on the UHF band in EKkiti State, South West
Nigeria. Measurement of the signal strength for the UHF
channel 41 (631.25MHz), Television Broadcasting
Station at Ado-Ekiti, was carried out via major routes
spanning through the Urban and Suburban areas of the
State, using the station as reference. The signal strength
values were converted to path losses and compared with
predictions of eight selected models. The prediction error,
relative error, root mean square error (RMSE), spread
corrected mean square error (SC-RMSE), skewness and
the normalized error probability density function metrics
was calculated to determine the error bound which was
used to validate the best predictive model for the routes
under consideration. The results of this investigation
show that no single model gives an accurate prediction
consistently based on the evaluating metrics. However,
the Electronic Communication Committee (ECC) 33
model provides better values for the owverall metrics
considered with RMSE values of 8.48 dB and 9.62 dB
(between it and measured values) for Ekiti Suburban and
Urban routes respectively. Therefore, optimizing ECC 33
model will bring the RMSE values to the standard
acceptable range for both sub - urban and urban routes.
The significance of this finding is that ECC 33 model has
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the least prediction error compared to other selected
models and by extension the closest value to the
measured values. This validates it to be suitable for the
prediction of path losses on the UHF band over the study
area.

Index Terms—Path loss model, Error Bound, RMSE,
Terrain and TVWS.

|. INTRODUCTION

Information and Communication Technology (ICT) in
the 21% century has continually contributed largely to
global social and economic development. With the
drastic increase in demand for mobile connectivity and
wireless networks, the need to manage and allocate the
radio spectrum which is the necessary resources for
wireless technologies is inevitable. This has led to the
development of different approaches for addressing the
optimization of the available spectrum. One alternative
mode of spectrum utilization that has found expression in
the developed countries of the world is the use of TV
White Spaces (TVWS) for communication systems [1].
TVWS is a label that indicates the part of spectrum,
which is available for a radio communication application
at a given time in a given geographical area on a non-
interfering and non-protected basis with regard to other
secondary services. TVWS is one of the ways to curb the
spectrum crunch that is being faced by the global
communication scene. It does not only offer better
spectrum management, but due to the inherent
propagation characteristics of the UHF band (channels
fourteen to fifty-one (14 — 51), located at 300 — 3000
MHz), it’s an economically viable solution for rural or
suburban broadband and hotspot coverage [2]. Not only
developed nations are cashing on the advantages of
TVWS technology, even countries with minimal
communication infrastructure are going for it because of
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its ease of deployment, large coverage areas and better
penetration property when compared to the higher
frequency bands.

Various studies are employed to proffer solution to the
recent argument of interference inducement by White
Space Devices (WSDs) used by secondary users to the
licensed primary operators.

Research focus: It was based on the above premise that
this study was designed to assess the validity (model with
the least prediction error and acceptable RMSE) of the
selected models for use over the study areas and channel.
It is equally expected that the most preferred model from
this assessment can be used for the accurate prediction of
path losses and TVWS over the study area.

This study has become imperative due to dearth of
such studies in the area and the fact that similar studies in
other environments may not fit in perfectly to this study
location.

In this study, we present the assessment of the error
bounds of eight selected empirical path loss models for
use at the UHF band in Ekiti State, South-West, Nigeria
in order to establish their accuracy at predicting path loss
that can best be used for TVWS prediction among others.
The models were selected primarily because they are
approved models by the International
Telecommunications Union, Radio Study Group (ITU-R)
and secondarily because their independent parameters
and classification of environment can be deployed in the
study location.

The selected models are, CCIR (developed by the
Consultative Committee on International Radio) [4, 5],
COST 231(developed by the European Co-operative for
Scientific and Technical Research) [6], ECC 33
(developed by the Electronic Communication Committee)
[7], Free Space Path Loss (FSPL) [8, 9], Hata [10], Hata-
Davidson [11, 12], Okumura [13] and the Plane Earth [14]
model.

This paper is organized in this order; Section |
provides introduction; related works are presented in
section 1I; Section Il describes the method of data
collection and research location; Models for path loss
prediction were presented in Section 1V; Section V
presents data analysis and results; finally, Section VI
compared the results of the selected models and proposed
possible adjustments to the model with the best fit and
concludes the paper.

Il. OVERVIEW OF RELATED STUDY

Great numbers of researchers globally have
demonstrated intense effort towards probing the efficacy
of existing path loss models and its fitness for a new
geographic location. The authors’ approach in many
cases is to collect measurement data in an environment of
interest and compare with model predictions to make an
evaluation of which model best fit in or modify the
closest model to fit in such environment. In addition,
most works on model fitness and tuning concentrate on
the fixed wireless access and cellular bands; little has
been done in the region of broadcast TV band
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specifically in Nigeria. It is therefore necessary to review
and have accurate assessments of the propagation models
in order to modify a model or choose the best model to
achieve high accuracy, thereby minimizing errors and,
thus, increasing flexibility in local spectrum usage. For
instance, in [15], the authors estimated five path loss
propagation models such as; Stanford University Interim
(SUI), COST-231, Hata-Okumura Extended Model (also
known as ECC-33 Model), Ericsson and the Hata -
Okumura model. The results of these models were
compared with actual measured data. The results of
comparison showed that the ECC-33 model was suitable
for the suburban environment. The authors in [3]
assessed the error bounds of 10 empirical path loss
models. This was achieved by field strength
measurement in VHF and UHF band in urban, suburban
and rural areas of Kwara State, Nigeria. Five
performance metric such as, Route Mean Square Error
(RMSE), Spread Corrected Route Mean Square Error
(SC-RMSE), Error Distribution and probability density
function were employed to evaluate the performances of
the prediction models. Nadir et al [16] investigated the
characteristics of radio propagation, by measurement, at
the small town of rural area in Purwokerto Central Java
Indonesia and compared his findings with Okumura Hata
and Lee’s prediction so as to evaluate the accuracy and
determine the necessary adjustments to these models in
order to improve their accuracies. In another study [7], a
comparative assessment of five models was presented
with respect to the data collected in the urban and
suburban environments of Ottawa region, Canada at 910
MHz so as to verify which model gives the best results.
Also, the authors in [17] provided a comparison of
empirical propagation path loss models for fixed wireless
access systems based on measurement conducted in
Cambridge, UK. It was found that, the ECC-33 model
among others such as; SUI and COST-231 models,
showed the most promising result and that SUI model
showed a quite large mean path loss prediction error for
rural, suburban and urban environments. The results
showed that in general the SUI and the COST- 231 Hata
model over- predicted the path loss in all the
environments considered. A very close and elaborate
work was presented by [18], where propagation
measurements at VHF/UHF bands in llorin, North
Central Nigeria, were conducted. The work concluded
that Okumura’s model is the most suitable for the
prediction of field strengths for television broadcast
services and for other communication system designs in
the VHF and UHF bands. However, the Root Mean
Square Errors (RMSEs) of 34 dB and 33 dB were
obtained in the VHF and UHF bands respectively, which
are far beyond the acceptable range 6 — 8 dB for urban
areas [7] and 10-15 dB for suburban and rural areas [19].
Therefore, the said model cannot provide optimum path-
loss prediction in the study area.

Finally, Authors in [20, 21] provided information on
the actual coverage and proposed path loss prediction
model for the UHF channel 41 Broadcasting Service of
Ekiti State Television, in EKiti State, Nigeria. The
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variation of signal level with distance (i.e. propagation
curve) was analyzed, to reveal areas of optimum
coverage and areas that are poorly serviced. The results
showed the field strength distribution of the broadcasting
station in major towns and villages, its elevation pattern
and the various grades of coverage enjoyed by its citizens
in such locations. The study however, doesn’t employ the
path loss model prediction comparison approach to
provide error bound for other widely used models.

The work presented in this paper is the first of its kind
in the study area that carries out an extensive analysis of
large number of propagation models using large amount
of data set produced from real time measurements.

EKITIS W
*TLAWE

I1l. METHODOLOGY
A.  Study Location and routes for field campaign

The spatial electric field strength measurement was
carried out on channel 41 UHF television signal of the
Broadcasting Service of Ekiti State (BSES). The

broadcasting station is located at Ilokun quarters, Ado
Ekiti (Lat. 7.71°N, Long. 5.21°E). Ekiti State is in the
South Western parts of Nigeria with a population of
about 2,398,957 (Nigerian Bureau of statistics, 2006
Census). The State is characterized by a complex terrain
due to the presence of hills and valleys within the urban,
suburban and rural settlements.

Fig.1. Map of Ekiti State indicating Routes of Measurement

B. Method of Data collection

Fig.1. presents the map of Ekiti State indicating routes
of signal’s strength measurement. The electric field
strength of the channel under study was measured along
selected routes using the station as reference at an
interval of 2 km using a field strength meter (Dagatron
TM 10, with frequency range of 5.0 — 862.0 MHz and
15.0 — 12.0 dBuV measurement range). A Global
Positioning System (GPS) hand held receiver was used to
monitor the Line of Sight (LOS) distance from the station
and as well used to log the geo coordinates of the data
points. Measurements were carried out in different
environments within EKiti State, Nigeria by drive test.
Outside the major cities, the routes are covered with thick
vegetation. The elevation of the transmitter’s base station
is 415.22m, and the altitude for the points measured
throughout the entire state ranges between 354.9m and
603.4m.

The measurement campaign routes and locations were
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categorized into urban and sub-urban areas and the
characteristic attributes of the categorization are detailed
as follows:

The urban routes include: From transmitting station in
Ado Ekiti enroute Adebayo Road, Ajilosun, Ajebamidele
towards Ikere (Urban Route A) and from transmitting
station enroute Ifaki towards Ikole EKiti (Urban Route B).

The sub- urban routes include; From transmitting base
station in llokun-Ado EKiti enroute Usi and Ayetoro EKiti
towards lkosi and Ikun Ekiti (in lleje meje local
Government Area). The sub urban route B, starts from
transmitting base station enroute Igbara Odo, Igogosi,
Erinjiyan towards Efon EKkiti. The urban routes have
regular building structure with average of two-storey
buildings within the city, very busy commercial activities
with higher percentage of dual carriage roads compared
to single carriage. The suburban area/route has regular
buildings structure within the town and the routes outside
the settlements being single lane have trees and thick
vegetation.
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The transmitted power and received field strength
measurement values in KW and dBV respectively were
converted to dBm using equation (1) and (2) and the path
losses in dBm were obtained as shown in equation (3)
[22].

P.(dBm)=10log,, (P, (kW )*1000)+ 30 1)

P.(dBm) =P (dBuV)-107 (2

L

em = P (dBm)—P, (dBm)+G, (dBm) 3)
where, G (dBm) is the transmitting antenna gain.

The transmission parameters for the transmitting
station (BSES channel 41) as at the time of this study, is
as presented in Table 1. (From the Station’s Technical
crew) [20]

Table 1. Transmission Parameters for BSES, Ch.41 UHF Television Station at Ado Ekiti

S/N | Parameter Values
1 Base station rated transmitting power/ transmitted | 20 kW/ 12kW
output
2 Base station carrier frequency 631.25 MHz
3 Transmitter in use during field work Harris MAXIMA Solid State Type
4 Height of transmitting mast 200.0m
5 Height of transmitting antenna 13m
6 Transmitting antenna gain 13dB
7 Height of receiving antenna 1.94m(6ft)
8 Coordinates Lat. 7.71°N, Long. 5.21°E

IV. EMPIRICAL PATH LOSS MODELS
A. Path Loss

Signals undergo attenuation, commonly called path
loss, which increases with distance. It represents the
signal level attenuation caused by free space propagation,
reflection, diffraction and scattering. The path loss
between a pair of antennas is the ratio of the transmitted
power to the received power and it is usual to express it
in decibels by the expression [23]:

RI

L,, =10log,, (EAJ (4)

B. Path Loss Propagation Models

Path loss models represent a set of mathematical
equations and algorithms that are used for radio signal
propagation prediction in definite areas. According to
[24], path loss models have been classified as follow:

1. Deterministic Model
2. Stochastic Model
3. Empirical Model

Deterministic and Stochastic models are more of
theoretical models that predict transmission losses by
mathematical and computational analysis of the path
geometrical information of the terrain between the
transmitter and the receiver, as well as the refractivity of
the troposphere [25]. Empirical models are based on
measurements conducted in a given environment, the
main benefits for the use of these standard path loss
models are time and cost efficiency, despite its limited
accuracy. Path losses on wireless channels are generally
the resultant effects of reflection, refraction, diffraction,
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scattering, absorption and fading due to multipath
amongst others [26, 27]

Empirical model was the main focus in this paper as
the study it presents was based on observation and
measurement alone. The empirical models selected for
error bounds analysis in this study were selected
primarily because they are approved models by the
International Telecommunications Union, Radio Study
Group (ITU-R) and secondarily because their
independent parameters and classification of environment
can be deployed in the study location. The models and
their relationship with one another are as presented:

(i) Free Space Model (FSPL)

Path loss in free space defines how much strength of
signal is lost during propagation from transmitter to
receiver with no atmospheric attenuation or multipath
components [8]. Free space model depends on frequency
and distance. It is calculated as:

Les, = 32.45+2010g,, (d )+ 2010g,, ( f)

FSPL

®)

Where f is the frequency in (MHz) and d is the
distance between transmitter and receiver in (km)

(if) Plane Earth Model

The free space model does not consider the impacts of
proliferation over ground. At the point when a radio wave
proliferates over ground, a portion of the power will be
reflected because of the nearness of the ground and after
that received by the collector. The applicable information
parameters incorporate the transmitting and receiving
apparatus height, the distance of separation and the
reflection coefficient of the earth. The path loss equation
for plane earth model is [14]:
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Lee =40l0g,,(d)-20log,, (h)-20log,,(h,) (6)

where d is the distance between transmitter and receiver
in (km), h and h, in (m) are the heights of the

transmitting base station and receiving antenna
respectively.

(iii) Okumura Model

Okumura’s model is one of the most frequently used
macroscopic propagation models. It was developed
during the mid1960's as the result of large-scale studies
conducted in and around Tokyo. The model was designed
for use in the frequency range 200 up to 1920 MHz and
mostly in an urban propagation environment [13].
Okumura’s model assumes that the path loss between the
transmitter and receiver in the terrestrial propagation
environment can be expressed as:

Lso% = LFSL+Amu(f’d)_G(hte)_G(hre)_GAREA

(7)
where:

Lsoo, 1S the median (i.e., 50th percentile) value of
propagation path loss expressed in dB,

Lgg,, 1s the free space propagation loss in dB,

A (f,d) is the basic median attenuation relative to
free space in dB,

G(hie)and G(h,.) are the base station and receiver
antenna height gain correction factor in dB respectively,
and

Gargea 1S the gain in dB due to the type of environment.

(iv) Hata’s Model

Hata’s model [10] is an empirical formulation of the
graphical path-loss data provided by Okumura and is
valid in the range 150-1500 MHz, the model
transmission distance is up to 20 km and has been widely
used to predict analogue TV signal propagation.

Hata gave the propagation formula and provided
correction factors for other situations.

For Urban areas:

69.55+26.16log f ~13.82logh, —| (8)

-
L =
(urban} 1o (hy) +(44.9-6.55logh )logd |

where:

L )is the path loss in dB

(urban

f is the frequency and its range is restricted to 150 —
1500 MHz,

h; is the base station height, 20 — 200 m range,

h,. is the receiver height and it ranges from 1 — 10 m,

d, ranging from 1 to 20 km is the distance between the
transmitter and the receiver, and a(h,)in dB is the
correction factor for the receiver height and is computed
as follows:
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[[1.1Iogw(f)—0.7]hr—[1.56I0910(f)—0.8]
| For suburban or rural area

J8.29Iog10(1.54hr)2 1.1 (9)

h)=
a(h,) |For an Urban area: f < 200 MHz

|3.210g,,(11.75h )" - 4.97
For an Urban area: f < 400 MHz

Suburban areas:

2

LHm(dB)—LHata(urban)—z[logw[;—gH -5.4 (10)
Open areas:

LHm(dB)_{LH“(Urba”>‘4-78('°gm(f))27 1)
-18.33log,,(f)-40.94 J

Hata’s model does not provide any path-specific
correction factor as available in the original Okumura’s
model. Even though the model provides wide range of
frequency and the TV white space band (UHF) falls
within this range, indoor environment is still not captured
in the model.

(v) Cost 231 Model

A model that is widely used for predicting path loss in
mobile wireless system is the COST-231 Hata model
developed by the European Co-operative for Scientific
and Technical Research Team, it is also called Personal
Communication System (PCS) Extension. This model is
an extension of the Okumura -Hata model to cover a
wide range of frequencies between (0.5-2 GHz), and it’s
used for medium to small cities [15]. The expression for
the model in dB is:

. [ 46.3+33.9l0g,,(f)-13.82log,,(h)+ |
(¢e) ~ L(44.9 - 6.55l0g,, (h,))log,, (d)-a(h)+C,
(12)

a(h,) is as defined in (9), while C,,, = 0 dB for medium-
sized city and suburban areas and 3 dB for urban areas.

(vi) ECC 33 Model

The ECC 33 path loss model, which was developed by
Electronic Communication Committee (ECC), was
extrapolated from original measurements by Okumura
and modified its assumptions so that it more closely
represents a fixed wireless access (FWA) system. It is an
appropriate model for the Ultra High Frequency (UHF)
band, and according to recent recommendations of ITU-R,
it uses up to 3.5GHz. This model was proposed based on
the Okumura model and is given by [7].

Lig = Les + Ly =G, =G, (13)
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Where:Lpg, Lym, G Gy, all in dB, are the free space
attenuation, basic medium path loss, transmitter height
gain factor and the receiver height gain factor,
respectively, which are defined as:

Les =92.4+20log,,(d)+20log,, (f) (14)

[20.41+9.8310g,, (d)+7.8910g,, ()]

Lon = bg.se[logm(f)]z

(15)

h 2
G, = Iogm(ﬁj[13.98+5.8(logm(d)) } (16)

For medium size city,

_[[42.57 +13.710g,, ()]llog, () -1 (17

G = | 0.585]

and for large city,

G, =0.759h_—-1.862 (18)

where f isiin GHz, d in km, h, and h,, are in metres

C. Metrics for Performance Evaluation of the models

The performance of the models analyzed; was
evaluated using six metrics: prediction error, Root Mean
Square Error (RMSE), spread corrected — RMSE,
normalized error probability density function, skewness
and relative error.

(i) The prediction error (€):This is the difference
between the measured path loss (P;) at distance i and the
model’s predicted path loss (Pn;) [26] and is evaluated
using equation (19).

& = ‘Pi - Py (19)

Other sub metrics are the maximum and mean
prediction error of sample (n) and are evaluated as:

Max Error = Max (s,) (20)

1 n
Mean Error == () (21)
n

i=1

Skewness (S) is the sum of a models’ error across the
measurement distance and it is expressed as;

5=3 () @2)

(i) RMSE: This is the most apparent metric for
analyzing error of predictive models. The prediction error
values were computed using equation (19) for each
model as a function of distance from the transmitter. The
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overall RMSE for a given model m, for a given data set n
is defined as [26];

RMSE = /izn|gi|2 (23)
nin

A RMSE value closer to 0 indicates a better fit.
However, the acceptable RMSE for a model is about 67
dB for urban areas [7] and 10-15 dB for suburban and
rural areas [19].

(iii) Spread Corrected Root Mean Square Error (SC-
RMSE): It helps to extract the impact of dispersion from
the overall error. This has the effect of reducing the error
associated with a noisy link. Computing SC-RMSE is
similar to that of RMSE; the only deference is that the
error is obtained by subtracting the standard deviation
from the absolute value of the error [27]. The SC-RMSE

is computed as;
1.0 2
SC - RMSE = /—Z|€'i| (24)
N oy

&' = |5i|— o, (25)

where,

(iv) Error Distribution: This metric is also known as
the probability density function of a Gaussian (normal)
random variable. First, the model has to follow normal
distribution curve. Second, the error counts from 0 to 45
dB should dominate the frequency counts since 0-10 dB
RMSE is the chosen performance criteria [26].

(v) Relative Error (8): Equation (26) was used to
calculate the relative error for the models evaluated.

5= m*100% : (26)

V. RESULTS AND DISCUSSION

The mean values of the predicted and measured path
losses for the urban and sub-urban routes are presented in
Table 2. It can be observed that the measured path loss
gave a mean value of 156.51 dB and 165.41 dB for the
urban and sub-urban route respectively. Measuring
closely to these values is the path loss prediction by ECC
33 model which yielded 157.90 dB and 159.95 dB. The
average path loss for the entire investigation region was
also calculated, it can be deduced that all the models
underestimated the measured path loss. However, the
highest prediction deviation from the measured loss are
given by FSPL and Plane Earth models which predicted
path losses 114.90 dB and 121.01 dB respectively.

Fig.2., and Fig.3., depicted the measured and predicted
path losses along the urban and sub-urban areas
respectively as categorized in this investigation. These
figures show the comparison between the measured and
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predicted path loss values as a function of LOS
separation distance from the base station for different
routes.

From the Figures, ECC 33 model gave the closest path
loss prediction to the measured path loss, whereas, the
FSPL and Plane Earth models gave the most inaccurate
predictions by underestimating the path loss over the
entire region of study. For the urban route, the CCIR,
COST 231, Hata, Hata-Davidson and Okumura model
agreed with the measured path loss within the first 10 km,
whereas, only CCIR, COST 231 and Hata gave a good
match up to 25 km. Beyond this, they all under estimated
the path losses. The result for Hata matches with
expectation within the first 20 km because the maximum
transmission distance for Hata’s model is 20 km. Fig.3.,
showed the comparison of the measured path loss with
the predicted path loss as a function of distance for the
sub-urban route, although all models except ECC 33
underestimated the measured path loss throughout the

entire route, only COST 231 gave a close prediction
within the first 10 km, ECC 33 predictions started to
measure up with the measured path loss at a distance of
13km as shown in Fig.3., However, ECC 33 model had
the best fit with a minimum RMSE of 8.48 dB and SC-
RMSE 3.98 dB as shown in Fig.6., and Fig.7. The worst
result was provided by the Plane Earth and FSPL model
with RMSE values of 43.36 dB 50.53 dB respectively.

Fig.4., and Fig.5., showed prediction error as a
function of distance for the urban and sub-urban routes
respectively. The shape of the error spread is similar for
all the models in each route. For the urban route, ECC 33
provided a high negative prediction error values, CCIR,
COST 231, Hata, Davidson and Okumura fell within the
window of #8 dB, FSPL and Plane Earth models gave
high positive predication errors. Whereas, for the
suburban route, all models except ECC 33 was seen to
have positive error prediction error indicating they
underestimated the path loss.

Table 2. Comparison Between Overall Measured and Predicted Path Losses for the Measurement Routes

ROUTES Measured FSPL Plane Earth  Okumura COST 231 ECC 33 CCIR Hata Davidson
(dB) (dB) (dB) (dB) (dB) (dB) (dB) (dB) (dB)
URBAN 156.51 114.21 119.63 148.46 149.83 157.90 149.15 149.05 145.29
SUB-URBAN 165.41 115.59 122.39 144.20 148.77 159.95 134.47 141.90 138.22
Average Path Loss  160.96 114.90 121.01 146.33 149.30 158.93 141.81 145.47 141.75
]
-- A e AV
- L - e —
S < 2o - e
e - — T -
g o et - Models E ? i b odeis
g i “an C‘-'”"_‘ s - CCIR
f-.' - :_:‘:"‘-:‘ § Cost 231
o o E - ECC 33
: ::::;::DJCG g a FreeSpace
Hata-Davids on| :::::-r)_-\.w-‘!'u:m
T e e © prane ean
* LOS Distance(km) b LOS Distance (Km)

Fig.2. Comparison of empirical models with measured path loss for
Ekiti Urban route

Prediction Crror (¢8)

.
e

-
.
-
i s >
-
4

LOS Distance{Xm)

Fig.3. Comparison of empirical models with measured path loss for
EKkiti Sub-urban route

Prodiction frror (o8]
-
-

LOS Distance (Kem)

Fig.4. Prediction error as a function of distance for Ekiti Urban route
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Fig.5.Prediction error as a function of distance for Ekiti Sub-urban route
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In order to test the validity of these empirical models

for applicability in the investigated area, the RMSE value,

given in equation (14), was used to compute the error
between the measured and the predicted path losses. The
results shown in Table 3 revealed the RMSE of
prediction for the models.

Also Fig.6., and Fig.7., showed the statistical values
for the RMSE and SC-RMSE. ECC 33 model provided
the best result with RMSE values of 8.48 dB and 9.62 dB
for the overall sub-urban and urban route respectively,
closely followed by COST 231, Okumura, CCIR, Hata
and Hata-Davidson model with RMSE values of 11.63
dB, 11.89 dB, 12.10 dB, 12.17 dB, 13.91 dB for the
urban route. On the other hand, FSPL and Plane Earth
models performed woefully, with very high RMSE
values of 43.93 dB and 50.53 dB, 37.72 dB and 43.36dB
for urban and sub-urban route respectively. As shown in
Fig 6, it can be emphasized that except for ECC 33
model, the RMSE values on the urban route are lower
than that of the sub-urban for each model. ECC 33 model
gave very close RMSE values for both routes with an
average RMSE value of 9.05 dB for the whole
investigation region as shown in Fig.9. Fig. 8., showed
the mean error values for all the models along all the
routes. The interpretation of this metric is ambiguous, in
terms of whether a model underestimates or
overestimates the path loss. However, a model that
provides equal extent of underestimation and
overestimation will result to zero mean value or the
resulting skewness will be zero. It can be seen that ECC
33 gave an average of 2.03 dB, very close to zero and an
overall skew of 52.09 dB as summarized in Table 4.
Okumura, COST 231, CCIR and Hata models gave mean
values close to zero for the urban route. However, COST
231 and Okumura also provided better skew for the
suburban route, while CCIR, Hata, Davidson, Plane Earth
and FSPL gave worst results.

Equation (19) was used to compute the relative error
for each model. Fig.10, showed the relative errors for
each model as a function of the measurements route.
FSPL and Plane Earth models gave higher relative errors
among other models which suggest that they provide the
worst prediction for the entire region. It is worth
mentioning that all the models gave a higher relative
error for the sub-urban route when compared with the
urban route.
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Fig.9. Average RMSE for the entire study region Fig.10. Relative error
Table 3. Root mean square error comparison for the measurement routes
ROUTES FSPL (dB)  Plane Earth (dB) Okumura (dB) COST231(dB) ECC33(dB) CCIR(dB) Hata(dB) Davidson (dB)
URBAN 43.93 37.72 11.89 11.63 9.62 12.10 12.17 13.91
SUB-URBAN 50.53 43.36 22.13 17.86 8.48 31.62 24.41 27.99
Average RMSE 47.23 40.54 17.01 14.75 9.05 21.86 18.29 20.95

—— — ——— — — — —— — —— — — —— — ____——— __— —— __——____—
Table 4. Comparison between performance metrics of all models for the entire study region

Error '(;SBP)L Plane Earth (dB)  Okumura (dB)  COST 231 (dB) I(EdCB? 33 gg)R Hata(dB)  Davidson (dB)
Maximum Error 58.37 50.85 26.48 23.28 13.66 30.80 27.14 32.22
Mean Error 46.06 39.94 14.63 11.65 2.03 19.15 15.49 19.20
Skew 1328.19 1152.25 411.05 328.03 52.09 531.67 433.06 540.95
Relative Error 0.286 0.248 0.090 0.072 0.021 0.117 0.095 0.118
SC-RMSE 37.46 33.95 11.16 8.84 4.44 15.68 12.18 14.78

Fig. 11 (a — e) showed the distribution histograms of
the prediction error for five empirical models along the
suburban route, in order of fitness. The solid line is the

model may be found suitable for path loss prediction over
the study area.

probability density function (PDF) of a Gaussian -10 5 0 5 10 15 20
(Normal) random variable. In Fig 11(a), it can be 100 -
observed that the prediction errors are nearly distributed o
symmetrically around the mean error of 5.45 dB. The § 87 i

error distribution within the 0 - 10 dB window dominated B 60 3

the frequency counts which is an indication of a £ =

relatively good fitness of the model in terms of predicted £ 20 .-

path loss in the region. However, for COST 231 model é’ -

which is the second model that performs better along the 3 207 o

route, the prediction error closely followed a normal ol -

distribution pattern centered around 16.6 dB as shown in
Fig 11(b). The error distributions are found to be similar
with a total error window width of 30 dB, though the
center of the distribution differs. The error counts within
the 3 classes at the center of the window is 21 for the
ECC 33 model and 20 for COST 231. The error count for
the median class is 13 and the distribution spread along
thewindow for Hata-Davidson model. As shown in Fig
11(d) and (e), Hata and Free Space Models do not follow
normal distribution curve as they are right skewed with
quite high error counts and spread along the distribution.
ECC 33 model gave a better spread in the error
distribution. Therefore, itcan be concluded that ECC 33
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VI. CONCLUSION

In this study, the error bounds of eight widely used
empirical path loss models were provided in order to
verify their efficacy for the prediction of path losses for
TV signals over the study area. The research objective
was to determine the model with the least prediction error
and with RMSE which falls within acceptable values
according to [25, 26, 27]. This objective was achieved;
from our findings, ECC 33 model provided the least
prediction errors and the closest RMSE values along both
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measurement routes. The measured path loss gave a
mean value of 156.51 dB and 165.41 dB for the urban
and sub-urban route respectively. Measuring closely to
these values is the path loss prediction by ECC 33 model
which yielded 157.90 dB and 159.95 dB. While Plane
Earth and Free Space models perform woefully for both
routes, with higher RMSE and SC-RMSE values, COST
231, Okumura, CCIR and Hata, present RMSE less than
12 dB and Spread Corrected RMSE (SC-RMSE) less
than 8 dB for the urban route, and perform better when
compared with the suburban route. Further results on the
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error spread as a function of distance for suburban route
revealed that ECC 33 model provided a very near good
fitness and COST 231 model followed very closely. In
terms of mean value errors, the ECC 33 model gave the
least mean error values, very close to zero, slightly
skewed to the negative and positive for the urban and
suburban route respectively. However, COST 231, CCIR,
Okumura, Hata and Davidson also provided better skew
for the Urban route, but Plane Earth and FSPL gave
worst results. It was also observed that the models
prediction errors were nearly distributed symmetrically
although around different mean errors for the suburban
route under consideration.

Conclusively, these results indicate that no single
model provided a good fit consistently but the ECC 33
had the closest value. With these findings, we
recommend that ECC 33 model be adapted for use at
predicting path losses on the UHF channel and TV white
spaces over the study area.
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