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ABSTRACT 
 

The present Master Thesis analyzes the DVB-H radio Frequency Network Planning 
problematic, studying the influence of a propagation model used in the calculation of 
network coverage. In this way, the aim of this work is the design of a procedure and 
algorithm to adjust a propagation model considering measurement campaigns performed in 
different environments (dense-urban, urban, sub-urban and rural). 
 

The methodology relies on the adjustment of the Xia-Bertoni propagation model 
parameters using the Least Mean Square (LMS) method, considering the collected 
measurements and the simulation model parameters obtained from a Geographic 
Information System (GIS). Coverage simulations and measurement results are compared 
using a 3-Dimensional city model (terrain and buildings) for different terrain topologies 
(flat, hills and canyons) and environments. 
    

The resulting adjusted model has been tested and compared with other common 
models (COST231 and Okumura-Hata) using specific metrics, thus proving its validity for 
different frequencies, environments and terrain topologies. In order to validate the 
procedure and designed algorithm, this Master Thesis gathers real data from measurement 
campaigns carried out in different cities: Gävle (Sweden), Bucaramanga (Colombia), 
Valencia (Spain) and Munich (Germany). Besides, this work provides an insight on best 
practices to perform measurement campaigns.  

 
The mean of the global results obtained from the work can be resumed in the 

following table, where is possible to observe the improvement obtained with the 
adjustment. 

 
  
 
 
 

Table in abstract. Final Results 
 

The outcome of this work is a useful tool in radio network planning for DVB-H 
systems, which ensures reliable results in all environments and terrain topologies.           
 

 

 OWN ADJUSTED MODEL OWN 
XIA BERTONI 

MEAN 6.7962 21.1399 
STANDRAD DEVIATION 5.0935 9.2936 
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1. INTRODUCTION AND OBJECTIVES 
 
 Nowadays, one of the main challenges of telecommunication industry is to offer 
mass mobile multimedia services at low cost. Both mobile operators and broadcasting 
operators are working to achieve this objective. DVB-H (Digital Video Broadcasting – 
Handheld) [1] has been designed for this specific purpose.  
 
 DVB-H bases on DVB-T technology (Digital Video Broadcasting-Terrestrial) [2], 
which is the European standard for Terrestrial Digital Television (TDT). Using DVB-T, it 
is possible to transmit both to fix or to mobile receivers, although the second use-case is not 
optimal, due to the specific needs of reception by mobile terminals: battery consumption, 
handover, Doppler, fast fading, etc. To overcome these aspects, DVB-H introduces some 
technical modifications to DVB-T, improving the performance in mobility conditions 
 
 Propagation models are classified in three different groups, depending on the 
methods they use to calculate propagation losses: deterministic, empirical and physical-
statistical models.  
  
 The first ones are the most accurate methods. They calculate propagation losses 
mathematically based on theoretical formulation. To use them, it is necessary to have 
accurate information, not only about terrain and buildings but also about reflection and 
diffraction coefficients of surfaces. Physical-Statistical models, on the other hand, combine 
deterministic models with statistics about the environment in order to decrease the 
computational cost. Finally, empirical models do not predict the precise behaviour of the 
radio link, but they try to give an approximation based on measurements. To obtain the best 
approximation it is necessary that the model is designed to be used in an environment 
similar to the one under study. 
 
 Furthermore, propagation models classify in:  

• Area propagation models, which calculate losses considering the characteristics 
of the whole area surrounding the transmitter and the receiver  

• Point-to-point propagation models, which consider characteristics of the path 
from transmitter to receiver.  

 
 Usually, a mix of different models is applied. For example, in some of the point-to-
point models the transmission losses and the joint between reflection, diffraction and 
scattering is calculated theoretically and then corrected by a factor empirically obtained. 
These techniques’ name is semi-empirical methods. 
 
 The wide range of models, offers the possibility of use a different one depending 
on the needs. Form the simplest ones, the free space propagation model, which only 
considers distance and frequency variations, to some more complexes, as the model of 
Okumura-Hata, Walfish-Bertoni, Walfhish-Ikegami or Xia-Bertoni, which considers 
different characteristics of the environment. 
 
 The election of the appropriate model depends on some basic aspects as:  

• The accuracy required. When the model is applied to the planning of a 
network, usually, the most accurate model adjusted to the working area is 
preferred. However, if the required results are descriptive, a simpler model is 
enough. 

• The working frequency, because all the models are not applicable to all the 
frequencies. 

• The terrain profile of the area under study. A model designed to be used in 
areas with plane terrain does not give good results in hilly terrain. The 
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mountains could produce effects due to reflections and diffractions, which are 
not considered.       

• The propagation ambient. Depending on the characterization of the area: dense 
urban, urban, suburban or rural, the applicable model is different. 
 

 The results of the models are not exact, but it is possible to obtain better 
approximations adjusting the models using measurements. The idea of model adjustment is 
based on, having a set of measurements of an area, to modify some parameters of the 
model, usually the multipliers of the variables, to guarantee that the simulation results are 
(statistically) as similar as possible to the measurements. This adjustment is realized using 
mathematical methods. At the end of the process, the new model adjusts to the area where 
the measurement were realized and to other areas with the same characteristics. 
 
PROBLEM DEFINITION 
 
 This work is dedicated to the process of DVB-H network planning. DVB-H 
network planning consists on determining the network topology (number of transmitters, 
their locations and their respective transmitting power) that provides coverage in a given 
area at minimum cost. In order to do this, it is necessary to take into account different 
aspects, like the cost of the network deployment and maintenance, or the effects of the 
interferences that antennas cause in other networks. This is a very complex problem has a 
critical impact in the network Capital Expenditure, and thus, the accuracy of the methods 
applied is a critical aspect of DVB-H network deployment. This is the motivation of this 
Master Thesis: Obtain propagation models as accurate as possible to be used in DVB-
H Network Planning. This essay presents the process of obtaining a model adjusted to 
measurements and compares the performance of these with respect to traditional 
propagation models. 
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1.1. Document’s sections  
  
 This Master’s Thesis begins with the theoretical explanation of the necessary 
aspects to understand the developed work. First, it explains the basics of DVB-H, the 
system under study, followed by the study of the methods used in DVB-H network 
planning, deducing from this point the need of use propagation models to estimate the total 
propagation losses.   
 

The first theory chapter exposes the fundamentals of DVB-H, in order to 
understand the working of the system to work with. It analyzes the features of DVB-H 
physical layer and all the transmission possibilities it offers, as well as the advantages it 
introduces in TV transmission.  

 
The second theory item explains the process of planning of a DVB-H network. A 

section dedicates to detail the features of the use of Single Frequency Networks (SFN) to 
DVB-H transmission, following by the analysis of how the cost of developing and 
maintaining the network has influence on the decision of the sites. Moreover, the planning 
process aims to supply coverage to an area as big as possible, where the Signal to 
Interference plus Noise Ratio (SINR) should be higher than a fixed value. To calculate the 
SINR, it is necessary to know the introduced losses in each point of the area surrounding 
the antenna, for this purpose propagation models are necessary, next section corroborates it. 

  
The following item aims to explain the propagation model used in this work, Xia-

Bertoni model, including the mathematical analysis of its formulas, the study of its 
parameters and the environment where it can be utilized. Concluding it with the need of 
performance and adjust of the model based on measurements.  

 
In order to adjust the model, some mathematics methods are useful, a section 

dedicates to expose different adjusting methods and finally explains the Least Mean 
Squares method, which is the one used for the purpose.  

 
To finalize with the theoretical exposition, the work exposes the study of 

Geographic Information Systems (GIS), because they suppose a basic tool respect to 
network planning. 

 
As complement to the theory, the essay develops a guide to perform measurement 

campaigns. It expects to be a useful tool for following measurement campaigns, advice of 
the possible mistakes found and try to avoid them.   

 
After the theory, a section explains the process to develop the present work. 

Presenting the followed steps in the design of Xia-Bertoni adjusted propagation model 
program, defining all its parameters. The final program will be able to calculate 
propagation losses in every position of a map.  

 
Next section describes the different cities under study, Gävle, Bucaramanga, 

Valencia and Munich, and its different characteristics, justifying why a model adjusted for 
different environments results form adjustment in these cities.     

 
  Once explained everything necessary during the process of this work, next item 
exposes the obtained results, following the next steps: 

• Exposition of the results extracted from measurement campaigns 
• Use the not adjusted model to calculate the propagation losses in the different 

cities 
• Compare the obtained results with the measurements  
• Adjust the model using some of the measurements 
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• Compare the new simulation results obtained with the new model parameters 
with the rest of measurements, thus verifying the improvement obtained with 
the adjustment.  

• To finalize, compare the model with other propagation models developed by 
Radiogis1, in order to validate the results.      

  
In order to make easier the thesis reading, some of the specific results have been 

transferred to Appendix A.  
 

 Two more appendixes complements the essay, the first one contains the 
measurements and checks realized at ITVArena laboratory, regarding to DVB-H 
transmitted and received signal, the effect of different noise conditions in transmission 
channel and the features of  transmitter and receiver devices. 
 
 The second appendix contains the necessary programming code implemented 
during the work.    
 
 Finally, a discussion presents the process and method chosen, analyzing the 
strengths and weaknesses of the work and studying how to improve it. In addition, the 
conclusions present the results of the whole work, including possible future investigations 
regarding with this Thesis.  
 

                                                 
1 RADIOGIS 
  Grupo de Sistemas de Comunicaciones Móviles (SiCoMo)                                
  Copyright © 2006  UNIVERSIDAD POLITÉCNICA DE CARTAGENA 
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1.2. Contributions 
 

The main objective of this Thesis is the development of a DVB-H coverage 
planning tool based on an adjusted propagation model using measurements. The 
propagation model chosen has been Xia-Bertoni [3], due to its good qualities to 
approximate the propagation losses in an urban/sub-urban environment. The aim was to 
improve the results obtained with Xia-Bertoni model by adjusting its variable parameters 
based on measurement campaigns. In this way, the purpose of this work is to achieve a 
more accurate propagation model for calculation of propagation losses in DVB-H networks.  

 
The model must be applicable in all kind of environments, and that is why the 

adjustments apply to different cities:  
 

• The first city was Gävle (Sweden), a city with an urban core and a suburban part.  
• The second city was Bucaramanga (Colombia), which has a suburban hilly area, 

with canyons and mountains around. The differences of elevation were about 300 
m. This city has also an urban core and the rest are suburban areas. 

• The third city under analysis was Munich (Germany), considered as a dense urban 
city. The interesting characteristic of the measurements of this city is that the height 
of the antenna was below the medium height of buildings. 

• Finally, it was studied a dense urban area of Valencia (Spain).  
 

With this, the new adjusted propagation model can be used in many different 
possible environments: 

• Urban area without hilly terrain 
• Urban area with hilly terrain 
• Suburban area without hilly terrain 
• Suburban area with hilly terrain 
• Dense urban area 
• Dense urban area with the antenna placed below medium height of 

buildings 
 

It is worth to comment that the measurements taken in each city were from 
different antennas emitting at different frequencies. Only in Gävle, the transmitted signal 
was DVB-H, and in the other cities the measurements were carried out using single 
continuous waves in near frequencies to the DVB-H frequency band, which make them 
useful for the aim of this work. 

 
The specific objectives of this work are the following: 
 

• To learn the fundamentals of network planning, specifically DVB-H planning. 
Having the planning objectives of maximize the coverage and minimize the 
cost, the task is to choose the best sites and the transmitted power by each one, 
using propagation models to calculate propagation losses to solve the problem. 

 
• To develop a basic guide to be used in measurement campaigns. The lack of a 

common protocol for field trial measurements makes the treatment of 
measurement data rather difficult. For instance, in some cases, the coordinates 
were displaced with respect to the map, the GPS datum during the 
measurement process was unknown as well as the features of the receiving 
equipment, etc. To overcome those problems this Thesis explains some basic 
issues to take into account in future campaigns. 
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• To study the fundamentals of Geographic Information Systems (GIS) and its 
applications in radio planning, specifically Arcgis2 and Radiogis, a planning 
tool used over Arcgis.  
To learn how to work with these tools and the possibilities they offer when 
dealing maps and information over maps, which is useful for network planning. 

 
• To compare the results with other results from different propagation models. 

In order to know the advantages and improvements achieved with the 
implemented models, there is a comparison of the own models results with 
measurements and with Okumura-Hata, COST-231 and Xia-Bertoni models 
developed by Radiogis.  
 

• To study DVB-H physical layer technology, to know the features of the system 
under study and the possibilities it offers in transmission and reception. 
To characterize the DVB-H transmitted signal in laboratory conditions. 
Besides, to characterize the received signal observing its variations in different 
receiving conditions. The aim is to know which DVB-H transmission modes 
are stronger against noise, it will be important in planning process because it is 
necessary to know the limitations of the system and the possibilities of 
transmitters and receivers and to know under which conditions the system 
response will be better. 
 

                                                 
2 ESRI ® ArcMap™ 9.1 
  License Type: ArcView 
  Copyright © 1999-2005 ESRI Inc. All Rights Reserved 
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2. THEORY 
 
2.1. DVB-H technology 
 
 More and more demand of applications for wireless mobile phones is growing. The 
consumers want not only the basic functions of communications with the phone, they also 
want entertainment functions, as the capability of playing video games, music 
reproduction, internet navigation or the one of our interest, the possibility of watching TV 
at the handheld terminal wherever and whenever. 
 
 Operators have become to offer TV services on mobile phones as video streaming 
over third generation networks. This solution has a disadvantage, it uses voice bandwidth, 
which reduces the total capacity of the network, and furthermore, its cost to give full area 
coverage is very high. Alternatively, it has grown new technologies to satisfy this new 
need. The new standardized technologies are DMB (Digital Multimedia Broadcasting), 
MediaFLO and DVB-H, which is the one under our study. Following figure shows the 
distribution of the systems along the world.  
 

 
Fig. 1. Distribution of digital TV mobile technologies around the world [4] 

 
 DVB-H [1] is the solution offered by DVB Project for handheld terminals. It 
allows transmitting IP multimedia contents to mobile terminals with high speed and 
covering big areas. It is based on DVB-T (Digital Video Broadcasting Terrestrial) [2], 
which is the digital terrestrial television standard used in most of European countries.  
  
 As DVB-H is a system dedicated to transmit to mobile terminals, this technology 
has some basic needs:  

• It should permit to increase battery duration. 
• It should supply an easy solution to the handover.  
• It has to be able of give coverage to allow reception in different situations of 

use (different speed mobility and kinds of environments). 
• It shall offer means to avoid the effects of man-made noise 
 

 To overcome these limitations DVB-H technology introduces to DVB-T some 
technical modifications: 

• At link layer level 
- Time slicing, added to reduce the timing consumption and to enable the 

seamless handover. The technique consists of a multiplex in time of all the 
services, this information is transmitted discontinuously and more quickly 
than if the transmission were continuously. At mobile terminal, are only 
kept the necessary bursts for the required service and then are reproduced 
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in order and at the corresponding rate, by this way, the reproduction has 
not cuts and the reception can be off to save battery when received bursts 
are not required.  

- MPE-FEC (forward error correction for multiprotocol encapsulated data) is 
an additional error correction code useful to improve carrier to noise 
performance and Doppler performance in mobile channels.  

• At physical layer level adds 
- TPS-bit signalling which aims to enhance the service discovery and to 

carry on cell identification. 
- 4K mode of FFT, which allows that each transmitted symbol have 3409 

carriers, a trade off between 2K and 8K mode implemented in DVB-T, the 
objective is to have more flexibility at planning the networks (explained 
later).  

- In-depth symbol interleaver for 2K and 4K modes, it improves the 
flexibility of the symbol interleaving allowing 2K and 4K mode to benefit 
from the memory of the 8K symbol interleaver, quadrupling or doubling 
respectively symbol interleaving depth. The objective is to improve the 
robustness against fading and impulsive noise. 

 
 The digital modulation used by DVB-T and DVB-H is OFDM (Orthogonal 
Frequency Division Multiplex), whose basic principle is to divide a high rate data stream 
into different lower rate streams, the system transmits simultaneously over a number of 
subcarriers. The election of this technique is because is the most favourable in 
environments where the transmissions could suffer multipath effect. In those cases, the 
received signal has different contributions caused by reflections in the components of the 
scene, as Fig. 2 shows; each contribution arrives to the receiver antenna with different 
delay. If the delay is bigger than the symbol period the contribution arrives to the receiver 
antenna too late, during the next symbol, causing inter-symbol interference (ISI), 
represented in Fig. 3. The solution to avoid this effect is to make the symbol period wider. 
Consequently, it is possible to take advantage of a bigger number of received contributions.  
 

 
 

Fig. 2. Multipath effect scheme 
 
 



 

 

9
 
 
 

 
 

Fig. 3. Inter symbol interference [5] 
 

 OFDM achieves elongation of the symbol period by modulating multiple 
subcarriers in parallel. In this way, it divides the total frame in a set of subcarriers, 
increasing the symbol period. Moreover, OFDM is an orthogonal modulation, which means 
that spectrum position of one carrier fits with nulls of adjacent carriers as can be observed 
in Fig. 4. Thus, when demodulating by multiplying by a carrier of the same frequency the 
result of the product with the adjacent carriers will be null, therefore the effect of inter-
symbol interference reduces.  
 

 
Fig. 4. OFDM spectrum [5] 

 
Another main characteristic of this modulation is the adding of a flexible guard 

interval in every OFDM symbol, which enlarges more the total symbol length (Fig. 5). The 
guard interval consists on a cyclical repetition of the useful part of the symbol placed 
before it. It increases the robustness of the signal against long delay echoes allowing the 
utilization in networks with wider cells and hilly terrain conditions. Document [1] presents 
the corresponding values for the time durations for each mode. 

 

 
 

Fig. 5. Adding of a Guard interval [5] 
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Each data carrier of the OFDM frame is modulated by using QPSK, 16-QAM or 
64-QAM, with different inner code rates then the data carriers are grouped in symbols to be 
transmitted, each symbol consists of a number of K subcarriers. There are three possible 
modes of operation: 

• 2K, in which the number of useful subcarriers is 1705 
• 8K, with 6817 subcarriers 
• DVB-H introduces 4K, with 3409 subcarriers.  
 
The longer the symbol is, the harder to the impulsive interference it will be. The 8K 

mode is the stronger because a given amount of noise power is averaged over 8192 
subcarriers. The problem is that this mode allows lower capacity of the system because 
with the symbol duration longer is possible to transmit fewer symbols per second. On the 
other hand, in 4K and 2K modes noise power is averaged over 4096 and 2048 subcarriers, 
respectively, so the noise power per subcarrier is higher but the capacity is higher too.  

 
The length of the symbol affects to the network planning. If symbol duration is 

longer, signal is more robust against noise and can be used in bigger SFN, being 2K mode 
good for use with a single transmitter and small SFN and 8K mode better for use in large 
SFN, while 4K mode offers an additional trade-off between transmission cell size and 
capacity. Regarding to planning aspects, the flexible duration of the guard interval DVB-H 
technology offers plays an important role allowing the increment of the duration of the 
symbol to adapt the signal to receive it in bigger networks. 
  
 Resuming, to planning a DVB-H network, is possible to choose the parameters of 
OFDM adjusting better to the needs according to the environment. The parameters to 
choose are: 

• FFT size from among the three possible: 2K, 4K and 8K.  
• Length of guard interval, whose possible values are: 1/4, 1/8, 1/16 or 1/32 

fractions of the useful symbol period. 
• Kind of modulation 

 
FFT size and guard interval have influence on the election of the SFN cell size and 

in the transmission speed. With a bigger number of subcarriers, the signal will be more 
resistant against multipath effects, consequently, the cell could be bigger, but the speed 
transmission of the system would be lower with the long symbol period.  

 
Depending on the modulation chosen for the system, the signal will be more robust 

against interferences or not. QPSK modulation achieves the best robustness but the lower 
capacity, only four symbols per carrier. For 64-QAM the spectral efficiency is higher but is 
easier an erroneous reception in noised conditions. 
 
 To solve the problem of modulation, DVB technology proposes the possibility of 
hierarchical modulation, which bases on transmit over the same radiofrequency channel 
two independent multiplex. The first one is a High Priority (HP) stream, modulated with 
more robustness (with QPSK), and transmitted with lower speed. This modulation is strong 
against interferences, but the quality when reproducing the stream is worst. The second 
multiplex is a Low Priority (LP) stream, modulated with 16 or 64 QAM. This modulation 
requires better signal to noise ratio to its correct reception 
. 

The objective of hierarchical modulation is that in areas with good reception 
conditions, the receiver demodulates the LP stream being the quality of the service better, 
on the contrary, where interferences affect the signal considerably (indoor, reception in 
mobility, lot of interferences, etc.), the receiver demodulates HP stream.  
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Fig. 6 a) shows the symbols of a hierarchical modulation of a DVB-H signal, the 
HP stream is modulated with QPSK where each symbol is corresponding to each one of the 
four groups of symbols and the LP stream is modulated with 64-QAM. Fig. 6 b) shows the 
aspect of the signal with noise effect, the LP stream arrives with very low quality and 
receiver only can detect symbols of the HP stream.  
 

 
         Fig. 6a). Hierarchical modulation             Fig. 6b). Hierarchical modulation with noise 
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2.2. DVB-H planning 
 
Planning DVB-H network has the advantage of compatibility with DVB-T system, 

so it is possible to share the existent sites. The problem is DVB-H requires more 
infrastructure than DVB-T and higher power or a large number of sites to give enough 
coverage. This is due to the transmission conditions of DVB-H are worse, and usually there 
is not direct line of sight between transmitter and receiver. Besides, multipath and Doppler 
effects affect considerably to the transmission and in most of the cases the reception is 
indoor or with mobility, causing several propagation loss. All these effects conclude in the 
use of Single frequency networks.      
 
2.2.1. SFN 

 
The immunity against echoes and the possibility of make them contribute 

constructively to the signal offered by OFDM modulation, gives us the option of using SFN 
as DVB-H distribution networks. 

 
 In SFN, all the antennas transmit the same signal with the same frequency, thus the 

mobile can use the signals received from all the antennas give it coverage, using them as 
multipath contributions of the same signal. It allows taking more advantage of 
radiofrequency resources. 

 
As explained on 2.1, depending on the duration of the symbol period of the signal, 

the radio of the SFN can be higher. The longer the signal is, the more immune against 
echoes it is and the receiver can support signals with bigger delay, consequently, will be 
possible to use bigger SFN.  

 
The following figure schematizes a SFN and the different contributions arriving to 

a receiver device.  
 

 
Fig. 7. Single frequency network representation 

 
 It is possible to understand the advantages offered by SFN compared with usual 
multifrequency networks from the analogical TV transmission, where to increment the 
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coverage area is necessary to place the antenna site higher or to increase the power level 
(which is limited legally and technically). In SFN, the same signal arrives from different 
antennas, consequently, is not necessary to transmit with so high power, which implies the 
network is easier to mount.  
 

Moreover, in multifrequency networks is only possible to reuse frequencies if 
distance between base stations is enough high to do not cause co-channel interferences 
which supposes wasting of radiofrequency resources. 
 
 The main advantages of SFN are [6]: 

• Decreasing of the necessary transmitted power. 
• Decreasing of the base station height. 
• Both previous items cause a reduction of the installation cost. 
• More flexibility in coverage options. 
• More immunity against interferences 
• More robustness against receiving mistakes. 

 
2.2.2. Considerable aspects before planning. 
  

DVB-H operates in UHF band, in frequencies from 474 to 858 MHz. This band has 
good propagation conditions but there are present others radiocommunications systems 
DVB-H has to coexist with, as GSM900, GSM1800 or WCDMA-FDD (Tab. 1). This is the 
reason because before studying the possible DVB-H sites, it is necessary to take into 
account on the interferences caused by the others systems or the caused by DVB-H on the 
others.  
 

 Uplink 
(Mobile station-Base station) 

Downlink 
(Base station-Mobile station) 

GSM900 880-915 MHz 925-960 MHz 
GSM1800 1710-1785 MHz 1805-1880 MHz 

WCDMA-FDD 1920-1980 MHz 2110-2170 MHz 
DVB-H ----- 470-860 MHz 

  Tab. 1. Frequencies of systems coexisting with DVB-H 

 
There exists different kind of interferential phenomena as spurious emissions, 

emitted on other frequency bands, which could affect to the reception of others systems. On 
the other hand, the intermodulation products are due to the system non-linear behaviour, 
which could produce pulses affecting to the reception. Finally, the block effect, it is the 
presence of a high power signal near our band, which is impossible to filter absolutely and 
can obstruct the reception.  

 
To prevent against those effects, it is necessary to place the antennas keeping a 

minimum distance to others systems antennas, around 2m of separation to avoid the block 
effect and 8m of distance to avoid the effect of spurious emissions and pulses. 

 
The most influent system on DVB-H is GSM900, due to the proximity between the 

channels of emitted signals, and the solution carried out in DVB-H receptors is to filter 
GSM900 band. 

 
The second aspect to consider before the DVB-H planning is the accordance with 

the electromagnetic radiation exposition laws. It is mandatory to respect the Specific 
Absorption Rate (SAR) limits [7]. Those limits force us to reduce the transmitted power by 
antennas, and depending on this power and on the frequency, is obligatory to keep a 
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minimum distance from the antenna to human life, from 1 m distance when 10dBw EIRP is 
transmitted to 151 m distance when 60dBw EIRP is transmitted.    

 
When it comes to planning DVB-H network, it is important to take into account the 

aspects exposed previously. If the network planning is adequate and keeps the minimum 
distances, the DVB-H system will not cause interferences over other systems and it will not 
be necessary to increase transmitted power from such limits to cause effects on humans. 
Because of this, it is important to be as precise as possible on the planning task; the use of 
adjusted models will be helpful for it.       
 
2.2.3. Planning objectives  

 
Having account on to achieve good working of the network and to be according on 

the laws it is necessary to carry on with the requirements exposed previously, the following 
aspect to the planning is to determine the best sites from among the available and calculate 
the emitted power by each one. The objectives for these elections are: 

• To minimize the cost of the creation and maintaining of the network.  
• To maximize the coverage area. 

 
2.2.3.1. Planning to minimize the cost 
 

There are two different kind of configuration for DVB-H networks: shared and 
dedicated networks.  

 
The first ones, reuse DVB-T sites, they use the same hardware and the same 

multiplex of DVB-T. Part of the capacity of DVB-T channel dedicates to transmit DVB-H 
information. This solution allows reducing the installation cost but has disadvantages: 

• It is impossible to use the improvements developed by DVB-H, because DVB-
T transmitter is not prepared.  

• The main problem of this method is that antenna used is the same to transmit 
DVB-T and DVB-H, having DVB-H more limitations in the transmission, so 
the achieved coverage for DVB-H is low and is necessary to increase the 
transmitted power, which increments considerably the cost. 

 
With the use of dedicated networks, the radiofrequency channel is utilized for 

DVB-H transmission exclusively, it is possible to use the advantages of DVB-H (FFT size 
of 4K, in-depth interleavers and MPE-FEC) and we can design the new network for the 
required capacity, power and coverage, in this case, the cost increment is due to the creation 
of the sites.  

  
To look for a network configuration that minimizes the cost, cost models are useful 

to calculate approximately the total expenditure considering: necessary transmitted power, 
necessary electric energy, cost of the equipment, cost of the antenna sites, maintaining of 
the equipment, etc [6]. It is possible to use existent antenna sites used for TV transmission 
or use the cellular network. 

  
1. The total cost of a network mounted using TV towers is: 

)(210 RPCCCC bbbbb ∗++=                            Eq. 1 

Where 
bC0  has account on the cost of the equipment, rent of the antenna site, licences, 

equipment maintain, etc.  
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bC1  is the increment of cost of the equipment having account on the capacity of the 
network ( )/( sbR )  

bC2  is the extra cost per transmitted Watt, this term includes the power amplifiers 
cost and the electricity cost. 

bP  is the EIRP (Equivalent Isotropically Radiated Power) of the antenna.  
 
2. The following equation represents the total cost of a cellular network in function 

of the network capacity: 

)()()()( 210 RnCRnRCCRC cccc ∗+∗+=                     Eq. 2 

Being 
cC0 , the cost of the main network 

cC1 , the increment of cost of the equipment having account on the capacity of the 
network ( )/( sbR )  

cC2 , a term which has account on the cost of the equipment, rent of the antenna 
site, licences, equipment maintain, electricity, etc.  

n , the total number of sites of the cellular network. 
 
3. While the total cost of the hybrid network is sum of previous: 
 

);(])([)()( 212100 bccbbbcbh PRnCRCPCRCCCRC ∗++∗+++=            Eq. 3 
 
In first case, if transmitted power is not very high, the more influent terms are the 

first and second. If power gets higher, the third and fourth are predominant and cost gets 
quite elevated. Cost is proportional to transmitted power.  

 
In the case of create a cellular network the cost is proportional to the number of 

necessary sites. 
 
Usually the chosen solution is mix of the two previous, it is to develop a hybrid 

network, where the transmitted power of the TV tower is not such high and complement it 
with some antennas to achieve the coverage needs. 

 
To reduce the cost of the network deployment it is important a precise planning, to 

avoid an extra increment of power after mounting the stations and to do not mount more 
stations than needed. To achieve a good planning is important to use a propagation model 
corresponding with the environment of the area to planning, if the model adjusts to 
measurements of that area, the planning is better, which justifies the necessity of this work.    
 
2.2.3.2. Planning to achieve the maximum coverage area 
 

To estimate the coverage of a network is to calculate the points of the surrounding 
area of the antenna where the Signal to Interference plus Noise Ratio (SINR) is higher than 
a minimum value. The SINR of a SFN is: 
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Where useP , is the useful received power, selfI  and extI , are the interferences 
caused by own system and caused by others, and N  is the thermal noise.  

 
The useful received power is the sum of the product of the received power of each 

transmitter i, iP , and the function Q  , this function gives a different weight to each one of 
the contributions i arriving to the receiver, representing by this way the receiver response. 

it , is the time when a signal arrives from transmitter i and ot , is the synchronization time 
[6]. 

 
Concerning to this work, the main term of the equation is iP , the received power, 

which depends on transmitted power and losses the transmitted signal suffers form each 
one of the antennas of the SFN to the receiver, being iTXi lPP ⋅= .  

 
Those total losses, are the combination of the transmitter gain, TXG , the transmitter 

loss, TXL , the receiver gain, TXG , the receiver loss, TXL , the gain of the transmitter and 
receiver antennas, antennatxG _  and antennarxG _  and finally the path loss, L .  

 
)()()()()()()()()( __ dBLdBGdBGdBLdBGdBLdBGdBmPdBmP RXRXantennarxantennatxTXTXtr −++−+−+= Eq. 5 

 
 Planning tools using geographic information systems help us to estimate 
propagation loss term, based on different propagation models and with different calculation 
methods. It is the main aspect in a network planning: if the path losses of an area are 
exactly calculated, the planning is good. It is the main reason of developing a model 
adjusted to measurements. 
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2.3. UHF Band Propagation Models 
  
 Planning tools utilize propagation models to calculate the link budget, the path loss 
and the coverage area of the used transmitters, to know where to place the minimum 
number of transmission antennas achieving good level of signal in the desired coverage 
area.  
 
 Depending on the accuracy of the propagation model and the characteristics of the 
terrain or the urban area, the simulated results obtained with the model are or not reliable, 
so will be necessary to adjust them. 
 
 There are three types of propagation models:  

• Deterministic, utilized to analyze known situations. They bases on theoretical 
calculations over a fixed geometry, using ray tracing theory.  
To use these methods it is necessary to have a geographic database and know 
the reflection and diffraction coefficients of the surfaces. Moreover, the use of 
deterministic models involves long computational time and great number of 
operations.  

• Physical-Statistical models, which combine deterministic models with statistics 
about the environment, in order to decrease the computational cost.  

• Empirical models, which bases on the results of measurement campaigns over 
different scenes. They do not predict the precise behaviour of the radio link but 
a good approximation, to obtain the best accurate result it is necessary to 
measure in each scenario all the possible situations could happen. 

 
 Moreover, propagation models classify in: 

• Area propagation models. Its name is due to the medium loss is calculated 
considering the characteristics of the area surrounding the transmitter and the 
receiver. 

• Point-to-point propagation models. In those models, the considered 
characteristics are the corresponding to the path from the transmitter to the 
receiver.  

 
 Usually, a mix of different models is applied. For example, in some of the point-to-
point models calculate theoretically the transmission loss and the joint between reflection, 
diffraction and scattering and then correct it by a factor empirically obtained, they are 
called semi-empirical methods and are the mostly used, such as COST 231, Okumura-Hata 
model. 
 
 The election of the propagation model to use depends on the propagation ambient: 
  

• Are considered dense urban areas, those inside the urban perimeter and 
densely populated (more than 20.000 hab/km2), with buildings higher than 9 
floors. Here the demand of services is the highest. 

• Urban areas, those with buildings higher than 5 floors, with regular building 
profile, with population from 10.000 to 15.000 hab/Km2. In those areas the 
traffic demand is high but not uniformly distributed. 

• The suburban areas are characterized by having buildings with 2 or 3 floors, 
wide streets and vegetation. Usually are industrial parks or residential areas. 
With population form 5.000 to 10.000 hab/Km2. In those areas the demand of 
services is medium and uniformly distributed. 

• Finally are considered rural areas, those with few nucleus with population, 
sited in the outskirts of the cities, with low demand of services. 

 
 From among the multiple existing propagation models, it is worth to comment: 
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• Free space loss propagation model  

It is the easiest one. It considers that transmitter and receiver are isolated in 
space; it takes into account the losses caused by distance and frequency 
variations. It is useful for any frequency range and any transmitter or receiver 
height. However, the results of propagation losses are not much accurate.   
 

• Okumura-Hata and COST-Hata propagation models [8] 
Both of them calculate the losses empirically. Distinguishing between the 
different propagation ambient. 
Okumura-Hata model works with the following range of parameters:   

150 ≤ f ≤ 1000 MHz 
30 ≤ hb ≤ 200 m 
1 ≤ hm ≤ 10 m 
1 ≤ d ≤ 20 Km 

Being: f, the working frequency, hb, the base station height, hm, the mobile 
height and d, the distance between transmitter and receiver. 
COST-Hata model is an extension of Okumura-Hata model, which allows the 
calculus of propagation losses in the frequency band from 1500 Hz to 1000 
MHz. 

 
• Walfish-Bertoni propagation model [9]. 
 This model dedicates to calculate propagation losses in urban environments. 

It works with the following range of parameters:   
300 MHz ≤ f ≤ 3 GHz 

200 m ≤ d ≤ 5 Km 
To use this model is transmitter antenna should be higher than medium height 
of buildings.   
It considers the city as a group of buildings, uniformly organized, with streets 
directed perpendicularly to propagation direction and it models the influence of 
the buildings placed between transmitter and receiver supposing them as half 
screens.  
It counts two main contributions arriving to the receiver, first, free space loss 
contribution and second, a contribution suffering multiple diffractions over 
buildings inside the first Fresnel zone.  
 

• Walfish-Ikegami propagation model [10]. 
It is a combination of Walfish-Bertoni model and Ikegami model, trying to 
improve the results. It adds to Walfish-Bertoni model the effect of the angle 
formed by the streets and the propagation direction. 
It is limited for the following ranges: 

900 MHz ≤ f ≤ 1800 MHz 
1 ≤ hm ≤ 3 m 

10 m ≤ d ≤ 3 Km 
It gives predictions that are more accurate if transmitter antenna is higher than 
medium height of buildings. 
The total loss is sum of tree terms, first, the free space loss, second, the 
diffraction and reflection from last building to the street and third, diffraction 
over multiple buildings between transmitter and receiver.    

 
Propagation model used to this work is Xia-Bertoni model, because it works in 

areas with similar characteristics to the cities utilized Gävle, Bucaramanga, Valencia and 
Munich.  
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Ideally, the model describes a suburban city with a core with buildings of uniform 
heights, equally spaced, and distributed in parallel streets, and with an antenna with similar 
height to the buildings.  

 
The model is useful to calculate an approximation of the propagation loss, but the 

final objective of this thesis is to adjust the model using measurements taken in the cities, 
trying to obtain a new adjusted model, with more accuracy in areas with similar 
characteristics to the areas of the measurement campaigns.  

 
To know if the final model is really better, there is a comparison between the 

results obtained with the own models and the obtained with other propagation models 
developed by Radiogis, with COST-231, Xia-Bertoni and Okumura-Hata. 
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2.3.1. Xia – Bertoni propagation model. 
 
When estimating the propagation losses to plan a new radio system deployment, 

the first step is to choose the propagation model adjusts better to the characteristics of the 
environment.  

 
The chosen propagation model for this work is the one described by Howard H. 

Xia and Henri L. Bertoni [3], which tried to describe the propagation of UHF signals (with 
frequency from 300MHz to 3GHz) in cities where the heights of the transmitter antennas 
are near the medium height of rooftops. It is based on Walfish – Bertoni model [9] and it is 
useful for the same environment properties, where the outside of the high-rise urban core of 
the cities are defined as zones with uniform height, with buildings equally spaced and 
parallel streets, and represent those buildings as equally spaced  and parallel absorbing half-
screens.  

 
The model is an evolution of Walfish – Bertoni model, the most important 

contribution is that antenna could stay either above or below the medium height of 
buildings.  

 
Walfish and Bertoni studied diffraction over multiple edges using Kirchhoff – 

Huygens theory integrating for each half screen, but it was only possible for limited number 
of screens and for positive incidence angles, the source should be punctual and should emit 
plane waves, moreover, it was long in time consumption.  

 
Xia – Bertoni model on the other hand, uses Physical Optics approximation to 

study diffraction over multiple edges, the field on each edge can be expressed as a sum of 
functions (studied by Boersma [12]), it allows negative or positive incidence angle, the 
source could emit plane or cylindrical waves and the number of edges could be up to one 
thousand. 

  
In the model is considered that antenna radiates fields whose path to the receiver is 

passing trough some rooftops, following Huygens’s law, when a wave comes into contact 
with a surface with a slot, it actuates as independent wave radiator, as can be observed on 
Fig. 8. 

 

 
Fig. 8. Diffraction of a wave on a plane with a slot 

 
In our case, wave contacts with each building actuating as knife-edge, which 

produces the same effect. The wave suffers successive diffractions on the buildings, and a 
final diffraction on the roof of the last building just before the receptor site, as can be seen 
in the following figure. Therefore, the propagation path loss is a sum of three terms, the 
first one defined as free space loss, another one defined as the loss due to diffraction over 
multiple edges and the last one due to the final diffraction from last roof to the mobile. 



 

 

21
 
 
 

 

 
Fig. 9. Scheme of the loss suffered by the transmitted signal 

 
The resulting expression of the Xia – Bertoni model, discussed in [3], for the 

received field in plane N+1 at floor height is, for an incident plane wave: 
 

[ ] )1(
!

2
,

0
1 qN

q

q

cjkNd
N I

q
gieH ∑

∞

=
+

−
=

π                Eq. 6 

 
And for an incident cylindrical wave: 
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Being: 
 

1+N , the number of planes. 
d ,  the distance between planes. 

0y ,  the emitter height respect the medium height of buildings. 
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Using Boersma’s method [12], results for 1=α :  
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For 2=α : 
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Recursively: 
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Where na)(  denotes Pochhammer’s symbol, defined by: 

1)( 0 =a                 Eq. 18 
)1).....(1()( −++= naaaa n   ...3,2,1=n  

 
Geometry factors cg  and pg define the dependency on geometry and frequency of 

the equations. Boersma functions )1(,qNI  and )2(,qNI  define the edge number dependence 
and the resulting field changes depending on the incidence angle. 

 
From the expressions exposed above propagation path loss model is the result of: 
 

rtsmsdbf LLLL ++=                                                   Eq. 19 
 
 The three loss parameters terms represent, the free space losses, bfL , the losses 

suffered over multiple knife edges, msdL  and the losses from the last rooftop to the receiver 
position, rtsL . 
 
The parameters of the model are: 

• Medium height of the buildings )(mhR  
• Relative height of base station over buildings )(mhb∆  
• Medium separation between buildings )(mb  
• Medium width of the streets )(mw  
• Relative height of buildings over mobile station )(mhm∆  
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Fig. 10. Model parameters 

 
For positive incidence angle: 

 
)(log20)(log2045.32 MHzfKmdLbf ++=            Eq. 20 

)(log9)(log9)(log18log1887.68 MHzfmbKmdhL bmsd −−+∆−=    Eq. 21 
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For negative incidence angle: 

 
)(log20)(log2045.29 MHzfKmdLbf ++=            Eq. 25 
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In order to achieve a better planning of the network the model adjusts for a 

particular environment, frequency band or terrain characteristics. The process consists on 
varying the multipliers of the final path loss equation terms following mathematics 
methods, trying that the results of the equation be as similar as possible to some real 
measurements realized in an area. By this way, the model adjusts to this area and to any 
others with the same characteristics.  
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2.4. Adjusting methods. 
 
 It is impossible to represent with total reliability all the features of an environment; 
consequently, the propagation models use approximations and suppositions (they consider 
buildings as half edges, they approximate to zero the absorption of the walls, etc), those 
suppositions cause error in simulation results. 
 
 If a set of measurements obtained in a determinate environment is available, to 
adjust the model to the environment is possible. Using the measurements, the model can 
adjust trying that the results are as similar as possible to the measurements. 
 
 The Xia-Bertoni propagation model equation is multivariate, one variable, L , 
depends on some others, ...,, zyx . The equation seems as follows:   
    
   ...+++= zcybxaL                                                    

Eq. 30 
Particularly: 

 
βα loglogloglogloglog GrFbEDfCdBAL ++++++=               

Eq. 31 
There are available a set of measurements, y , so the final objective is that result L  

is as similar as possible to y . Fig. 11 shows a representation of the problem, having the 
equation L, and a group of measurements y, the problem focuses on minimizing the 
deviation between the values of L and y. 
 

The aim is to obtain an approximated function, based on the original, which 
simulates the general tendency of the measurement data, even does not necessarily 
coincides with them.  

 

 
Fig. 11. Representation of the adjusting problem, in case of one variable equation 

 
 The present is an optimization problem, there are some existent methods to solve it, 
the utilized along this work bases on solve a multiple regression equation system, using the 
Least Mean Squares (LMS) adjusting method [14]. The solution consists on vary the 
propagation losses equation coefficients (A,B,C,D,E,F,G on Eq. 31) in order to minimize 
the sum of the squares of the differences between the measurements and the simulations 
(see Eq. 32), the method will be properly explained on following section. Matlab 
implements the LMS algorithm with the functions lms.m and lmsinit.m [14]. 
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Eq. 32 
 

Observing literature and other projects and works, there are existent different 
methods to solve the problem:  

 
• It is possible to adjust the equation by minimizing the sum of the absolute 

value of the differences (see Eq. 33)[15] . The mathematic dealing of this 
solution is more complex, moreover, it is impossible to obtain exact solutions    
 

∑ −=
i

ii LyS
              

 
Eq. 33

 • Another way of adjusting propagation models is applying neural networks 
theory. 
It consists on train a collection of interconnected simple processing elements to 
perform some computational task. Depending on the network architecture, the 
training realizes in different ways. 
Applying to the studied case, there is a weight in each one of the 
interconnections, which are the coefficients of the function.  
This method choose initial values of the coefficients to adjust (the values 
defined by the model), calculates the value of the function and the mean 
quadratic error, comparing the function results and the measurements.  
The objective is, the mean quadratic error is minimum, it is achieved deriving 
the error with respect each one of the coefficients, and transforming each 
expression of the derivates in other expressions in function of two learning 
parameters.  
After this process, the result is an equation system, from which it is possible to 
obtain the values of the coefficients, choosing the adequate learning 
parameters. 

 It is worth to comment two different algorithms based on neural networks: the 
Backpropagation Training algorithm [16] and the Forward Training algorithm. 
The difference between them lies in the direction of actualization of the 
weights. Matlab implements both of them with the functions: nntrain1.m and 
nnrandw.m for the Backpropagation Training algorithm and nn1.m for the 
Forward Training algorithm [14].    

 
• Other solution to the problem lies in the use of Searching Algorithms. The 

initial estimation of the coefficients transforms in another by making little 
changes or interchanging its values. If the solution with the change is better, the 
algorithm accepts the change. 
The process repeats until no more improvements. By this way, the result is a 
set of coefficients achieving a local optimum approximation. 
 

• Simulated Annealing Algorithm is a solution based on previous one. This 
method is able to find the set of parameters that achieves the global optimum 
approximation instead of the local. The main difference is the method supports 
some evolutions of the coefficients to worse solutions. A probability function 
checks the appearance of bad evolutions, which makes lower the probability of 
appearance bad evolutions [17].  
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2.4.1. Least Mean Squares adjusting algorithm. 
 
The mathematic method used for the adjustment of Xia-Bertoni propagation model 

to the realized measurements is the Least Mean Squares method. It bases on minimize the 
sum of the square of the differences between the measurements and the predictions.  

 
Being iy a collection of measurements and iL , the collection of predictions, the 

sum of the squares of the residuals is: 
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According to the method, when the sum is minimum the model adjusts to the 

measurements.  
 
The predictions, iL , depend on some variables x, y, z… (Eq. 35), which suffers 

some changes to obtain the best approximation. The process to solve the problem is, first, to 
calculate the derivates of S with respect each variable of iL  and make the resulting 
expressions equal to zero (Eq. 43). After this conversion results an equation system whose 
solution is the group of values of the variables to achieve the best approximation. 
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Particularly applied to the model: 
 

irtsimsdibfi LLLL ++=                

Eq. 37 
 
The free space loss is constant for each point, its term does not vary during the 

procedure: 
 

irtsimsdibfi LLLL +=−                     Eq. 38 

 
For positive incidence angle: 
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For negative incidence angle: 
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From those equations, the variables to adjust are the multipliers. The equation 

simplified to work looks like follows: 
 
 iiiiiii GrFbEDfCdBAL βα loglogloglogloglog ++++++=      Eq. 41 
 
The least squares equation to solve is: 
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Eq. 42 

 
And the resulting equation system: 
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Eq. 43 
  

Solving each equation for one variable the result is one system. Working the system 
out recursively with any numeric method the solution is the set of adjusted parameters.  
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2.5. GIS tools 
 
One of the most important tools necessary for planning, are the Geographic 

Information Systems (GIS), those tools give us lot of possibilities when representing maps.  
 
For the optimum planning of a system, it is necessary to know the characteristics of 

the environment where we are going to develop it. The GISs give the possibility of 
representing in different layers all kind of information of one area and manipulate it as 
database.  

 
This work corroborates that it is useful to have databases with position and height 

of buildings and other geographic features: directions of the streets, vegetation presence, 
sites of base stations, repeaters and receivers and other elements influencing on 
transmission. With those data is possible to calculate the basic propagation parameters to 
simulate the transmission, as distance between transmitter and receiver, medium height of 
buildings, distance between buildings, etc. 

 
The tool utilized along this work is Arcgis 9.1, developed by ESRI. This tool 

represents terrain and building maps of the different cities under study and using it, is 
possible to obtain the necessary data to make the calculations. Furthermore, Arcgis gives 
the possibility of represent the measurements of the received power taken in some areas of 
the cities. Finally, is possible to represent the calculated coverage and propagation loss 
maps as new layers over the cities maps.  

 
The following figure shows how Arcgis represents the building, terrain and 

measurements in Gävle.     
 

 
 

Fig. 12. Representation of a part of Gävle using Arcgis. 
 

To represent the data on GIS there are two different methods, the vector method 
and the raster method.  

 
The first one represents the objects as points, lines or polylines and areas or 

polygons, referenced by its vertices or nodes. The tool represents a point using a coordinate 
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pair (latitude and longitude) and its corresponding attributes, which can be an identifier, a 
height value, a name, etc. For example, in the studied case, the received power at the 
measurement point is vectorial information with its coordinates and power value in dBm. 
To represent polylines the tool uses the coordinates of each node and one common 
attribute. In addition, to represent polygons it uses a group of lines and an attribute. Fig. 13 
shows an example of how is the representation in vector method. 

 

 
Fig. 13. Vector model [18] 

 
 
The raster method bases on represent the total area of a map as a matrix of square 

equal cells, without overlapping and with spatial reference. The cells have a dimension 
whose value determines the resolution of the map. Each cell has an attribute that is the 
value of the represented variable in this point. Fig. 14 clarifies the concept.  

 
When we represent some variable with a raster, it is important to have account on 

the resolution we need, if the cell size increases the resolution reduces and it is possible to 
find a non real representation if the resolution is too low. On the other hand, by reducing 
the cell size, the resolution is better and the representation more accurate, but the file size is 
incremented, consequently, the computational cost is higher, and if we use the data to make 
calculations, the simulation time could get too high values.  

 

 
Fig. 14. Raster model [18] 
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Usually, to represent discrete variables the vector method is the best, being the 
raster method much more useful to represent continuous variables as terrain height, power 
distribution, temperature distribution, etc. Fig. 15 is represents a scheme of the differences 
of vector method and raster method in a map representation.    

   

 
Fig. 15. Differences between raster and vector [20] 

 
To represent any kind of information in a GIS, it is necessary to use a geographic 

projection to georeferenciate the points. The name of the set of parameters used to 
reference the maps is datum [21] and the elements of the datum are:  

• Central meridian  
• Latitude of origin 
• Scale factor 
• False easting 
• False northing  
• Spheroid  

 
It is mandatory that all the layers represented in a GIS document are referenced 

using the same datum to be correctly projected, on the contrary, correlative positions of two 
layers could be represented in different points.  

 
To define the spatial relation between elements of the map, the vectorial method 

uses the topology and references between points. On the other hand, the work with a raster 
is as a matrix work (with rows and columns), its elements are continuously placed, the 
spatial relations between points of the map are with relative positions between cells. So is 
only necessary to define the size of the cell in real units and the position in coordinates of 
one point of the matrix, in Arcgis, the one placed on the left-inferior corner. 

 
The utilized way of Input and Output information from and to Arcgis is using 

ASCII files. Each raster corresponds to an ASCII document, containing the information 
matrix of the raster and a header composed by some parameters: number of rows of the 
matrix, number of columns, X and Y coordinate of the cell placed at the left-inferior corner, 
cell size and a parameter containing the value assigned to the matrix where the raster has 
not value. Fig. 16 shows an example of a part of raster represented by an ASCII document.    
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Fig. 16. ASCII representation of a raster 

  
 ASCII files contain the necessary information of the terrain and building map, and 
the documents containing the results of the propagation losses in each point of the area are 
ASCII files too. 
 

It is easy to represent the measurement points using the vectorial method, as points 
with its coordinates and power value. Arcgis is able of transform the vectorial map of points 
into an ASCII document containing: one column with the X coordinates of the points, 
another with the Y coordinates and a third column with the power or propagation loss 
values. 

 
Over Arcgis is possible to load a software toolbar for propagation losses calculus, 

Radiogis (Fig. 17). This tool is an “extension” of ArcGIS 9.1, developed by the research 
group SiCoMo at the Information Technologies and communications Department of the 
Universidad Politécnica de Cartagena. The programme makes radiocommunications 
calculus and represents them in Arcgis as new layers.  

 

 
Fig. 17. Radiogis toolbar aspect 

  
Radiogis is a helpful support to planning works. This tool is able to calculate 

coverage areas of one transmitter, system coverage for more than one transmitter, and 
calculus of receiver power and electric field density maps. In the present work, is used to 
calculate propagation losses maps of each one of the cities under study, to compare it with 
propagation losses calculated with the own implemented model (Xia-Bertoni and adjusted 
Xia-Bertoni).     
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3. METHODOLOGY 
 
3.1. Data from measurement campaigns  
 
 The process of designing a model adjusted to measurements consists of, a) having 
measurements of the propagation losses in a given area, b) choosing a propagation model 
suitable for the topology of the area and c) adjusting the parameters of the propagation 
model using the measurement results.  
 
 It is necessary to study the environment and terrain characteristics to be able of 
treat the measurement campaigns correctly. Arcgis is a good support to do it; the process 
consists on represent the corresponding cities with its building and terrain maps, and place 
the measurement points over them, thus allows to study the features of the measured area.  
Moreover, to deal the data, the study of each site is essential, it is necessary to know the 
exact position of the antenna, height, antenna radiation diagram, emitted power, losses 
produced by cables and connectors, gain, azimuth and tilt.    

 
This work deals with data from four different campaigns, in order to achieve a tool 

useful for different environments and city models. The campaigns are:  
 
• First, the one performed in Gävle (Sweden) [22] by Joannum Research and 

ITVArena.  
This city has an urban zone, with buildings of almost uniform height and not so 
much height, and the rest of the city has suburban characteristics, with 
separated houses of low height and quite lot of vegetation.  

• The one performance in Bucaramanga (Colombia) by RadioGIS research 
Group at Industrial University of Santander (Universidad Industrial de 
Santander – UIS).  
This city has similar characteristic as Gävle regarding to buildings, one urban 
zone sited near the base station, without high buildings and the rest is suburban. 
The difference with Gävle is, Bucaramanga has mountainous zones, and the 
terrain is very irregular, having differences of attitude of more than 200m 
between different points of the city.  

• The third measurement campaign chosen is the realized in Munich (Germany) 
for the COST231 Project [24]. 
Munich is a dense urban city, with the terrain almost plain. The main 
characteristic of this campaign is antenna height was lower than the medium 
height of the buildings.  

• The last one measurement campaign used is the performed in Valencia (Spain) 
for the PhD. Dissertation presented by Ruben Fraile [16].  
The zone of Valencia where the measurements were taken is dense urban too, 
and the terrain is flat. The difference with Munich is transmission antennas 
were placed higher than medium height of buildings. 

 
 Appendix A exposes the characteristics of each transmitter. 
  

The results obtained form each measurement campaign are exposed on section 4.1. 
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3.2. Considerations against Shadowing effect 
 
When a propagation model is adjusted using measurements, it is necessary to 

consider the shadowing effect.  
 
This phenomena affects over a large number of measurement locations that have 

the same transmitter-receiver distance and different profile between them, depends on the 
different paths from the transmitter to each location of the receiver [27]. 

 
The random shadowing effect has the characteristics of a lognormal distribution, so 

it is possible to predict its behaviour. If the chosen path loss or received power 
measurements to adjust the model are correlated values, the shadowing effect is not 
random, and is not predictable by a lognormal distribution. To avoid it, it is critical to select 
carefully the samples to use, separating the whole group of the measurements in routes and 
calculating correlation between the samples of each route, obtaining by this way the 
maximum number of consecutive samples of a route to use them to adjust my model. The 
uncorrelated samples are those whose distance is lower than the coherent distance, defined 
as the distance over which the value of the auto-correlation function of the studied value is 
above 0.5 [27]. 

 
The autocorrelation of a function is: 
 

∫∫
∞

∞−

∞

∞−

−=+=∗−= dssfsfdssfsfffR f )()()()()()()( *** τττττ           Eq. 44 

 
To make a correct the adjustment of the propagation model the measures used to 

adjust have to be uncorrelated, on the contrary when using the adjusted model the 
calculated values of propagation losses would be similar to measurements used to adjust 
and would not be a realistic approximation. 

 
The followed process to calculate the coherent distance (Sc) is: first, to separate the 

measurements into routes, then, to calculate the autocorrelation of the power or propagation 
losses values of each route, separating the routes with all its measurements uncorrelated, 
and the routes that have correlated values.  

 
Each one of the routes with correlated values will be separated in shorter routes 

with the maximum possible number of uncorrelated values. Finally, the length of these 
short routes will be measured using Arcgis and calculated the medium value, which is the 
medium coherency distance.    

 
For example, having a route with the following values of received power: 
 
P=[-81  -81 -77 -77 -77 -75 -75 -75 -75 -70 -70 -70 -58 -58 -58 -58 -47 -47 -47 -57 

-42 -47 -42 -39 -57 -44 -39 -42 -42 -38 -32 -38 -32 -38 -32 -26 -32 -26 -26 -29 -29 -29 -43 -
36 -38 -36 -38 -36 -41 -38 -41 -47 -57 -47 -37 -47 -37 -62 -57] 

 
The value of the autocorrelation of the power values is represented on the following 

graph: 
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Fig. 18. Autocorrelation of P 

 
As can be observed some of the values have correlation value higher than 0.5, so 

are correlated samples. 
 
The vector taken above has 58 samples, if it is separated into 3 vectors with a lower 

number of samples P (1:13) (Fig. 19), P (14:35) (Fig. 20), P (36:58) (Fig. 21), the samples 
of each one of the vectors have autocorrelation values lower than 0.5, so are considered 
uncorrelated. 

 
Fig. 19. Autocorrelation of P(1:13) 

 
Fig. 20. Autocorrelation of P(14:35) 
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Fig. 21. Autocorrelation of P(36:58) 

 
 To measure the distance between the first and last sample is an easy task using 
Arcgis, for the first portion of route the length is 469.231m, in wavelength terms 1279.4λ, 
for the second 394.89m, 1076.7λ and 609.19m, 1661.1λ for the third portion. 
 

This process can be repeated for all the routes with correlated samples, obtaining 
the coherent distances of each route and calculating finally the mean. 
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3.3. Application of the propagation model in each point 
 
Following section explains the developed method used to calculate the propagation 

losses and received power in each map point using Xia – Bertoni model.  
 

As shown on theory, the final formulation of the model results as follows:   
 
For positive incidence angle: 

 
)(log20)(log2045.32 MHzfKmdLbf ++=             Eq. 45 
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For negative incidence angle: 
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The model depends on some parameters, which is necessary to calculate for each 

point where we want to know the propagation loss, those parameters are: 
 

• Distance between base station and mobile station  )(Kmd  
• Medium height of the buildings )(mhR  
• Relative height of base station over buildings )(mhb∆  
• Medium separation between buildings )(mb  
• Medium width of the streets )(mw  
• Relative height of buildings over mobile station )(mhm∆  
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Fig. 22. Model parameters 
 
The data from where is possible to extract the information are the terrain and 

building map of the interesting zone, those maps are ASCII documents. Section 2.5 
explains the format of the information ASCII documents. 

 
The maps keep information about the terrain altitude and the building height of 

each point.  
 
Other important information is the base station position in XY coordinates in 

meters, ),( pbypbx , the mobile and the base station height in meters, mh and bh , and the 
emission frequency of the antenna in Megahertzs, f . 

   
Next items describe the way to calculate the parameters for each mobile station 

position, ),( pmypmx : 
 

• The distance between base station and mobile station is the square root of the sum 
of the squares of the distance in X direction and the Y distance in Y direction. 

 

 
Fig. 23. Scheme to calculate distance between points 
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)()()( 22 mpbypmypbxpmxd −+−=             Eq. 55 
 
• For calculating the medium height of buildings, Rh , medium separation between 

buildings, b , and medium width of the streets, w , it is necessary to calculate the 
profile between base and mobile station, which is the representation of the terrain 
an buildings appearing in the interval. Fig. 24 explains the concept.     

 

 

 

 
 Fig. 24. Representation of profile concept 

 
The building profile is a vector containing the heights of the existing buildings 

from the transmitter to the receiver, at points where there is not building the value of vector 
is zero, similarly, the terrain profile is a vector containing the terrain altitude in points from 
the transmitter to the receiver.  

 
To obtain those vectors, the whole study area is considered as a matrix (extracted 

from the ASCII document). Each point of the matrix contains the value of each pixel of the 
map, so using the parameters given by the header of the ASCII document, it is possible to 
transform the position of one point in XY coordinates to the equivalent position of the point 
inside the matrix. The number of column can be deduced from the X coordinate and the 
number of row from the Y coordinate. Being ),( pypx  a given position in XY coordinates 
and the values given by the header explained above, the position in the matrix is: 
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cellsize
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=                            Eq. 56 

cellsize
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nrowsrow
−

−=              Eq. 57 

  
 To know the profile vectors, the first step is to calculate the position of the base and 
the mobile inside the matrix. Then, two extra vectors will be constructed, one containing 
the number of columns of the matrix points between the transmitter and receiver and 
another containing the number of rows. Travelling across those vectors simultaneously is 
possible to know the row and column inside the matrixes of all the points between base and 
mobile. To obtain the terrain profile, the values of terrain matrix will be consulted and the 
same for the building profile.  
 

From this point, the total profile (sum of both) will be considered, and the taken 
height reference for the calculations will be the height of the terrain at mobile position, as 
can be observed on Fig. 25. 
 

 
Fig. 25. Total profile representation 

 
 To deduce the medium height of buildings is an easy task knowing the profiles, the 
calculation bases on summing the height of all the buildings and dividing it by the number 
of buildings. Firstly, it is created a vector called “edificioono”, with ones in the positions 
where there is a building and zeros where there is not a building.  
  

• To calculate the medium width of the streets, )(mw , is only necessary to sum the 
width of each street and divide it by the number of streets.  

 
• The medium separation between buildings, )(mb , is the sum of the width of the 

streets and the medium width of the buildings, calculated as the sum of the width of 
each building divided by the number of buildings. Those values can be extracted 
from the vector “edificioono”, counting the number of consecutives ones as 
buildings and the number of consecutive zeros as streets.  

 
• The parameter of increment of the base height with respect the medium height of 

buildings, )(mhb∆ , can be calculated consulting in the matrix the value of the 
terrain height at base station position, summing it with the value of the base height, 
and subtracting the reference height, subtracting then, the referenced medium 
height of buildings. 
 

[ ] )(),(_),(_)()( mhpmypmxmatrixterrainpbypbxmatrixterrainmhmh Rbb −−+=∆   Eq. 58 
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• It is similar to calculate the increment of the medium height of buildings respect the 
mobile height, )(mhm∆ , it can be made only subtracting the mobile height to the 
calculated referenced medium height of buildings. 

 
)()()( mhmhmh mRm −=∆               Eq. 59 

 
Now, with all these parameters, the values of r and φ  can be calculated easily with 

the formulas expressed above.  
 
The values of propagation losses for each desired point can be deduced using  
 

irtsimsdibfi LLLL +=−                Eq. 60 
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3.4. Processing of the measurement data 
  
To make the adjustment, the taken values on the measurement campaigns will be 

used. Those values are the received power values on each measurement point, except in the 
Munich campaign. The values of propagation loss have to be extracted from those, because 
the objective is to compare the values calculated with the model with the measurement 
values. The following formula shows the relation between received power and propagation 
loss. 
 

)()()()()()()()()( __ dBLdBGdBGdBLdBGdBLdBGdBmPdBmP RXRXantennarxantennatxTXTXtr −++−+−+=   Eq. 61 
 

The receiver antenna is the mobile antenna and it is considered omnidirectional, 
and its gain in dB is 0.  

 
The combination of )()()( dBLdBGdBmP TXTXt −+  is called )(dBPIRE  and is 

given by each campaign protocol, as well as the values of )(dBGTX , )(dBLTX and the 
radiation diagram of the antenna.  

 
The resulting formula to extract the propagation loss is 
 

)()()()()()( _ dBmPdBLdBGdBGdBPIREdBmL rRXRXantennatx −−++=          Eq. 62 
 
From the radiation diagram of the antenna, the antenna gain for each measurement 

point can be deduced, searching in the diagram the corresponding angles both in horizontal 
and in vertical plane in the direction of the greater contribution.  

 
Observing the following scheme can be observed that the contribution important of 

considering is the one in direction to the higher building in the Fresnel zone, because it will 
be the contribution with higher amplitude arriving to the mobile.  

   

 
Fig. 26. Contributions arriving to the receiver 

 
The radiation diagram of the antenna is represented by a matrix of dimension 

90x360, containing losses caused by the antenna. The columns are the variation in degrees 
from 0º to 360º of the radiation diagram in the horizontal plane. The rows are the variation 
from 0º (horizontal direction) to 90º in the vertical plane. If the angles are known it is 
possible to know the loss introduced by the antenna searching in this matrix. 

 
If base and mobile position and their heights is known, to calculate the angles is 

easy using Pythagoras theorem. In horizontal plane, the angle respect the north is 
calculated, but then has to be referenced taken the antenna azimuth as zero, in vertical 
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plane, has to be referenced taken the antenna tilt as zero. Both schemes are represented in 
Fig. 27 and Fig. 28. 
 

 
Fig. 27. Scheme of the calculation of the interesting angle in horizontal plane  

 
Being the base station position ),( pbypbx  and mobile station position 

),( pmypmx  the angle in horizontal plane respect the north can be calculated as: 
 

 
⎟
⎟
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pbypmy
pbxpmxarctgnorthrespectangle __             Eq. 63 

 
And the angle respect the antenna maximum of radiation is: 
 

northrespectangleazimuthantennaantennarespectangle _____ −=          Eq. 64 
 
 

 
Fig. 28. Scheme of the calculation of the interesting angle in vertical plane 
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The angle in vertical plane can be calculated as: 
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⎠
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Being: 
 

),(_),(__ pmypmxmatrixterrainpbypbxmatrixterrainhrefh bb −+=          Eq. 66 
 

),(_),(__ pmypmxmatrixterrainpypxmatrixterrainhrefh buildingbuildingbuildingbuilding −+=   Eq. 67 
 

            The angle respect the direction of maximum radiation of the antenna is: 
 

tilthorizontalrespectangleantennarespectangle −= ____                  Eq. 68 
 
The way of calculating the position of the higher building in Fresnel zone is 

searching it along the total profile vector, the diffracting building has been considered the 
higher building from the transmitter to the receiver. 
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3.5. Comparison of results 
 

To check the reliability of the designed methods, the use os some statistics is 
helpful. The statistics used to compare are: 

  
• The mean of the differences between the simulated values and the measured 

values at each point, to have an idea of the similitude between them.  
Being N the number of samples, the mean calculates as Eq. 69 describes. It is 
recommendable that mean be as small as possible, being a good value of 
difference 15dB [13]. 
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Eq. 69 
• The standard deviation of the previous differences calculates with Eq. 70. The 

ideal value of the standard deviation would be zero, but usually are good values 
from 1 to 7dB [13]. 
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Eq. 70 
• The probability density function of the differences. Is recommendable that the 

maximum value of the probability achieves for difference value next to zero, it 
is that the probability density function be as narrow as possible and centred in 
zero.  
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4. RESULTS AND ANALYSIS  
 
4.1. Measurement campaign guide 

 
Due to the problems found for geographic projection3 and representation of data 

from measurement campaigns using a GIS, this section develops a guide in order to carry 
out correctly future measurement campaigns. The main aim of this guide is to advice about 
the possible mistakes during the measurement procedure, trying to avoid them to improve 
the results. 

 
When carrying out a measurement campaign is necessary to take into account some 

issues:    
 
Geographic and Cartographic recommendations: 
 
• It is important to know exactly the working and the GPS used mode. The most 

important parameter to know is the datum (see section 2.5) used during the 
measurements. Is recommendable the use of WGS84 datum to the GPS 
configuration, cause is the universal datum. This information is necessary to 
able the cartographic representation of the measurement points in future 
applications, as for example a radio network planning tool based on GIS.  

 
• When representing the measurement points as a layer over other maps in a GIS, 

if the used datum to acquire the data is different to the utilized in the maps 
projections, there is a displacement of the measurement points with respect to 
the maps. In these cases is necessary to re-project all layers containing the 
measurement points and maps using a common datum and projection method. 
The use of Universal Transverse Mercator (UTM) projection is recommendable 
for European cities, however, if the city under study is placed farthest North 
will be better to use the particular projection of the country.    

 
Power measurement recommendations: 

 
• It is necessary to take in each measurement point a number of samples as high 

as possible (more than 10 snapshots is recommended in no stationary 
conditions). High numbers of samples are necessary in order to obtain the 
average value of the receiver power (without random time variations), which is 
useful for propagation losses analysis using propagation models4. On the other 
hand, with only one sample, the measurements would not be useful for 
propagation losses analysis; they would be isolated samples of a random 
variable. 

 
• Is especially necessary for propagation model adjusting to take measurements 

in different routes and with points equally separated an electrical distance 
multiple of the wavelength. This consideration could be useful to process the 
measurements, because the task of selecting uncorrelated routes gets easier. 
Usually the electric distance chosen to take the measurements is from 2 times 
to 5 times the wavelength value.  

 

                                                 
3 A geographic projection is the method used in cartography to represent the two-dimensional curved 
surface of the earth or other body on a plane. 
4 A propagation model gives a mean of the propagation loss but the result does not includes 
variations in time.  
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• It is important to know the equipment characteristics used to acquire the 
samples in wideband systems. For example, in DVB-H systems, the bandwidth 
can be between 5 and 8 MHz, and one important device characteristic is to 
know if the receiver was measuring the contained power in whole bandwidth, 
or if the receiver was measuring a single carrier frequency, centre in the 
measured bandwidth, but the transmitter was using the same relative 
transmitting power. In the first case (whole bandwidth), the wavelength the 
receiver device must be set to integrate the receiver power, and then obtain the 
value for a single frequency centre in the bandwidth, which is the usual way to 
perform power predictions using planning tools. 
The spectrum analyzers include the integration function, this method has been 
used in Gävle measurement campaign applied to a modulated carrier with 
8MHz bandwidth, in measurement campaigns realized in the other cities the 
method utilized is similar but considering frequency carriers of different 
systems (UMTS in Valencia and IS136 in Bucaramanga)    
 

• If the system under study is limited by interferences, as UMTS, is better to 
perform the measurements using not limited transmitters without considering 
the presence of users interfering, in order to obtain neutral results. 
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4.2. Results from measurement campaigns  
 
 This section exposes the resultant considerations from each measurement 
campaign, obtained by representing the maps, measurement points and antenna diagrams. 
  

  Results in Gävle: 
 

Next figure shows the city of Gävle with the measurements taken in the campaign 
and the position of the transmitter. The objective of this campaign was to measure the 
coverage of Interactive TV Arena's Test transmitter. In each point, the measurement 
equipment collected the receiver power, the bit error rate (BER), the packet error rate and 
the MER. In this work, the measurements of interest refer to the receiver power at the 
antenna. 
  

 
Fig. 29. Gävle measurement campaign.  

 
The coloured surface is the terrain map, the group of white polygons is the 

available part of the building map (is remarkable that the available data does not represent 
all the buildings in the area of study. Instead, the calculation of the model parameters in 
areas where there is no cluster data available bases on the COST231 model for suburban 
areas). The area marked with a square is the urban area, being the rest the suburban area. 
The different colour points are the routes of the measurements. 
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  Results in Bucaramanga: 
 

Bucaramanga map, Fig. 30, shows the different areas of the city. The coloured map 
shows the terrain variations, yellow and orange areas represent the lower parts of terrain 
and blue areas are the higher parts. The city composes by a canyon and a group of 
mountains.  

 
It is necessary to separate the different kinds of environments of the city, to adjust 

the model depending on the features of each area, due to depending on the measuring place 
the terrain could produce diffractions or signal loss.  

 
The objective of Bucaramanga campaign was to check the effect of transmitting in 

hilly terrain. The Zone 1 is a flat part of terrain over a mountain, with height around 930 m 
altitude, the measurements of Zone 2 are placed on the slope of the canyon having 80 m 
altitude of difference between the lower and the higher part. The Zone 3 and Zone 4 are flat 
areas of terrain with similar altitude but between then there is a part of the canyon.  
 

 
Fig. 30. Bucaramanga measurement campaingn 
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  Results in Munich: 
 
 In COST-231 campaign, realized in Munich [24], the objective was to compare 
different propagation models. The measurements distributes in three different routes 
represented in Fig. 31. The terrain of Munich is almost flat, and the terrain map is not 
available so it has been supposed to have constant altitude of 515 m. The red colour map is 
the building map, being the higher buildings the dark red ones and the lower the yellow 
ones.  
 

The height of the transmitter antenna is 13 m and the medium height of the 
buildings is around 20 m, so those measurements are useful to adjust the model to dense 
urban cities were the height of the base station is lower than the medium height of 
buildings.  
 

 
Fig. 31. Munich Measurement campaign  
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 Results in Valencia: 
 
 The measuring campaign of Valencia sites over few streets of the city. 

The measured parameter was the receiver power in dBm on each point of the 
routes, transmitted by three different antennas. The objective of this campaign was to 
collect measures to adjust propagation models basing on neuronal adapted networks [16].  

 
The system studied was GSM, hence it is an important feature that the height of the 

antennas is higher over the medium height of buildings. 
 
Fig. 32 shows a part of Valencia building map with the terrain map and the 

measurements. 
  

 
 Fig. 32. Valencia Measurement campaign  

 
The sites were sectorized antennas, but only one of the three sectors of each one is relevant, 
the sector focused on the studied zone.  
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4.3. Calculation of the coherent distance  
 
The measurements are uncorrelated if the value of autocorrelation between them is 

lower than 0.5. To know how to choose the right measurements to adjust, it will be 
calculated the coherency distance of the measurements for each city, which is the distance 
from that the autocorrelation value between measurements is higher than 0.5. It means that 
the uncorrelated measurements have a separation lower than the coherency distance. 

 
The process explained on section 3.2 can be repeated for all the routes with 

correlated samples, obtaining the coherent distances of each route and calculating finally 
the mean, obtaining the mean values shown in the table below: 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

Tab. 2. Mean coherent distance of the studied cities 

Gävle  (f=818 MHz) 
Sc of routes with correlated samples 
Mean 448.61 m 1223.4 λ 

Bucaramanga  (f=880.11 MHz) 
Sc of routes with correlated samples 
Mean 73.586 m 215.88 λ 

Munich  (f=947MHz) 
Sc of routes with correlated samples 
Mean 170.7 m 538.86 λ 
Valencia  (Yecla)   (f=955 MHz) 

Sc of routes with correlated samples 
Mean 64.49 m 205.29 λ 
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4.4. Results of the adjusted model and comparison with obtained with the model 
before adjustment 

 
The results obtained with designed Xia-Bertoni model before adjustment are 

exposed on Apendix A, Section A.3, and the specific statistics tables of this section in 
Section A.4. The present section exposes the results of the simulations with Xia-Bertoni 
adjusted propagation model, those results will be compared with the measurements and 
with the previous the results before the adjustment.  

 
The statistics used to compare it are: the mean of the differences between the 

simulated values and the measured values at each point, the standard deviation of this 
differences and the probability density function of the differences. The desired values of 
both medium value and standard deviation of the differences is zero, but are considered 
good values to 12dB of mean of the differences and from 1 to 7dB of standard deviation  
[13] [27]. For the probability density function is desired that the maximum value of the 
probability were for difference value next to zero.  

 
To have an idea of the real improvement, the adjustment will be realized using 

some of the measurement points and the comparison will be calculated using the rest. The 
statistics utilized are the same as is the previous section to be able of compare and check if 
there are improvements.    
 

 Simulation Results in Gävle 
 
 In the case of Gävle, next figures show the comparison between some of the 
measurement points (the not utilized for the adjustment), the simulation with the not 
adjusted method and the simulation with the adjusted method, as it was expected the 
adjusted method approximates better to the measurements. 

 
Fig. 33. Comparison between the measurement point, the simulation with not adjusted 

method and the simulation with the adjusted method for the urban area of Gavle 
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Fig. 34. Comparison between the measurement point, the simulation with not adjusted 

method and the simulation with the adjusted method for the suburban area of Gavle 
 

The problem when trying to simulate the propagation losses in suburban area of 
Gävle is that the whole map of buildings is not available. Consequently, in the most part of 
this area it is impossible to calculate the building profile, so, medium height of buildings, 
medium width of the streets and medium distance between buildings, etc., have to be 
approximated following COST231 recommendations. It causes errors in simulations. 

 
Figures above show the efficacy of the adjustment, the green lines, the adjusted are 

closer to the measurements. 
 
Fig. 35 and Fig. 36 show probability density function graphs before and after the 

adjustment. 
 
Before the adjustment, for the urban area the peaks of maximum probability are for 

difference values of 10dB and 20dB, and for the suburban area, with probability of 4% the 
difference is 30dB. After the adjustment, the graph gets narrower, which means that the 
range of differences is lower; and it is balanced around zero, the higher probability 
corresponds to the value of difference equal to zero, which was the adjustment objective. 
The improvement with the adjustment is obvious, mostly in the suburban area. 
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Fig. 35. Comparison of the probability density function of the results for the model without 

adjustment and the model with adjustment for the urban area of Gävle 
 

 
Fig. 36. Comparison of the probability density function of the results for the model without 

adjustment and the model with adjustment for the suburban area of Gävle 
 

Tab. 3 represents the results of the statistics after and before the adjustment. With 
the adjustment, it is possible to obtain better results than without it, the standard deviation 
is lower but is next to 7dB, it could be because the values of the measurements taken are 
highly variable and with the adjustment, it is impossible to approximate to all. 
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 The results for Zone 2 of Bucaramanga are:     
 

 
Fig. 37. Comparison between the measurement point, the simulation with not adjusted 
method and the simulation with the adjusted method for the Zone 2 of Bucaramanga 

 

 
Fig. 38. Comparison of the probability density function of the results for the model without 

adjustment and the model with adjustment for the Zone 2 of Bucaramanga 
 

In the case of Bucaramanga, there are four different areas (see 3.1) called. Zone 1, 
2, 3 and 4. (The rest of results for Bucaramanga are exposed in Appendix A. Section A.4.)  
 

The results of the simulation in Bucaramanga show that Xia-Bertoni model has not 
been designed for hilly terrain, observing the graph, the measurements and the calculated 
values before adjustment are quite different. Zone 4 is the only area where the results are 
similar to the measurements, it is due to in that Zone the terrain is not hilly.  
 

The model does not introduce losses caused by terrain features, consequently, it 
does not take into account on the mountains or the canyon of Bucaramanga. 
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Before the adjustment, the standard deviation is not so high but the mean of the 
differences is, it is because the extra losses caused by mountains are missing. The results at 
Zone 4 are good because is the only plane area of the city and is near the base station, the 
mountains and canyon does not affect to propagation in this area.  

 
After the adjustment the problem of the losses caused by canyon and mountains is 

saved, now those losses are considered. The model values are now much closer to the 
measured values, which proves the validity of the adjusting process. 

 
Tab. 3 shows the considerable reduction of the mean of the differences and the 

standard deviation for all areas of Bucaramanga. 
 

 Simulation Results in Munich 
 

Respect to the results in Munich, in this city, the whole area measured has been 
considered as dense urban area, one important difference comparing with the other cities is 
that antenna height is lower than medium height of buildings, because of this, the 
parameters of the model have to be calculated in a different way (see section 3.2).  

 
In Munich, there are available three long routes with lot of measurement points, it 

is helpful to the adjusting process and to check the validity. The results obtained for the 
comparisons are:  

 
Fig. 39. Comparison between the measurement point, the simulation with not adjusted 

method and the simulation with the adjusted method at Munich 
  

Fig. 39 shows that adjusted model (green line), does not oscillate as much as not 
adjusted (red line), so the standard deviation will be lower as can be observed in Tab. 3. 

 
Following figure shows the comparison of probability density functions, which gets 

narrower after the adjustment. 
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Fig. 40. Comparison of the probability density function of the results for the model without 

adjustment and the model with adjustment at Munich 
 

 Simulation Results in Valencia: 
 
In Valencia the campaign was realized taking measures from three different 

transmitter, results obtained with each one are similar, so here the results of Yecla 
transmitter are shown, being the rest exposed on Appendix A. Section A.4.  
 

 
Fig. 41. Comparison between the measurement point, the simulation with not adjusted 
method and the simulation with the adjusted method at Valencia with Yecla transmitter 
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Fig. 42. Comparison of the probability density function of the results for the model without 
adjustment and the model with adjustment at Valencia with Yecla transmitter 

 
 The results obtained with the three different transmitters are good, which 
demonstrates the validity of the model for different frequencies. 

 
The parameters of the model after before and after the adjustment are resumed in 

tables in Appendix A, section A.5. 
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4.5. Comparisons with other models. 
 
In this section the objective is to compare the designed models, adjusted and not 

adjusted, with other propagation models, to check the design and corroborate its validity. 
 
The adjusted and not adjusted Xia-Bertoni designed model will be compared with 

Okumura-Hata, COST-231 and Xia-Bertoni model developed by Radiogis. 
 
Firstly, are exposed the obtained results of the Radiogis models, comparing them 

with the measurements in each city. Then, a table with the statistical values will be exposed 
including the comparison with the designed models. 

 
 Simulation Results in Gävle: 

 
Fig. 43. Comparison between the measurement points and the models simulated by 

Radiogis for the suburban area of Gävle 
 
 

 
Fig. 44. Comparison between the measurement points and the models simulated by 

Radiogis for the urban area of Gävle 
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 In suburban area of Gävle the better results are from Okumura-Hata model applied 
at suburban areas, it was expected because Xia-Bertoni and COST model developed by 
Radiogis consider building map to calculate parameters of the model, and the building map 
of this area is not available, so the simulations are not good.  
 
 In urban area, the better results are the obtained with Xia-Bertoni and COST, it was 
obvious, because those models consider the building map so the results will be more 
accurate. 
  

 Simulation Results in Bucaramanga 
   

 
Fig. 45. Comparison between the measurement points and the models simulated by 

Radiogis for the Zone2 of Bucaramanga 
 

All Radiogis results of Zone 2 are bad, this zone is placed in the slope of the 
canyon, and the diffractions caused by it are not considered in the models. 
 

The results for rest of zones are exposed on Apendix A. Section A.5. Zone 3 is on 
the other side of a canyon too, is obvious that results be strange. Radiogis does not 
considerate effects of hilly terrain. In Zone 1, best results are from with COST and Xia-
Bertoni models, this is because, even Zone 1 is over a hill, it is a suburban area with 
buildings of uniform heights (6m) and streets distributed in parallel lines. In Zone 4 the 
results are more similar to the measurements, but are not so good, the obtained with the 
adjustment are better. 
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 Simulation Results in Munich 
 

 
Fig. 46. Comparison between the measurement points and the models simulated by 

Radiogis for Munich 
 

 COST 231 model is the best for this situation, it is obvious, due to this model was 
designed in this environment and for this measurements. As can be observed in Fig. 46, 
COST 231 model adjusts perfectly to measurements. 
 

 Simulation Results in Valencia 
 

 
Fig. 47. Comparison between the measurement points and the models simulated by 

Radiogis for Valencia using Yecla transmitter 
 

 The results of the three models are similar, this is because this area of Valencia 
could be consider perfect to the application of the propagation models, due to the uniform 
distribution of the streets and uniform height of buildings.  
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 The results obtained from Mestalla and Turia transmitter are shown on Appendix A. 
Section A.5, as well as the probability density functions.  
 
 The results of the three models are similar as in the case of Yecla transmitter, the 
cause is the same, this area is perfect to the application of propagation models. 
 
The next table exposes a resume of all results: 

 

 
Tab. 3. Comparison of results 

 
The statistical results show that the adjusted model gives means and standard 

deviation values, so good, equal and sometimes better than models developed by Radiogis. 
  
For Bucaramanga, the simulations with Radiogis and with not adjusted models are 

not much accurate, because are not prepared to simulate in areas with hilly terrain, 
however, the adjusted model approximates better to the measurements.    

 

 OWN 
ADJUSTED 

MODEL 

OWN 
XIA 

BERTONI 

XIA 
BERTONI 

COST 
231 

URBAN 
OKUMURA 

HATA 

SUBURBAN 
OKUMURA 

HATA 

RURAL 
OKUMURA 

HATA 
BUCARAMANGA 

ZONE 1 
MEAN 9.1220 35.3794 5.6735 5.5322 37.8751 27.9404 9.3879 

STANDARD 
DEVIATION 

6.1138 7.3244 4.3635 4.3152 7.0681 7.05903 6.7101 

BUCARAMANGA 
ZONE 2 

MEAN 6.8904 41.3286 36.9245 35.5620 52.37806 42.52806 24.0031 
STANDARD 
DEVIATION 

6.3327 13.0771 14.9420 17.0852 8.0464 8.03243 8.0610 

BUCARAMANGA 
ZONE 3 

MEAN 3.5572 25.1527 27.5645 24.1011 29.0523 19.3694 3.4250 
STANDARD 
DEVIATION 

2.7017 5.6884 4.9531 5.3697 4.3634 4.3603 2.6444 

BUCARAMANGA 
ZONE 4 

MEAN 6.0053 8.4945 18.8383 13.4283 23.6064 14.90806 8.6521 
STANDARD 
DEVIATION 

4.7489 6.5242 11.2886 9.3254 9.2753 8.0395 8.6559 

GÄVLE 
URBAN AREA 

MEAN 10.9004 16.03406 13.0019 13.9517 14.4010 11.8460 16.5837 
STANDARD 
DEVIATION 

6.50154 10.7424 9.3038 
 

9.0985 11.9354 6.9689 11.2824 

GÄVLE 
SUBURBAN AREA 

MEAN 6.8904 29.2963 20.6751 21.2015 13.5591 7.9216 16.1011 
STANDARD 
DEVIATION 

6.3327 11.84708 9.3438 
 

9.2142 9.4134 6.9282 
 

7.8822 

MUNICH 
MEAN 5.4671 11.9889 35.3021 5.9565 9.7734   

STANDARD 
DEVIATION 

3.9766 10.9550 11.3601 4.6304 6.1526   

YECLA 
MEAN 5.9608 15.40359 10.5163 12.3839 11.7867   

STANDARD 
DEVIATION 

4.9055 10.7507 8.5345 6.7716 7.6959   

MESTALLA 
MEAN 7.0434 19.0919 20.8077 13.1712 12.7583   

STANDARD 
DEVIATION 

5.2659 9.8973 14.4869 9.9864 7.1148   

TURIA 
MEAN 6.1255 9.2294 6.5527 10.0706 6.4402   

STANDARD 
DEVIATION 

4.0561 6.1295 4.3226 
 

5.6277 4.29138   
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Gävle results of Radiogis simulations are bad, especially in suburban area, it could 
be due to the measurements taken in Gävle are not so much representative, or because part 
of the building map is not available. The adjusted model gives results more similar to the 
measurements. 

 
In Munich and Valencia the results are quite good for all the models, being better 

for the adjusted one, as it was expected. 
 
Concluding with the results exposition, next table shows the mean of the statistics 

of all cities for the own developed Xia-Bertoni model and the adjusted one:  
 

 
Tab. 4. Mean of statistics 

 
This table tries to resume the most important results, representing the improvement 

of the adjusted method. 
 
 
 

 OWN ADJUSTED MODEL OWN 
XIA BERTONI

MEAN 6.7962 21.1399 
STANDRAD DEVIATION 5.0935 9.2936 
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4.6. Representation in maps 
 
 In the present section the resulting maps of the propagation losses for each city 
have been exposed, in order to show the final result of the work.  
 

With the adjusted model, the propagation losses in each point of the map can be 
calculated, as well as the received power. To represent the propagation losses map or 
received power map, it is necessary to create an ACSII document as the shown on Fig. 16, 
containing the values in each desired point of the map, having this information, it is 
possible to represent the ASCII document as a raster map using Arcgis.  

 
The following figures show the resulting propagation losses maps for the studied 

cities: 
 

 
Fig. 48. Representation of the final propagation losses maps of Gävle 
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Fig. 49. Representation of the final propagation losses maps of Bucaramanga 
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 Fig. 50. Representation of the final propagation losses map of Munich 
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Fig. 51. Representation of the final propagation losses map of Valencia using Yecla 

transmitter (with building map) 
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4.7. Coverage area of ITV Arena DVB-H transmitter 
 

In order to know the possibilities of the DVB-H pilot used by ITV Arena to 
transmit digital television to the city of Gävle, the estimation of the coverage area has been 
calculated. The solution is a pair of maps which represent the received power in each point, 
calculated using the estimation of the propagation losses for urban and suburban area. 

 
The maps are represented on Fig. 52   

 

 
 

Fig. 52. Coverage area of ITV Arena transmitter 



 

 
69

 
 
 

5. DISCUSSION 
 
 The results presented in this thesis demonstrate that the designed algorithm to 
adjust the Xia-Bertoni model is valid to find the close formula useful to simulate the 
propagation losses in the studied environments and terrain topologies. Considering other 
tests, it can be proved if the chosen propagation model is the best for specific planning 
procedures in DVB-H networks. The designed algorithm can be tested with other 
propagation models instead of Xia-Bertoni.  
 

The Xia-Bertoni propagation model has been chosen because its qualities to 
approximate propagation losses in urban and suburban environments. It is clear that other 
models have similar characteristics and can be used for adjusting procedures, for example 
Walfish-Bertoni, Walfish-Ikegami or COST231 models. The problem using the two firsts 
models is that antenna height must be higher than medium height of buildings. The 
disadvantage of COST-231 model is that it is not useful for the whole UHF frequency band. 
Moreover, Walfish-Bertoni model considers the direction of the streets perpendicular to the 
radiation direction of the antenna. The last characteristics make the Xia-Bertoni model the 
more complete to our purpose. 

 
According to Section 2.4, Least Mean Squares adjusting method can be substituted 

for others, as for example neural networks, searching algorithms or simulated annealing 
algorithms. Least Mean Squares method has been chosen due to its convergence speed [15], 
exactitude in the solutions and relative mathematic simplicity comparing with other 
techniques.  
 

The main weakness of the work is related to simulation speed when is used the 
adjusted model and the geographic information (in the form of matrices) in a MatLab 
environment. The simulations gets slow due to calculation speed to obtain the model 
parameters. This aspect could be improved changing the software environment, modifying 
the programmed code, and using other language that deals loops quickly.  
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6. CONCLUSIONS 
 
 The main objective of the work was to develop an adjusted custom propagation 
model using measurements performed in different cities, which is required for realistic 
DVB-H radio network planning. Based on Xia-Bertoni model and measurements performed 
in four cities, the adjusted propagation model has been reached with specific parameters 
according to six propagation conditions: 

• Urban area without hilly terrain 
• Urban area with hilly terrain 
• Suburban area without hilly terrain 
• Suburban area with hilly terrain 
• Dense urban area with flat terrain 
• Dense urban area with the antenna placed below medium height of 

buildings 
 
It has been prove that the adjusting model procedure is not only useful for DVB-H 

radio network planning, because the theoretical based model was developed for UHF and 
the considered measurement campaigns were carried out in different frequencies inside of 
this frequency band. 

 
The simulations results presented in this thesis and the comparisons with other 

models, demonstrate that designed procedure to adjust the model gives better results in 
order to calculate the propagation losses in different propagation conditions. The adjusted 
propagation model is more accurate than any other one for the studied environments and 
terrain topologies.  

 
The conclusions extracted from the comparisons are: 
 
• As is extracted from Tab. 3, for all cities, statistics of adjusted models give 

mean and standard deviation values much lower than for other usual models. 
Thus demonstrating, that simulations of propagation losses are improved using 
the adjusted model.   

 
• Specifically for Gävle, simulation results obtained with Radiogis, and with the 

not adjusted Xia-Bertoni model, are not so much representative. This could be 
because the map of buildings of suburban areas of Gävle is not available. This 
aspect can be corroborated observing that results for urban area are more 
accurate than the obtained for suburban area. 

 
• For Bucaramanga, the simulations with Radiogis and with the not adjusted 

model are similar to measurements exclusively in the case of flat terrain area 
(Zone 4), which is the only area where the signal is not affected by terrain 
diffraction. The reason is that usual models (as Xia-Bertoni) do not consider 
losses introduced by hilly terrain. After parameter model adjustments, the 
simulations results showed an improvement compared with measurements, 
which proves the validity of the adjusting process in hilly conditions. The 
problem of losses caused by terrain diffractions is saved with the new adjusted 
model.  

 
• In Munich and Valencia the simulation results before adjustment are better than 

for Gävle and Bucaramanga, being more accurate for Xia-Bertoni and COST 
231 models. It was expected due to the area studied for these cities can be 
considered to have a perfect fit to apply an urban propagation model (uniform 
height of buildings, uniform distribution of streets, etc.). Specifically, for 
Munich, COST-231 model gives predictions closer to measurements, which is 
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obvious, because the model was designed using this measurement campaign. 
However, Tab. 20 and comparison graphs show that is possible to obtain better 
results adjusting the Xia-Bertoni model to the measurements. 

 
Observing conclusions above, the support provided by an adjusted model is 

demonstrated. Using the proposed adjusting procedure based on the Xia-Bertoni model, the 
results provided for a network planning tool will be more reliable using adjusted models to 
calculate the propagation losses.        
  

Moreover, with the code implemented to solve the problem (Appendix C), it is 
possible to adjust the model to any other environments and frequencies if measurement data 
is available, which is an important task in any planning tool. It would be possible to 
perform a propagation model applicable to microcells or to rural areas and to any other 
communication system. 

 
The code is developed to be applied to Xia-Bertoni propagation model, but it would 

be possible to apply the adjusting method to any other model, only defining the model 
equations in the programming code. This could generate new adjusting possibilities. 

  
During the work, different kind of data have been deal for cartographic 

representation, as different maps and measurements, so the using of GISs has been 
necessary to represent them and to extract information. This has been a help to know the 
basics of GIS, how to use them and mainly the importance of GISs in the planning process. 

 
Although it has not participated in any measurement campaign, the data used in this 

thesis have been extracted from real campaigns. This practical procedure has forced to take 
contact with typical problems when measurements are performed. Consequently, a basic 
guide to perform correct measurements were realized, in order to be used in following 
measurement campaigns and overcome the typical mistakes.  

 
With the measurements realized in ITVArena laboratory, DVB-H signals have been 

characterized. It has been tested the effect of noise affecting the different modes of signals 
and have been characterized DVB-H transmitters and receivers.  

 
The conclusions obtained from these measurements are shown in Appendix B. 

Those results are considerable at a part of the planning process, to know the limitations of 
the system and the possibilities of transmitters and receivers, and to know under which 
conditions the system response will be better. 

 
FUTURE WORKS 

 
To make easier the work with the designed procedure, it would be possible to 

include it in Radiogis as a module with a new propagation model. This evolution is 
projected as future work, as well as the design and implementation of models applicable to 
simulate satellite transmission (DVB-SH).   

 
The next step to continue the work is to design and develop a DVB-H network 

planning tool based on GIS (i.e., ArcGIS 9.2). With this toll, and using custom adjusted 
propagation models, will be able to calculate the best antenna sites and the necessary 
transmitter power from a group of sites in an area. The tool will include common and 
adjusted propagation models following the procedures introduced in this thesis. Besides, it 
will include applications to calculate from a set of sites the best transmitter sites to the 
network. 

 



 

 
72

 
 
 

Moreover, the development of a DVB-H pilot to give coverage in the UPV campus 
is planned. This project will offer a big range of investigation possibilities, not only 
technical options, for example to make new measurement campaigns, to study the 
characteristics of gap fillers or to optimize the transmission options, but also will be 
applicable to commercial options, for example to study the quality or the penetration of the 
system        
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