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Prof. Dr. Paulo Inada – Universidade Estadual de Maringá 
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Profª Drª Renata Mendes de Freitas – Universidade Federal de Juiz de  Fora 
Profª Drª Vanessa Lima Gonçalves – Universidade Estadual de Ponta Grossa 
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Profª Drª Welma Emidio da Silva – Universidade Federal Rural de Pernambuco 
 
Ciências Exatas e da Terra e Engenharias 
Prof. Dr. Adélio Alcino Sampaio Castro Machado – Universidade do Porto 
Profª Drª Ana Grasielle Dionísio Corrêa – Universidade Presbiteriana Mackenzie 
Prof. Dr. Carlos Eduardo Sanches de Andrade – Universidade Federal de Goiás 
Profª Drª Carmen Lúcia Voigt – Universidade Norte do Paraná 
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APRESENTAÇÃO

O desenvolvimento socioeconômico do País está assentado primordialmente na 
inovação baseada no seu desenvolvimento científico e tecnológico.

É notado, principalmente nos últimos anos, que há grande necessidade de 
fortalecimento e expansão da capacidade de pesquisa e de inovação, bem como o 
aprimoramento dos conhecimentos já adquiridos pela sociedade.

Neste contexto, o E-book “Ciências Exatas e da Terra: Conhecimentos Estratégicos 
para o Desenvolvimento do País 2” foi composto por uma coletânea de trabalhos 
relacionados às Ciências Exatas e da Terra que contemplam os mais variados temas 
ligados ao desenvolvimento.

Os 16 capítulos que constituem a presente obra, elaborados por pesquisadores de 
diversas instituições de pesquisa, permitem aos leitores analisar e discutir assuntos tais 
como: importância das ondas eletromagnéticas e transmissão na camada da ionosfera, 
produção de filmes de polímeros a partir de diferentes complexos para aplicação em células 
solares, estudo de diferentes metodologias na caracterização de material polimérico, 
utilização de modelagem numérica na investigação da dispersão de plumas poluentes, 
aplicação de malhas computacionais para a verificação do transporte de doenças de 
plantas pelo ar, dentre outros assuntos de relevância para as Ciências Exatas e da Terra.

O organizador e a Atena Editora agradecem aos autores e instituições envolvidas 
nos trabalhos que compõe a presente obra.

Por fim, esperamos que este E-book possa proporcionar reflexões significativas que 
contribuam para o aprimoramento do conhecimento e desenvolvimento de novas pesquisas.

Boa leitura!

Francisco Odécio Sales
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ABSTRACT: This paper aims to establish a 
coverage characterization of indoor wireless 
signals in the 700 MHz frequency band, taking 
into account the effect of a non-omnidirectional 
(directive) transmitting antenna. This band was 
chosen because it has been allocated to be used 
by the Long Term Evolution (LTE-4G) wireless 
communication system in Brazil. The simulation 
results have been obtained using the commercial 

software package WinProp® based on the ray 
tracing method. A modification of the propagation 
model consisting in the use of virtual transmitters 
positioned at the entrance of environments with 
non-line-of-sight (NLOS) between transmitter and 
receiver is proposed. An extensive measurement 
campaign has been carried out in a school 
building indoor scenario with long corridors and 
several types of neighbour rooms. The results 
obtained have shown a good agreement between 
simulation and experimental results, therefore 
providing validation of the proposed simplified 
model. 
KEYWORDS: Cell Planning, Indoor 
Environments, Propagation Measurements, 
Propagation Models, Ray Tracing Method.

RESUMO: Este trabalho tem como objetivo 
estabelecer uma caracterização da cobertura 
de sinais sem fio internos na faixa de frequência 
de 700 MHz, levando em consideração o efeito 
de uma antena transmissora não omnidirecional 
(diretiva). Esta banda foi escolhida porque 
foi alocada para ser usada pelo sistema de 
comunicação sem fio Long Term Evolution (LTE-
4G) no Brasil. Os resultados da simulação foram 
obtidos usando o pacote de software comercial 
WinProp® baseado no método de traçado de 
raio. É proposta uma modificação do modelo 
de propagação que consiste na utilização de 
transmissores virtuais posicionados na entrada 
de ambientes sem linha de visão (NLOS) entre 
transmissor e receptor. Uma extensa campanha 
de medição foi realizada em um cenário interno 
de prédio escolar com longos corredores e vários 
tipos de salas vizinhas. Os resultados obtidos 
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mostraram uma boa concordância entre os resultados da simulação e os experimentais, 
fornecendo, portanto, a validação do modelo simplificado proposto.
PALAVRAS-CHAVE: Planejamento de Células, Ambientes Internos, Medidas de Propagação, 
Modelos de Propagação, Método de Rastreamento de Raios.

1 | 	INTRODUCTION
By the end of 2018 there were 7,900 million mobile communication subscribers in the 

world which is about the same number as for the world population. According to forecasts 
the number of mobile subscribers will reach 9,100 million by 2021. Although these are 
already overwhelming figures, they are completely overcome by the mobile traffic that is 
forecast to increase almost an order of magnitude in the same period [1]. Service providers 
and the other players of the mobile communications industry are devising ways to cope with 
this dramatic and challenging increase. New technics and huge investments in the networks 
are required.

According to the United Nations, the number of people living in urban areas surpassed 
the number living in rural areas in 2009. This tendency of concentration of the population 
has been accentuated and it is expected that about 56% of the world population will live in 
urban settlements in 2020. This figure is forecasted to increase to nearly 70% in 2050 [2]. 
So, more than half of the mobile communication users already live in urban scenarios and 
this percentage will enlarge in the future. Moreover, in average, urban populations have 
better living standards [3]. Therefore, now, but mainly in the future, most of the mobile 
communication users and traffic will be associated with urban areas. All the players of the 
mobile communication industry will focus, even more, their attention in urban scenarios.

Small cells is considered a very promising technique to deal with this mobile traffic 
exponential explosion [4]. Small cells can be used mostly in urban areas, both in indoor 
and outdoor deployments. However, indoor scenarios seem to be more challenging as a 
wide variety of environments with different architectural characteristics, such as, offices, 
shopping malls, hospitals, schools, residential buildings, can be found. Moreover, the list 
of materials used in the construction is also vast, including, metal, glass, wood, plaster, 
concrete, brick, and so on. That large number of different situations happens especially 
in the case of services using the lower part of the frequency spectrum where coverage 
is potentially larger. The development of propagation models that can be implemented in 
software tools used in the planning of cellular systems is of crucial importance to the initial 
planning of a network [5, 6]. Many models have been developed to predict the behaviour of 
electromagnetic waves in propagation scenarios. Some of them are of general-purpose use 
but most of them have been tuned to specific environments [7-12].

The aim of this paper is to propose the use of a new technique here designated 
as “virtual transmitter” to enhance the indoor propagation models implemented in general 
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purpose radio propagation prediction software tools [13, 14]. This technique is used in NLOS 
situations and consists in replacing the real transmitter with an omnidirectional virtual one 
with adequate location and input power. In such NLOS situations, the signal propagation 
depends on reflection, refraction, diffraction and scattering of the electromagnetic wave, 
whose action, individually or together, can cause signal degradation. Moreover, the wave 
may suffer severe multipath and polarization mismatch in the receiver. 

The analysis is performed at the frequency 730 MHz, representative of the frequency 
band 698-806 MHz, which is reserved for LTE communication systems in Brazil [15]. This so-
called 700 MHz band provides good penetration through walls and therefore is particularly 
adequate for indoor communication systems [8].

The paper is organised in V sections. After this introductory section, the propagation 
scenario is described in section II. Section III reports the approach used to solve the defined 
propagation problem, with emphasis on the simulation tool, the experimental setup and the 
measurement campaign. Simulation and experimental results are compared in section IV. 
Finally, section V provides the conclusions.

2 | 	PROPAGATION SCENARIO
The scenario chosen corresponds to the ground floor of the electrical engineering 

building in João Pessoa campus of the Federal Institute of Paraiba (IFPB), Brazil. As shown 
in Figure 1, the scenario is composed of a 98 m long (and 2.4 m wide) main corridor and 
two 38 m long (and 3.1 m wide) transversal secondary corridors. There are classrooms and 
laboratories along the corridors. The floor and the ceiling are made of concrete. The walls 
are brick made. The distance between floor and ceiling is 3.6 m.

a) Geometry 
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b) Photo of corridor 1               c) Photo of corridor 2

Figure 1. Propagation scenario.

During class time periods a large number of people move along the corridors and 
therefore the propagation channel experiences short term (fast) fading. The radio transmitter 
(TX) is located at the beginning of corridor 1, at a height of 1.5 m.

3 | 	PROBLEM SOLVING APPROACH
The approach consists in using a general purpose radio propagation planning tool 

to deterministically obtain the received power distribution in each point of the propagation 
scenario. It is particularly important to evaluate the signal strength along the corridors. A 
realistic geometrical model of the scenario is imported from AutoCad® and the electromagnetic 
macroscopic characteristics of the wall, floor and ceiling materials are used.

The non-omnidirectional radiation pattern of the transmit antenna is taken into 
account. A log-periodic dipole antenna (LPDA), model 3148B from ETS-Lindgren [16], with 
5.66 dBi gain, is used. The corresponding H- and E-plane radiation pattern cuts [16] are 
shown in Figure 2.
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Figure 2. LPDA radiation pattern at 730 MHz, - - - - - - H-plane, ── E-plane.

There is a line-of-sight (LOS) condition for all the points of corridor 1 and a non-
line-of-sight (NLOS) condition for corridors 2 and 3. The software propagation tool is used 
to obtain the power distribution in the three corridors. For the NLOS situations (corridors 
2 and 3) a new “virtual transmitter” technique consisting in the use of a lossless isotropic 
repeater located at the entrance of the corridor is used. The power received by the virtual 
lossless isotropic antenna (0 dBi gain) from the real transmitter is re-radiated isotropically. 
For reference, to evaluate the importance of the multipath in LOS situations and refraction 
and diffraction in NLOS, the direct-ray power is also calculated.

A. Simulation tool
The wave propagation and radio network planning software package WinProp® 

from AWE Communications GmbH [17] has been used. This package provides several 
software tools that can be used in many different scenarios and cellular air interfaces. 
One of the modules uses prediction models for indoor scenarios. In this case the 2D 
standard ray tracing has been chosen [17-21]. The user has control over the number of 
transmitted, reflected and diffracted rays. More rays lead to more accurate solutions but 
is more demanding in computational resources. In the scenario under analysis a good 
compromise has been reached with 3 transmitted (refracted) rays, 2 reflected rays and 1 
diffracted ray (Figure 3).
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Figure 3. Ray tracing method in an indoor environment.

Ray casting is done from the transmitter using a ray launching scheme with uniform 
variation of the transmitting angle. The nature of each ray (direct, refl ected, refracted, or 
diffracted) is evaluated and the corresponding signal strength is calculated. The radiation 
pattern of the transmit antenna has been taken into account by entering in the input data 
the actual gain corresponding to each transmit angle. For each reception point (pixel) all 
the contributing rays are added taking into account the corresponding amplitude. For the 
scenario under analysis (Figure 1) 5720 pixels have been used which corresponds to 
pixels with 1.77x1.77 m2. The power distribution obtained for the propagation scenario, 
three corridors and adjacent rooms, is shown in Figure 4. The interference caused by the 
rays refl ected on the walls, on the direct ray, can be observed along corridor 1, where a 
LOS situation exists. This interference is less intense, in corridors 2 and 3, where a NLOS 
situation occurs.

Figure 4. Example of power distribution obtained with the simulation tool.

B. Experimental setup
The layout of the setup used in the experimental campaign is shown in Figure 5. The 

equipment used in the measurements is listed in Table 1.
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Figure 5. Layout of the setup used in the measurements.

Description Manufacturer Model
Signal generator Agilent Technologies E8257D
Transmit LPDA ETS-Lindgren 3148B

Receive antenna Home made
Spectrum analyser Rohde & Schwarz FSH8

Laptop Apple MacBook Pro
Mobile base Home made

Table 1. List of equipment used in the measurments

At the transmit side (TX), a signal generator supplied the LPDA antenna with 16 dBm 
input power at the frequency 730 MHZ (CW). For the receive system (RX) a 21 cm long 
omnidirectional vertical telescopic antenna, connected to a portable spectrum analyser, 
positioned on a mobile base, has been used. A laptop computer has also been used for 
data acquisition. Photographs of the fixed transmit station and mobile receive station are 
shown in Figure 6.

 

a)                                      b)

Figure 6. Photographs of the TX and RX terminals, a) TX, b) RX.
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C. Measurement campaign
The signal strength has been measured along the middle line of each of the three 

corridors at points uniformly separated 5 m. The initial measurement point is 1 m away 
from the transmitter for corridor 1, and 2 m away from the crossing point with corridor 1, for 
corridors 2 and 3. 

The transmitter azimuthal angle is measured clock wise and the zero corresponds 
to the LPDA’s radiation pattern maximum aligned along the middle line of corridor 1. Eight 
different equally spaced 45o azimuthal angles have been used, starting with azimuth zero. As 
shown in Figure 6, vertical polarisation has been used both at transmission and reception.

D. Space and time averaging
To decrease the space (multipath) and time (fast fading) effects the received power 

has been averaged from 9 measurement points. As shown in Figure 7, the measurement 
points correspond to the centre, corners and mid-side points of a 1 m side square aligned 
along the corridors’ axis. The time difference between consecutive measurements was 
about 15 seconds.

Figure 7. Footprint of the measurement averaging points.

As expected, it can be confirmed in Figures 8 and 9 that the used averaging process 
provides smoother curves of the received power. Both figures contain results obtained with 
the TX LPDA aligned with azimuth 0o. Figure 8 corresponds to co-polarised waves, that is, 
vertical polarisation both at TX and RX, whereas Figure 9 corresponds to cross-polarised 
waves with horizontal polarization at TX and vertical polarisation at RX.
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Figure 8. Co-polar single point and 9 points averaged received power along corridor 1.

Figure 9. Cross-polar single point and 9 points averaged received power along corridor 1.

Close to the TX terminal, up to approximately 10 m, the co-polarised component is 
dominant but as the multipath is enhanced the co- and cross-polarised components are 
quite similar. This clearly confirms the well-known situation verified in indoors scenarios 
where the polarization of the RX terminal is not an issue.

4 | 	RESULTS
Simulation and experimental results are obtained and presented as a function of 

the distance along the 3 corridors, for different azimuth alignments of the TX antenna. Two 
types of simulation results are considered for the NLOS corridors 2 and 3 corresponding 
to the real transmitter characteristics and to the virtual transmitter ones. For the sake of 
comparison, simple theoretical results, obtained with the Friis transmission equation, for the 
direct ray, are also included.

Both non-normalised and normalised received power results are presented. The 
normalised results allow a clearer interpretation of the pathloss behaviour. As there is no 
meaningful polarisation discrimination, only vertical polarisation results are shown.
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A. Normalised results
To put in evidence the pathloss behaviour with distance, the theoretical results 

(simulation and Friis equation) have been normalised so as to match the experimental 
results for distance equal to 1 m. Again, only vertical polarisation is used both at TX and RX.

Figures 10, 11 and 12 contain the relative received power along corridor 1, 2 and 3, 
respectively. For each corridor, the TX LPDA is aligned along 8 different azimuthal angles, 
starting at azimuth 0o and with 45o intervals.

As it can be seen in Figure 10, except when the LPDA is aligned along the azimuthal 
angle 270o there is a good agreement between simulation and experimental results. The 
azimuth 270o is very specific because, as it can be seen in Figure 2a, for that orientation of 
the LPDA there is almost a null of the radiation pattern along the corridor axis, that is, there 
is (almost) no direct ray. Concerning the curves obtained with the Friis equation, and as 
already discussed above, the direct ray only does not model adequately the rich multipath 
environment.

Figures 11 and 12 contain the results obtained for corridors 2 and 3, where there 
is a NLOS condition. The propagation phenomena occurring in these two corridors, that 
is transmission, diffraction and reflection are much more complex than in corridor 1 where 
only a direct ray and reflections at the walls, floor and ceiling exist. As it can be verified, 
the results obtained for the two corridors are quite similar. Moreover, for corridor 2, the 
simulation results obtained using the “virtual transmitter” approximation follow much more 
closely the experimental results than the results obtained directly from the simulator. For 
corridor 3 the situation is the same except for the LPDA aligned along the azimuthal angles 
180o and 225o where the agreement between the results obtained directly from the simulator 
and the experimental results is slightly better. 

Except for a few points, the relative difference between the “virtual transmitter” 
approximation and experimental results is about 2-3 dB. It can therefore be concluded that, 
for the specific indoor scenarios considered in this paper, the use of the “virtual transmitter” 
approximation provides an improvement of the pathloss prediction model.

It seems reasonable to expect that the proposed “virtual transmitter” approximation 
can be used in more than one step procedure. For instance, the coverage inside a room that 
exists along corridor 2 (or 3) could be obtained using a second “virtual transmitter” located 
at the entrance door of that room. 
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Figure 10. Relative received power along corridor 1 (LOS).
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Figure 11. Relative received power along corridor 2 (NLOS).
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Figure 12. Relative received power along corridor 3 (NLOS).

5 | 	CONCLUSION
The wireless coverage characterisation of an indoor scenario in the 700 MHz 

frequency band has been presented. This is a very important topic because a worldwide 
exponential increase in indoor mobile traffic is expected in the coming years and, together 
with the specific frequency band, is particularly relevant for Brazil where the 700 MHz band 
has been allocated for 4G LTE mobile communication services.

The effects of the use of a non-omnidirectional (directive) transmit antenna, which 
is a more effective way to spatially distribute the radiated power, are taken into account. 
This directive antenna will change the amplitude of the several reflected rays leading to a 
distinctive multipath behaviour. A specific indoor scenario composed of a one floor school 
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building with long perpendicular corridors with LOS and NLOS conditions is analysed. 
The commercial software package WinProp®, based on the ray tracing method, is 

used in the simulations. For NLOS situations a virtual transmitter approximation is proposed. 
It consists in using an omnidirectional repeater located at the entrance of the NLOS area to 
calculate the received power in that area. 

An extensive measurement campaign has been carried out at 730 MHz, using a 
home designed setup, built with commercially available and home-made equipment. The 
received power has been measured along the 3 corridors, with LOS and NLOS conditions. 
Both single point and space and time averaged results have been obtained. 

A reasonable agreement has been obtained between simulation and experimental 
results of the received power along the main corridor 1, where a LOS situation exists. 
Concerning the transversal corridors 2 and 3, where a NLOS is verified, the proposed 
virtual transmitter approximation leads to an improved agreement between simulation 
and experimental results. For most of the measurement points the difference between the 
relative (normalised) received power is less than about 2-3 dB. This good agreement has 
validated the proposed simplified model. 

This proposed virtual transmitter approximation can be used with any software 
package and, as it simplifies the coverage prediction in NLOS areas, it provides a significant 
reduction in processing time.
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