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Résumé

Les progrès technologiques pour les réseaux radiomobiles ont augmenté
régulièrement l’efficacité spectrale au cours des dernières années. Cependant,
cet accroissement de performance ne représente que l’augmentation du dé-
bit maximal théorique. En effet, les performances crêtes ne sont obtenues que
pour des conditions de propagation très favorables, typiquement lorsque l’uti-
lisateur est relativement proche de la station de base (BS). Depuis quelques
années, de nombreux travaux proposent des solutions permettant de réduire
les écarts de débit entre utilisateurs sur une cellule (technique à relais, co-
opération de station de base, annulation d’interférence, . . .). Dans le cadre de
cette thèse, nous nous intéressons aux techniques à relais telles qu’elles ont
été définies pour le LTE-Advanced dans le cadre du 3GPP.

L’évaluation des performances des nouvelles technologies radio s’effec-
tuent généralement grâce à des simulations qui nécessitent une modélisation
du canal de propagation. L’objectif de cette thèse est d’améliorer les modèles
de canaux de propagation dédiés aux scénarios à relais en insistant sur les
modèles de path loss, la corrélation de shadowing et l’impact de la hauteur
du relais. Pour cela, une campagne de mesures avec relais a été effectuée dans
des environnements urbains.

Quelques modèles de path loss existants tels que les modèles WINNER,
3GPP et COST-231 WI ont été comparés et confrontés aux résultats de
mesures, particulièrement pour le lien entre la station de base et le relais
(RS).

Concernant l’impact de la hauteur du relais, une augmentation de puis-
sance sur le lien BS-RS a été observée lorsque la hauteur du relais s’accroit.
Cette tendance n’a pas été mise en évidence sur le lien entre le relais et le
mobile (MS). La variation de puissance en fonction de la hauteur dépend
des positions des relais et de la position du mobile par rapport au relais.
Cette diversité pourrait être due aux particularités de l’environnement local
entourant les relais.

La corrélation de shadowing entre les liens BS-MS/RS-MS ou RS-MS/
RS-MS dans un système avec relais a été étudiée et modélisée. Ce travail
a démontré la relation entre la corrélation de shadowing et plusieurs para-
mètres physiques tels que la hauteur du relais, la distance de séparation des
émetteurs (BS ou RS) et l’angle entre deux émetteurs vu depuis le mobile.

Finalement, les aspects cohérence des canaux de propagation ont été suc-
cinctement abordés en prenant le modèle WINNER comme exemple.

Mots-clés : 4G, propagation, relais, modèles de path loss, corrélation de
shadowing, hauteur d’antenne de relais



Abstract

Advanced technologies in radio mobile systems have steadily increased the
spectral efficiency over years. However, these technologies greatly increase
only the peak data rate but not the cell-edge one. Indeed, the peak data rate
can only be obtained in the most favorable propagation conditions, typically
when users are relatively close to the Base Station (BS). Much research has
been carried out for several years in order to reduce the performance differ-
ences among users in a cell. Several technical solutions have been proposed
such as relays, base station cooperation, interference cancellation, etc. As
part of this thesis, we focus on the relaying technology which is one of the
key features of 3GPP LTE-Advanced.

The performance of latest technologies has generally been evaluated by
system simulations which require a reliable propagation channel model. This
thesis aims to improve existing channel models dedicated to relaying scenar-
ios with a particular focus on path loss models, shadow fading correlation
and relay antenna height impact. To this end, a multi-link measurement
campaign with relays has been carried out in outdoor urban areas.

The existing path loss models proposed by WINNER, 3GPP and COST-
231 WI have been compared with our measurement data. A particular atten-
tion has been paid for the link between the BS and relay station (RS) which
has not been adequately studied yet.

Concerning the relay antenna height impact, an increasing trend of BS-
RS link received powers has been observed when the relay antenna height
has been raised. However, this trend has not been shown in RS-MS link.
The dependence of the received power on the relay height varies among relay
locations and depends also on the RS-MS distance. This diversity could be
due to the particularities of the local environments surrounding the relay.
Further investigations are necessary in order to clarify this issue.

The correlation of shadow fading between BS-MS/RS-MS links or be-
tween two RS-MS links in a relaying system has also been studied and mod-
eled. This study has demonstrated the relationship between the shadow fad-
ing correlation and several parameters such as the relay antenna height, the
separation distance between transmitters and the angle between two trans-
mitters viewed from the mobile station.

Finally, the consistent aspects of path loss propagation channels have
been briefly discussed.

Keywords: 4G, propagation, relay, path loss model, shadow fading cor-
relation, relay antenna height
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Introduction

The world over the last twenty years witnesses the remarkable develop-
ment of radio mobile communication systems. While the early systems e.g.
GSM (Global System for Mobile Communications) or cdmaOne (Code Divi-
sion Multiple Access - One) are only capable of providing data rates on the
order of few ten kbps, the recent evolutions such as 3GPP LTE (The 3rd Gen-
eration Partnership Project - Long Term Evolution) or WIMAX (Worldwide
Interoperability for Microwave Access) provide a data rate of up to several
hundred Mbps. With increasing demands for various data and multimedia
services, future mobile communication systems should be able to provide even
higher data rates over a limited spectrum bandwidth.

Some advanced radio transmission techniques, including MIMO (Multiple-
Input-Multiple-Output) and OFDM (Orthogonal Frequency Division Multi-
plex ) have been proposed to improve the spectrum efficiency of mobile cel-
lular systems. While these advanced technologies greatly increase the peak
data rate, that in the cell-edge area can only be slightly improved. Indeed,
the peak data rate can only be obtained in the most favorable propagation
conditions, typically when users are relatively close to the Base Station (BS).
When users move far away from BS to the cell-edge area, the actual achiev-
able data rate rapidly decreases. The gap between the peak and cell-edge
data rates could be up to hundreds of times [1]. This performance degrada-
tion is essentially due to the severe path loss and the inter-cell interference.
The cell edge problem will be even more serious in future mobile commu-
nications, because radio frequency higher than 2 GHz will be exploited [2].
This explains why much research has been carried out for the last few years
in order to reduce the performance differences among users in a cell. Several
technical solutions have been proposed such as relays, base station cooper-
ation, interference cancellation, etc. As part of this thesis, we focus on the
relaying technology.

Relaying technologies have received much interest from standardization
bodies for next generation (4G) radio mobile communication systems such
as 3GPP LTE-Advanced, IEEE 802.16m, etc. They have also been widely
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investigated by both academic and industrial researchers [3–37]. A large
number of papers focusing on technical aspects of relays can be found in the
literature. The capacity benefits of relays have been analyzed in [6, 16–18, 21,
25, 27, 38]. References [3, 7, 13, 18, 21, 23, 38] consider the coverage extension
obtained with relay deployments. Throughput and data rate enhancements
have been discussed in [4, 5, 9, 29]. The interference management in a relay-
based network have been studied in [12, 15, 32, 35, 36, 39, 40]. In conclusion,
relays have been shown as a greatly attractive solution not only to solve the
cell-edge problem but also improve the overall network performance.

However, most of these studies use theoretical analyses and simulations
which take into account many different assumptions. To the author’s knowl-
edge, very few measurement-based researches for outdoor urban macro-cell
environment can be found in the literature. Therefore, the relay performance
in a practical deployment has yet to be thoroughly validated.

Moreover, the real contribution of relays must be evaluated through sim-
ulation systems that incorporate a realistic propagation model. Many propa-
gation channels have been defined by European projects and standardization
bodies such as WINNER (Wireless World Initiative New Radio), 3GPP, ITU
(International Telecommunication Union), IEEE (Institute of Electrical and
Electronics Engineers), COST (European Cooperation in Science and Tech-
nology), etc. However, very few models are really dedicated to relaying sce-
narios. Furthermore, these models are essentially based on relatively limited
data sets and/or specific assumptions and approximations.

In this context, Orange Labs has initiated since 2010 research activities
concerning the relaying technologies. As part of these activities, this thesis
has been carried out in order to assess the validation of the existing propaga-
tion models and provide new ones which are dedicated to relaying scenarios.
These new models in addition to the data gathered with measurement cam-
paigns will be used to evaluate the real contribution of relays in terms of
cellular data rate and coverage homogeneousness.

This thesis aims to tackle the following concrete objectives:
- Characterization and modeling of path loss and path loss model

consistency:
Relaying systems are expected to be deployed in various scenarios from
improving the reliability of cellular networks to achieving high through-
put in cell-edge area or to providing coverage extension [8, 22, 41].
Reliable propagation channel models for all links in a relay-based net-
work i.e. BS-RS (Base Station - Relay Station), RS-MS (Relay Station
- Mobile Station) and BS-MS are then necessary in order to design
such systems. A number of propagation models have recently been
suggested by 3GPP [41], WINNER project [42] and IEEE 802.16j task



3

group [43]. However, these models are basically derived from previous
work and their validation in a realistic environment is yet to be fully
examined.
Furthermore, the propagation channels in relaying systems should be
coherent with each other. This consistency is crucial because an un-
balance of channel models could lead to a wrong evaluation of relays’
contribution. To the author knowledge, there is still no publication
covering this channel consistency issue.

- Investigation of relay antenna height impact on path loss mod-
els:
The antenna height is a practical deployment parameter which has been
actively studied for many years. In relaying scenarios, relays can be de-
ployed in different heights varying from 5 meters e.g. lamppost to above
10 meters e.g. building wall. The challenge is to find the optimal relay
antenna height in order to maximize the potential relay contributions.
If the relay antenna height is enough high to create a ”good” BS-RS
radio link, it is more likely to cause more interference to adjacent cells.
On the contrary, if the relay antenna is low, the interference may be re-
duced but the backhaul link capacity may not be sufficient causing the
bottleneck problem. However, to the author’s knowledge, the research
concerning antenna height impacts concentrates principally on the im-
pact of BS antenna height on BS-MS link [44, 45] in a conventional
cellular network. To the author’s knowledge, very few studies concern
the link BS-RS in a relaying deployment. One of the rare papers can be
found in [46] where Webb et al. presents a measurement-based study
related to BS-RS link. This study proposes an antenna height correc-
tion factor modelled by the log-linear function. Nevertheless, the relay
antenna height varies only in the range from 2 m to 5 m with 1 m steps.
These heights are considered to be low compared to the proposed relay-
ing scenarios [41, 42]. Reference [47] examines the path loss predicted
by different models for IEEE Fixed Wireless Systems with two levels
of receive antenna height. The analysis result demonstrates a 10 - 20
dB path loss reduction when the receive antenna is raised from 6 m to
10 m. Another research work concerning the impact of receive antenna
height on link path loss is to be found in [48]. This paper reports that
the path loss exponent reduces as the receive antenna height increases
towards average rooftop level. However, only receive antenna height
from 3 m to 7 m is considered in this study. Reference [49] shows the
dependence of excess path loss on floor level but this study concentrates
principally on the problem of outdoor to indoor penetration.
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- Shadow fading correlation characterization and modeling:
In a relaying network, the shadow fading of a BS-MS link and a RS-MS
link or between two RS-MS links may be strongly correlated. This cor-
relation can significantly affect the system performance [50]. Therefore,
it is of great important to characterize and model the shadow fading
correlation between links in relaying systems.
Some work has been recently carried out by WINNER project [42],
IEEE 802.16j Relay Task Group [43] or 3GPP [41] in order to predict
the shadow fading correlation in a relaying deployment. Unfortunately,
there is currently no well-agreed model. While 3GPP assumes a con-
stant correlation coefficient equal to 0.5 for all scenarios, WINNER
specifies zero correlation due to the limited amount of measurement
data. Regarding IEEE 802.16j Task Group, only the model for shad-
owing correlation between two BSs which is based on the Saunders work
[50] is proposed. However, this model is not feasible in every case as
proved in [51]. The correlation models for the shadowing between BS-
MS and RS-MS links or between two RS-MS links are still for further
study.
Moreover, the angle seen from the MS to the transmitters (θ) is recog-
nized as an important parameter which has a significant impact on the
shadow fading correlation [50–55]. It was reported a strong correlation
on the order of 0.6 to 0.8 with small θ. This correlation was observed to
decrease toward zero when θ becomes greater. Although this angular
property has been discussed in many papers for the traditional radio
mobile network i.e. without the presence of RS, this issue has not yet
been adequately studied in the relaying deployment.

This thesis is divided into 4 chapters:
- Chapter 1: This chapter aims to draw the general context over which

this thesis is carried out. Firstly, the radio mobile communication evo-
lution will be briefly presented with particular focus on 3GPP LTE-
Advanced systems. Then, LTE-Advanced key technical enhancements
including relaying technology will be described. The challenge which
initiates the development of these enhancements will also be investi-
gated.

- Chapter 2: This chapter will describe the fundamentals of wireless
propagation channel including the multi-path phenomena, basic prop-
agation mechanisms, three scales of signal variation, etc. A particular
attention will be paid to investigate the existing path loss and shadow
fading correlation models. This investigation reveals advantages as well
as disadvantages of these models allow defining the most relevant ones
for relaying systems.
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- Chapter 3: A multi-link outdoor urban measurement campaign with
relays will be presented in this chapter. The measurement data pro-
cessing will also be described. The potential errors caused by different
factors such as antenna, data processing or channel non-stationarity
will be examined.

- Chapter 4: This chapter is dedicated to the analysis results concern-
ing the multi-link propagation channel characterization and modeling.
The path losses of BS-MS, BS-RS and RS-MS links will be charac-
terized in both LOS and NLOS conditions. Furthermore, the relay
antenna height impact on path loss, especially with the BS-RS link,
will be investigated. An additional measurement campaign dedicated
to analyze this impact on extended environments and frequencies will
be presented. Moreover, different suitable existing path loss models
determined from Chapter 2 will be evaluated with the measurement
data. The correlations between the shadow fading of BS-MS/RS-MS
links or between two RS-MS links will also be characterized and mod-
eled. Finally, the path loss model consistency issue will be brieftly
discussed.





Chapter 1

Relaying technology in 4G
radio mobile systems

This chapter describes the general context in which this thesis has been
carried out. Firstly, the evolution of mobile communication systems will
be presented. The main characteristics of principal systems will be briefly
recalled. Then, LTE-Advanced, the latest evolution of mobile communication
systems proposed by the 3GPP, will be described. Considered as one of the
key features of LTE-Advanced, relaying technology will be discussed in the
next part of this chapter. Finally, a state-of-the-art in relay technology in
3GPP LTE-Advanced context will also be provided.

1.1 Evolution of radio mobile systems

Radio mobile systems have undergone a remarkable development since
the apparition of the first mobile communication generation in the 1980s.
There was no dominant standard but several competing ones such as NMT
(Nordic Mobile Telephone), TACS (Total Access Communication System)
and AMPS (Advanced Mobile Phone Service) [56]. These systems were based
on the analog technology and designed only for the voice services. Since then,
radio mobile systems have been constantly evolving in order to satisfy the
increasing customers demands. This development has been contributed and
realized by a number of different organizations. Among them, the 3GPP and
the WIMAX Forum have been emerged as two major actors. Figure 1.1 illus-
trates the worldwide mobile communication landscape with different systems
and standardization bodies.

The 3GPP is currently the worldwide dominating systems with the par-
ticipation of many standardization bodies, such as ETSI (European Telecom-
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munications Standards Institute) in Europe, the ARIB (Association of Ra-
dio Industries and Businesses) in Japan, the CCSA (China Communications
Standards Association) in China and the ATIS (Alliance for Telecommunica-
tions Industry Solutions) in the United State. It can also be found in 3GPP
many major manufacturers and operators in telecommunication industry [57].

At the technology level, the first mobile communication system in 3GPP
family was GSM - the most successful and widely used second-generation
(2G) system. Although adopting the digital technology, GSM systems were
still designed for the narrow-band voice and limited data services which were
restricted at 9.6 Kbps data rate. GPRS (General Packet Radio Services) is an
upgraded solution which was proposed to increase the low data rate provided
by GSM systems. The first commercial launch for GPRS took place in 2001.
With this technology, the data rates can theoretically be pushed up to 115
Kbps. The next improvement to GSM is EDGE (Enhanced Data Rates for
Global Evolution). The key enhancement of EDGE is a new modulation
scheme called 8PSK (Eight-Phase Shift Keying). It increases the data rate
of standard GSM up to 384 Kbps [56].

The next remarkable system developed within the 3GPP program given
in Release 99 is UMTS (Universal Mobile Telecommunications System). Con-
sidered as the third mobile communication generation (3G) [56], UMTS
employs W-CDMA (Wideband Code Division Multiple Access) radio access
technology to offer greater spectral efficiency to mobile network operators.
UMTS specifies a complete network system, covering the radio access net-
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LTE LTE-A

Mobile Wimax
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Figure 1.1: Evolution of radio mobile systems
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work (UMTS Terrestrial Radio Access Network or UTRAN) and the core
network (Mobile Application Part, or MAP). UMTS supports data rates of
up to 2 Mbps over a new wideband air interface.

HSPA (High-Speed Packet Access) [56] is the upgrade developed within
3GPP in order to improve the UMTS performance. The peak data rates of 14
Mbps in the Downlink (DL) and 5.8 Mbps in the Uplink (UL) can respectively
be achieved with HSDPA (High-Speed Downlink Packet Access) (Release 5)
and HSUPA (High-Speed Uplink Packet Access) (Release 6) [56]. HSPA im-
provements in UMTS are obtained through a new modulation (16QAM - 16
Quadrature Amplitude Modulation), reduced radio frame lengths and new
functionalities within radio networks. HSPA+, an evolution of HSPA given
in Release 7, adds MIMO antenna capability and 16QAM (for UL)/ 64QAM
(for DL) modulations. These enhancements allow achieving UL speeds of up
to 11 Mbps and DL speeds of up to 42 Mbps.

UMTS, HSPA and HSPA+ belong to the IMT-2000 family (International
Mobile Telecommunication - 2000 ) which is a term defined by the ITU to
indicate all mobile systems fulfilling 3G specifications. It is foreseen that
the development of IMT-2000 will reach a limit of around 30 Mbps. In the
vision of the ITU, there may be a need for a new wireless access capable of
supporting even higher data rates with high mobility, which could be widely
deployed around the year 2015 in some countries. Therefore, ITU introduced
a new concept called IMT-Advanced to define the mobile communication
systems with enhanced capabilities compared to that of IMT-2000. The new
capabilities of these IMT-Advanced systems are envisaged to handle a wide
range of supported data in multi-user environments with target peak data
rates of up to 100 Mbps for high mobility and up to 1 Gbps for low mobility
users.

The first mobile system initiated by 3GPP which can be placed in IMT-
Advanced family is Long Term Evolution (LTE) [57]. LTE is described in
3GPP Release 8 and then in Release 9 with small enhancements. LTE project
focused on enhancing the UTRA (Universal Terrestrial Radio Access) and
optimizing 3GPP’s radio access architecture. OFDM was selected for the DL
and SC-FDMA (Single Carrier-Frequency Division Multiple Access) for the
UL. The supporting data modulation schemes for DL are the QPSK, 16QAM,
and 64QAM. Those for UL are the BPSK, QPSK, 8PSK and 16QAM. The
LTE radio access uses flexibly channel bandwidths defined between 1.25 MHz
and 20 MHz [57]. Targets were to have average user throughput of 300 Mbps
for DL and 75 Mbps for UL.

The work toward the evolution of LTE called LTE-Advanced is the re-
sponse of 3GPP to the ITU-R Circular Letter requesting candidate submis-
sions for IMT-Advanced radio interface technologies. With LTE-Advanced,
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the 3GPP aims to fulfill and even go beyond all IMT-Advanced requirements
[58]. In order to achieve these objectives, a set of new features have been
discussed by 3GPP. The initial version of LTE-Advanced was completed and
described in Release 10. Release 11 is under discussion within the 3GPP
framework. Details of some key features will be discussed in Section 1.2 of
this chapter.

Table 1.1 summarizes the key features of 3GPP principal radio mobile
systems from GSM to LTE-Advanced.

In addition to 3GPP, the second major technology family which has an im-
portant influence on the global telecommunication landscape is the WiMAX
[59]. This evolution conducted by IEEE and WiMAX Forum has received
mainly the support from industrial companies and several mobile operators.
The early version of WiMAX was based on the IEEE 802.16-2004 standard,
also known as 802.16d [60]. This standard targeted the fixed network and
was sometimes referred to as “Fixed WiMAX”. The next version was the
mobile WiMAX Release 1.0 which was based on the 802.16e or 802.16-2005
standard [61] and targeted the mobile utilization. This system was based on
OFDMA and enabled DL and UL MIMO as well as beamforming features.
The release 1.0 system was defined only for the TDD operation mode and
focused on 5 and 10 MHz bandwidths in several frequency bands such as 2.3
GHz, 2.5 GHz and 3.5 GHz. These versions of WiMAX are also members of
the IMT-2000 family.

The more recent amendment of WiMAX evolution is 802.16j [62] which
enhances the coverage, throughput and system capacity by introducing multi-
hop relay capacity. The latest version of WiMAX is 802.16m which has been
developing in the 16m technical group (TGm) [63]. WiMAX 802.16m is very
similar to the 3GPP LTE-Advanced from parameter and performance point
of view. It targets major enhancements in spectrum efficiency, latency and
scalability of the access technology with wider bandwidths in challenging
spectrum environments [59]. Like 3GPP LTE-Advanced, WiMAX 802.16m
forms the basis of a proposal for IMT-Advanced family.

Besides the 3GPP and WiMAX, there are several smaller technical fami-
lies which have been developed by other standardization groups or countries
such as 3GPP2 with CDMA2000 and 1xEVDO (Evolution-Data Optimized)
or IEEE’s WiFi evolution for the short-range systems. China and Korea de-
velop also their own technologies. Because this thesis work is carried out in
3GPP LTE-Advanced context, no further discussion about WiMAX evolu-
tion and other standards such as 3GPP2, WiFi, etc. will be given in the rest
of this thesis.
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Table 1.1: Overview of the principal 3GPP radio mobile systems

GSM UMTS HSPA LTE LTE-Advanced

3GPP Release Rel’ 99
Rel’ 5 for HSDPA

Rel’ 8 and 9 Rel’ 10Rel’ 6 for HSUPA
Rel’ 7 for HSPA+

Operating bands

850 MHz

Around 2 GHZ Around 2 GHz
Wide range of

operating bands

Will be deployed
as an evolution of
LTE and on new

bands

900 MHz
1800 MHz
1900 MHz

Access Scheme FDMA/TDMA WCDMA WCDMA

OFDMA (DL) Evolution of LTE,
Higher order
MIMO with

CoMP and Relay

SC-FDMA (UL)
MIMO

Modulation GMSK QPSK 16QAM
QPSK, 16QAM,

64QAM
Evolution of LTE

Channel
bandwidth

200 kHz 5 MHz 5 MHz
Variable 1.4, 3, 5,

10, 15 and 20
MHz

Up to 100 MHz
with bandwidth

aggregation

Switching
Technology

Circuit Circuit Packet Packet Packet

Peak Data rate 9.6 kbps Up to 2 Mbps
Up to 14 Mbps

(DL)
Up to 300 Mbps

(DL) Up to 1 Gbps
Up to 5.8 Mbps

(UL)
Up to 75 Mbps

(UL)
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1.2 New technology features for LTE-Advanced

This section discusses about the 3GPP LTE-Advanced system and its
new key technology components. After defining the challenges of current
radio mobile systems, we will describe the most remarkable features of LTE-
Advanced with focus on relaying technology.

1.2.1 The challenges

User traffic in radio mobile systems has radiply increased. This traffic
in 1G and 2G systems was relatively low with only voice and short-message
services. However, the current Internet explosion and the introduction of
smart-phones leads to the emergence of multimedia applications and services
such as VoD (Video on Demand), Mobile Internet, Mobile TV, etc. These
applications in turn require drammatically increasing throughput and data
rate. Facing to this challenge, radio mobile systems have adopted many
technical enhancements such as the higher bandwidth, the higher modulation
scheme, the MIMO, etc. The recent radio mobile systems such as LTE or
WiMAX promise the data rate of several hundreds of Mbps.

However, challenges of radio mobile systems are not only to provide a
high data rate but also to distribute it uniformly over the covered area and
among users. Unfortunately, it is not yet the case with current systems. The
data rate achieved by a user in a mobile system depends strongly on the
radio propagation conditions as well as the position of the user in the cell.
The theoretical peak data rate underlined in promoting documents can only
be achieved in very good conditions, even only when the MS is close to the
BS. This peak data rate is generally ten times higher than the average one
that a user may have in the cell. When the MS goes far away from the BS to
the cell-edge area, the worse propagation condition is no longer allowing the
utilization of optimal modulation schemes. Moreover, interference coming
from adjacent cells reduces rapidly the system performance. Consequently,
the data rate experienced by a user in the cell-edge area is usually ten times
lower than the average throughput of the cell. Technologies like MIMO,
OFDM and advanced error control codes enhance the per-link throughput
but do not inherently mitigate the effects of interference. Cell edge problem
is more crucial as cellular systems employ higher carrier frequencies [30]. This
so-called cell-edge problem is illustrated in Figure 1.2.

In order to overcome the aforementioned challenges, many new technol-
ogy components have currently been adopted or discussed by 3GPP for LTE-
Advanced. The principal ones consist of the bandwidth extension, the en-
hanced MIMO scheme, the CoMP (Coordinated Multipoint Transmission or
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Figure 1.2: Cell-edge problem in radio mobile systems

Reception) and the relaying (Figure 1.3) [41]. These technologies are briefly
described in the following sections with focus on relaying which is the main
research object of this thesis.

1.2.2 Bandwidth extension

In order to achieve up to 1 Gbps data rate in future IMT-Advanced
mobile systems, wider frequency bandwidths are required. A bandwidth of
up to 100 MHz has been discussed in the context of LTE-Advanced. At the
same time, such a bandwidth extension should be done while preserving the

LTE-Advanced

Bandwidth
Extension

Enhanced 
MIMO

CoMP Relaying

Figure 1.3: LTE-Advanced key features
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backward compatibility to legacy systems. In other words, LTE-Advanced
should be able to be deployed in the spectrum already occupied by LTE with
no impact on existing LTE terminals. This requirement can be fulfilled with
a technique called carrier aggregation where multiple LTE components are
aggregated on the physical layer to provide the necessary bandwidth [19].
Figure 1.4 presents an example of the contiguous component carriers. To a
LTE terminal, each component carrier will appear as an LTE carrier, while
a LTE-Advanced terminal can use the total aggregated bandwidth.

Nevertheless, accessing to large amount of contiguous spectrum to ob-
tain the total bandwidth of 100 MHz is not always possible. Therefore,
LTE-Advanced could also allow for aggregation of non-contiguous compo-
nent carriers in separate spectrum to handle situations where large amounts
of contiguous spectrum are not available. However, the aggregation of non-
contiguous spectrum is challenging from an implementation perspective, es-
pecially concerning the terminal support.

1.2.3 Enhanced MIMO schemes

Fundamentally, MIMO techniques use multiple antennas at the trans-
mitter (Tx) and the receiver (Rx) to enable a higher throughput and/or
improved link reliability with the same system bandwidth and transmitter
power [19, 28, 64]. Multi-antenna technologies including beam-forming and
spatial multiplexing are key features which have already been proposed for
LTE. These technologies continue to play an even more important role in
LTE-Advanced.

In Release 10 the configurations of up to 4x4 MIMO (i.e. 4 Tx anten-
nas and 4 Rx antennas) for the UL and up to 8x8 MIMO for the DL have
been proposed. Spatial multiplexing allows several independent data streams

Component carriers
(LTE Rel-8 carriers)

e.g. 20 MHz

5 component carriers x 20 MHz = Total bandwidth of 100 MHz

Figure 1.4: A continuous carrier aggregation example
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(called spatial layers in 3GPP) to be transmitted over the same time and
frequency resources. When all the spatial layers are allocated to the same
user, this scheme is called SU-MIMO (Single-User MIMO). Alternatively, the
layers can be split among several (typically two) users, which can then be
served on the same resources, provided that they can be separated in space.
This scheme is called MU-MIMO (Multi-User MIMO). Nevertheless, spatial
multiplexing is only applicable in good radio conditions and under specific
channel properties [56].

The principle of SU- and MU-MIMO is illustrated in Figure 1.5 (for the
particular case of two spatial layers).

1.2.4 Coordinated Multi-point Transmission/Reception
(CoMP)

A major performance limiting factor of before-LTE-Advanced systems
is the heavy co-channel (inter-cell) interference. In order to mitigate this
problem and thereby enhance the cell-edge performance, CoMP have been
investigating for LTE-Advanced [19, 28, 65].

Spatial layer 1 Spatial layer 2

SU-MIMO

MU-MIMO

Figure 1.5: SU-MIMO and MU-MIMO examples
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The main idea of CoMP is as follows: when a MS is in the cell-edge region,
it may be able to receive signals from multiple cell sites. If the system can
take advantage of this multiple transmission/reception by coordinating them,
the overall performance can significantly be improved. Both DL CoMP and
UL CoMP are considered for LTE-Advanced [41, 64].

Two classes of CoMP schemes have been identified by 3GPP:

Coordinated scheduling or Beamforming (CBF): In this category, only
one point transmits the data while the other ones are coordinated to
reduce interference (e.g. by avoiding beam collisions for CB).

Joint Processing/Joint Transmission (JP/JT): For JP/JT, the trans-
mission to a single MS is simultaneously executed from multiple trans-
mission points, across cell sites. The multi-point transmissions will be
coordinated as a single transmitter with antennas that are geographi-
cally separated. This scheme is potential to provide higher performance
compared to coordination only in the scheduling but needs more strin-
gent requirements on backhaul communication.

An example of CoMP is given in Figure 1.6.
Although CoMP is considered as a potential tool to improve coverage,

cell-edge throughput, and/or system efficiency, the implementation of this
technique must overcome some serious constraints and challenges. First,
the network needs to be time-synchronized with the same accuracy as for
TDD (Time Division Duplexing). Second, for DL techniques the network
needs to acquire the channel knowledge between the MS and all coordinated
cells. This increases the measurement load at the MS as well as the feedback
overhead. Finally, CoMP technique requires the considerable increase on
the backhaul network because of the need to exchange information between
coordinated entities. Therefore, despite of the high theoretical performance
gain of cooperative transmission schemes, CoMP was considered not to be
mature enough to be integrated in Release 10. Nevertheless, it is currently
being studied thoroughly for potential inclusion in Release 11.

1.2.5 Relaying

1.2.5.1 Overview

(a) Basic concepts:
A classical relaying network is composed of a BS (Base Station), a RS
(Relay Station) and a MS (Mobile Station). The RS acts as an inter-
mediate node to receive, process and forward the signal between the BS
(called donor BS ) and the MSs that it serves. The MS can receive the
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Figure 1.6: An example of CoMP with 3 collaborating cells

signal from the donor BS via two paths: the two-hop relaying link and
the one-hop direct link. In the two-hop relaying link the physical channel
between the BS and the RS is called the backhaul link and that between
the RS and the MS is called the access link [22, 41].

(b) Advantages:
It is well known that at a given power and carrier frequency, the avail-
able data rate decreases if the distance from a BS increases whereas the
quality of end-user experience (QoE) must not depend on the user lo-
cation. Hence, the deployment of a conventional cellular radio network,
including the enhancements made by signal processing, advanced cod-
ing and smart antenna techniques would require a very high density of
BSs to achieve satisfactory radio coverage, capacity and service quality.
Consequently, the total expense of broadband radio mobile systems will
increase dramatically, resulting in very high cost per delivered bit.

To meet the goal of low-cost radio network deployment, the deployment
concept based on relay nodes appears to be one of the most promising
solutions [22].

Wireless relays help overcoming the current dependence on wired back-
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bones and enable cost-effective enhancement of coverage, throughput and
system capacity. In fact, relay nodes do not need a wired (e.g. copper or
fiber) backbone access by using a wireless connection. This feature helps
not only reducing deployment costs but also offering high flexibility in
placing relays, allowing fast network rollout and adaptive traffic capacity
engineering.

(c) Relaying types:
In the literature, two different types of relaying network have been in-
vestigated [8]. The first one called Mobile Relay proposes to use other
user’s terminals to relay the traffic. The second one called Fixed Re-
lay introduces a new element i.e. relay station into existing network
infrastructure. These two relay types are illustrated in Figure 1.7. In
a Mobile Relay network, the non-active MSs are potential to relay the
traffic between the BS and other MSs in less favorable conditions. The
principal advantage is that no additional network elements are presented.
However, there are some fatal problems related to the mobile relay ter-
minal such as increased energy consumption (fast battery draining), ad-
ditional hardware and functionality, security issues, mobile availability,
etc. Most of above problems can be solved when fixed relays are used.
Currently, standardization documents of 3GPP consider that relaying
will be performed through fixed relays, at least in the early phase of 4G
deployments. Therefore, in this document, only fixed relaying type is
considered.

(d) Relaying scenarios:
Thanks to its installation flexibility, relays are expected to be deployed
in some typical scenarios such as: urban outdoor hotspot (to provide
high throughput or to achieve coverage for shadowed area), urban in-
door (to indoor coverage), rural coverage (to achieve ubiquitous coverage
with the reduced deployment cost) or emergency and temporary network
deployment [64].

(e) Transmission schemes:
Several relay transmission schemes have been proposed to establish two-
hop communication between a BS and a MS through a RS. Among these
has emerged two main transmission schemes [29]:
- Amplify and Forward (AF): The RS receives the signal from the source

(BS or MS) at the first phase. It amplifies this received signal before
forwarding it to the destination (MS or BS) at the second phase. This
Amplify and Forward (AF) scheme is very simple and has very short
delay but it also amplifies noise.

- Decode and Forward (DF): In DF schemes, the RS regenerates the sig-
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Fixed Relay

Mobile Relay

Figure 1.7: Fixed Relay vs Mobile Relay

nal received from the BS (or MS) by fully decoding and re-encoding it
before retransmitting it. This scheme can effectively avoid propagation
error but it adds the delay due to the signal processing time.

(f) Operation modes:

- Full-duplex: the RS can simultaneously communicate with its donor
BS and MSs that it serves over one carrier frequency.

- Half-duplex: over one carrier frequency, the RS communicates with its
BS and MSs using different time intervals.

1.2.5.2 Relaying technologies in 3GPP LTE-Advanced standards

The relay node is wirelessly connected to the radio-access network via a
donor cell. With respect to the relay node’s usage of spectrum, its operation
can be classified into in-band or out-band. A relay operation is called in-band
if the BS-RS link shares the same carrier frequency with RS-MS links. In
contrast, the BS-RS link does not operate in the same carrier frequency as
RS-MS links in out-band case.

For both in-band and out-band relaying, it shall be possible to operate
the BS-RS link on the same carrier frequency as BS-MS links.
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With respect to the knowledge of MS, relays can be classified into “trans-
parent” or “non-transparent”. If the MS is not aware of whether or not it
communicates with the network via the relay, the relaying network is called
“transparent”. It is called “non-transparent” if the MS is aware of whether or
not it communicates with the network via the relay.

In the 3GPP standardization documents, several relay types have been
defined [41]. They distinguish from each other by the following characteris-
tics:

- A type 1 relay is a half-duplex in-band one. It appears to a MS as a
separate cell with its own Physical cell ID (Identification) and distinct
from the donor cell. Type 1 relays are backward compatible to LTE
terminals and supported in Release 10.

- A type 1a relay has the same characteristics as Type 1 relay, except
that it is an out-band relay. Type 1a is also supported in Release 10.

- Type 1b is defined as an in-band full-duplex relay. This relay type is not
agreed to be supported in Rel’10. Type 1b relays have to be equipped
with adequately isolated antennas to allow the full duplex operation,
which can be achieved by placing the antennas used to communicate
with the BS and the MSs far apart, e.g. one indoors and the other
outdoors. Additional signal processing (e.g. interference cancellation)
should be used to further enhance the antennas isolation.

- Type 2 relays do not have a separate Physical Cell ID and thus would
not create any new cells. Besides, it is transparent to LTE user equip-
ment. This type of relay is not agreed to be supported in 3GPP Rel’10.
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Table 1.2 summaries the relay types which are supported in Rel’10 LTE-
Advanced.

Table 1.2: Types of 3GPP Release 10 LTE-Advanced relay

Class Cell ID Inband/Outband Supported in Rel’10

Type1 YES Inband, Half-duplex YES
Type1a YES Outband YES
Type1b YES Inband, Full-duplex NO
Type2 NO Inband NO

1.3 Conclusion

This chapter presented the general context in which this thesis was car-
ried out. The landscape of radio mobile communication systems was given
with a particular focus on the 3GPP evolution. The cell-edge problem, one
of the main challenges for recent radio mobile systems, was described. Re-
laying technology, the promising solution to overcome the cell-edge problem,
was presented. The state-of-the-art of this technology within LTE-Advanced
standards was also given.





Chapter 2

Wireless propagation channels

A wireless propagation channel is the medium linking the Tx and the
Rx. Its properties determine the wireless communication performance and
also determine how specific wireless systems behave. It is thus essential that
the wireless propagation channel is understood and modeled. This chapter
intends to describe the basic phenomena behind the wireless propagation
channel which are necessary to understand the following chapters of this
thesis. Multi-path and basic propagation mechanisms will be presented. Ex-
isting path loss and shadow fading correlation models for outdoor urban
environments will be particularly investigated.

2.1 Radio wave propagation fundamentals

2.1.1 Multipath propagation

Unlike wired channels that are stationary and predictable, radio channels
are extremely variable and not easy to analyze. When the Tx and the Rx
have a clear, unobstructed Line-of-Sight (LOS) path between them, the elec-
tromagnetic wave propagates in the free space to the Rx. The received signal
strength is predicted by the Friis free space equation [66]:

Pr(d) =
PtGtGrλ

2

(4π)2 d2
(2.1)

where Pt is the transmitted power (in Watts), Pr(d) is the received power
(in Watts), Gt and Gr are the Tx and Rx antenna gain respectively, d is the
distance in meters between the Tx and the Rx, λ is the signal wavelength.

However, a clear and unobstructed line-of-sight path between the Tx and
the Rx seldom happens in a real communication system. Instead, the electro-
magnetic wave interacts with obstacles and objects presented in propagation
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path such as buildings, mountains, trees and other obstructions before reach-
ing the Rx.

The mechanisms behind these interactions are diverse but they can gen-
erally be attributed to the reflection, the diffraction and the scattering (Fig-
ure 2.1).

Reflection occurs when a propagating electromagnetic wave hits an object
which has very large dimensions compared to the wavelength (e.g. earth
surface, building facades, walls, etc.).

Diffraction happens when electromagnetic waves are bended around the
obstacle edge or spread after passing through an opening. This phe-
nomenon forms secondary waves in the geometrical shadowed area be-
hind the obstacle even when a LOS path does not exist between the
Tx and the Rx.

Scattering occurs when the medium through which the wave travels con-
sists of objects with dimensions that are small compared to the wave-
length and the number of obstacles per unit volume is large. Scattering
causes energy from a Tx to be reradiated in many different directions.
Foliage is an example of objects which induces scattering in urban mo-
bile communication systems.

As a result of the aforementioned phenomena, the received signal is not
only a simple attenuated and delayed wave but the summation of many
copies of the transmitted signal having various complex amplitudes, delays
and direction of departure/arrival( Figure 2.2). Such multi-path propagation

Reflection Diffraction Scattering

Figure 2.1: Basic propagation mechanisms
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Reflection Scattering

Diffraction

Line-of-Sight

Diffraction

Figure 2.2: Multipath propagation

is particularly significant in urban environments where buildings and street
surfaces provide strong reflections.

2.1.2 Three scales of propagation signal variation

In radio mobile communication systems, the interactions of electromag-
netic waves with the environment cause variations in the transmitted signal
over time and distance. These variations are divided into three scales i.e. the
path loss, the shadowing and the fast fading (Figure 2.3).

2.1.2.1 Path loss

Path loss is an average decrease of the received signal strength due to the
propagation distance. It is generally expressed in dB.

The path loss for free-space model when antenna gains are excluded is
given by:

PL(dB) = 10 log
Pt
Pr

= −10 log

[
λ2

(4π)2d2

]
(2.2)

This model is only valid for far field conditions when the Tx-Rx distance
is greater than Fraunhofer distance. The Fraunhofer distance is defined as:

dR =
2L2

a

λ
(2.3)
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Figure 2.3: Three scales of radio mobile signal variation

where La is the largest dimension of the antenna. Moreover, the far filed
requires d� λ and d� La.

A convenient way to express the free-space path loss is:

PL(dB) = 20 log10(f) + 20 log10(d) + 32.4 (2.4)

where f is the operating frequency measured in MHz, d is the propagation
distance in Km.

However, the free space propagation rarely happens in real radio mobile
systems. Instead of free space model, a general path loss (PL) model is
normally used. This model is expressed as [67]

PL(dB) = PL(d0) + 10n log10(d/d0) (2.5)

where do is a reference distance. It is typically 1 km for large urban mobile
systems, 100 m for microcell systems and 1 m for indoor systems. Path loss
exponent n denotes the relationship between distance and received power.
Table 2.1 below presents value of n in some typical environments.
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Table 2.1: Path loss exponents [67]

Environment Path loss exponent (n)

Free space 2
Urban area 2.7 to 3.5

Severe urban area 3 to 5

2.1.2.2 Shadow Fading

Shadow fading or large-scale fading is the medium term variation (over
hundreds of λ) of the received signal strength around the path loss level.

In fact, the general path loss model in Equation 2.5 does not take into
account the effects caused by surrounding environmental obstacles such as
hill or building. With the same propagation distance, the obstructions are
vastly different from each other. Consequently, the measured signals at dif-
ferent location having the same Tx-Rx distance fluctuate over the average
value predicted by Equation 2.5. This phenomenon is called shadow fading.
Measurements have shown that at any distance d this fluctuation measured
in dB is random and have a zero mean Gaussian (normal) distribution.

2.1.2.3 Fast fading

Fast fading or small-scale fading is the short-term fluctuations (a few λ)
of the received signal strength due to multi-path interference.

Fast fading is normally modeled by the Rayleigh or Rice distributions.

When radio signals are scattered by many objects in the environment and
does not content a dominant component, the fast fading is widely described
by the Rayleigh distribution.

The Rayleigh distribution has a probability density function (pdf) given
by:

p(x) =


x

σ2
exp(− x2

2σ2
) 0 ≤ x ≤ ∞

0 x < 0

(2.6)

where σ and 2σ2 are respectively the rms value and the time-average
power of the received signal. Figure 2.4 shows Rayleigh pdf with several
different values of σ.

When there is a dominant stationary signal component, such us a line-of-
sight propagation path, the small-scale fading envelope distribution is Ricean.
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Figure 2.4: Rayleigh pdf with different values of σ

The Ricean distribution is given by:

p(r) =


r

σ2
e−

r2+A2

2σ2 I0(
Ar

σ2
) A ≥ 0, r ≥ 0

0 r < 0

(2.7)

where A denotes the peak amplitude of the dominant signal and I0() is
the modified Bessel function of the first kind and zero order. The Ricean
distribution is often described in terms of a parameter K, also known as
the Ricean factor, which is defined as the signal power ratio between the
dominant component and scattered component. K is given by:

K(dB) = 10 log10(
A2

2σ2
) (2.8)

As A→0 and K→-∞ dB (the dominant path decreases) the Ricean distri-
bution degenerates to a Rayleigh distribution. Figure 2.5 shows the Ricean
pdf with different K values.
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2.2 Path loss models

2.2.1 Overview

Path loss prediction is a crucial element in the first step of network plan-
ning. In relaying systems, path loss models should be defined for three links
which are BS-RS, RS-MS and BS-MS. Furthermore, each relay applied sce-
nario such as urban outdoor, urban indoor, rural, emergency or temporary
network deployment, etc. requires a more specific path loss model. In this
thesis, we focus our research only to the urban outdoor scenarios where relays
are expected to extend the coverage and combat the cell-edge problem.

The BS-MS link in relaying deployments is considered similar to the BS-
MS link in a classical macro-cellular radio mobile network. The BS an-
tenna height is above the surrounding rooftops and MS antenna height is
about 1-2 m. Much research has been studied this link. Consequently, the
proposed path loss models are abundant. Several widely used models are
given by Okumura-Hata [68, 69], COST-231 Hata [70], COST-231 Walfish-
Ikegami[70], ITU-R P.1411 [71], etc.

Concerning the BS-RS link, an important parameter is the effective RS
antenna height. Simulation results obtained in 3GPP have shown that the
backhaul link is the bottleneck of the relay-enhanced performance [64]]. There-
fore, it is necessary to favor as much as possible a good BS-RS link in order
to provide it a sufficient capacity. This can be achieved by using directive
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antenna at RS and placing the it in good radio locations. To this end, RS
antenna height should be high enough such as on top of buildings in order
to achieve LOS or nearly LOS condition to the donor BS. However, this
deployment requires some site planning for the operator and potential ad-
ditional installation expenses. One of the expected advantages of relays is
their ease of deployment as well as their operation and maintenance. In or-
der to achieve these advantages, a promising solution is to install relays with
medium antenna heights of about 4-12 m such as lamppost, etc. Indeed,
3GPP and WINNER suppose a relay antenna height of 5 m [41, 42]. Some
efforts to develop path loss models for this scenario have been carried out by
WINNER [42], IEEE 802.16 [72], 3GPP [41]. However, these models are not
validated yet in a realistic deployment. Moreover, when the relay antenna
height varies, it has probably certain impacts on path loss models. Once
again, this issue is not adequately studied yet.

With the aforementioned relay antenna height, the RS-MS link can be
considered as traditional micro-cellular deployment. Path loss models for
this scenario have been studied and proposed by some studies [70, 73–78].

Although the path loss models for different links in relaying systems have
been more or less dealt in certain studies, these models are proposed in an
independent way. Consequently, their consistency is not valid yet. However,
in relaying systems, three links are strongly related to each other. The po-
tential enhancement contributed by relays can only be correctly evaluated if
suitable path loss models taking into account their consistency are available.
Therefore, a part of this thesis will be dedicated to this issue.

The following sections describe the most widely used path loss models in
urban outdoor scenarios.

2.2.2 Okumura-Hata model

In 1968, Okumura has conducted measurements of BS-MS link in Tokyo
and introduced empirical plots [68]. Later, in 1980, Hata developed a closed-
form expression from Okumura’s data [69]. This model is called Okumura-
Hata model and given by:

PL(dB) = 69.55 + 26.16 log10(f)− 13.82 log10(hBS)− a(hMS)

+ (44.9− 6.55 log10(hBS)) log10(d) (2.9)

where f is the frequency (in MHz) which varies from 150 MHz to 1500
MHz, hBS and hMS are the effective BS and MS antenna heights, d is the
Tx-Rx separation (in km) and a(hMS) is the correction factor for the mobile
unit.
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For a small to medium size cities, the mobile antenna correction factor is
given by:

a(hMS) = [1.1 log10 (fc)− 0.7]hMS − 1.56 log10 (fc)− 0.8 (2.10)

And for large city, it is given by:

a(hMS) = 8.28 [log10 (1.54hMS)]2 − 1.1 for fc ≤ 300 MHz (2.11)

a(hMS) = 3.2 [log10 (11.75hMS)]2 − 4.97 for fc > 300 MHz (2.12)

2.2.3 COST-231 model

The European Cooperation in Science and Technology (COST) formed
the COST-231 action to identify the most likely migration paths from cur-
rent cellular networks towards next generation universal systems [70]. One
important output of COST-231 is the development of outdoor propagation
models for urban areas at 900 and 1800 MHz bands. Based on extensive mea-
surement campaigns in European cities, COST-231 has investigated different
existing models and has created new propagation models. These models,
valid for flat terrain, are based on the approaches of Walfisch-Bertoni [79],
Ikegami [80] and Hata [69].

2.2.3.1 COST-231 Hata model

COST-231 has extended Hata model [69] to the 1500 MHz - 2000 MHz
frequency band by analyzing Okumura propagation curves in the upper fre-
quency band. This combination is called COST-231 Hata model and is given
by [70]:

PL(dB) = 49.3 + 33.9 log10(f)− 13.82 log10(hBS)− a(hMS)

+ (44.9− 6.55 log10(hBS)) log10(d) + Cm (2.13)

where a(hMS) is defined in Equation 2.10 and 2.12 and

Cm =

{
0 dB, for medium sized cities and suburban areas
3 dB, for metropolitan centers

(2.14)

The COST-231 Hatal model is restricted to the following range of param-
eters:
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f : 1500 MHz to 2000 MHz
hBS: 30 m to 200 m
hMS: 1 m to 10 m

d: 1 km to 20 km

2.2.3.2 COST-231 Walfish-Ikegami model

The COST-231 proposes also a combination of Walfish [79] and Ikegami [80]
models. It is called the COST-231 Walfish-Ikegami (COST-231 WI) model.
This model improves the path loss prediction by considering more data to
describe the urban environment. These data include the average building
heights hr, the road width w, the building separation b (Figure 2.6) and the
road orientation with respect to the direct radio path ϕ (Figure 2.7).

The parameters presented in Figure 2.6 are:

hr: average height of building (m)

w: street width (m)

b: average building separation (m)

ϕ: street orientation with respect to the direct path (degrees)

hBS: BS antenna height (m)

hMS: MS antenna height (m)

l: length of the path covered by building (m)

d: distance from BS to MS

The COST-231 WI model distinguishes between LOS and NLOS (Non-
Line-of-Sight) situations.

...

 

BSh

BSh
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MSh
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BS
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Figure 2.6: Parameters of COST-231 Walfish-Ikegami model
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φ

MS

Figure 2.7: Street orientation defination

In the LOS case, the path loss formula is described by:

Lb(dB) = 42.6 + 26 log10(d/[Km]) + 20 log10(f/[MHz]) for d ≥ 20m
(2.15)

In the NLOS case, the basic transmission loss is composed of the free
space loss L0, the multiple screen diffraction loss Lmsd and the rooftop-to-
street diffraction and scatter loss Lrts.

Lb =

{
L0 + Lrts + Lmsd for Lmsd + Lrts > 0

L0 for Lmsd + Lrts ≤ 0
(2.16)

where the free-space loss is given by Equation 2.4.
The term Lrts describes the coupling of the wave propagating along the

multiple-screen path into the street where the mobile station is located.

Lrts = −16.9− 10 log10(w) + 10 log10(f) + 20 log10(∆hMS) + LOri (2.17)

and:
∆hMS = hr − hMS (2.18)

is the difference between the average building height hr, and the mobile
antenna height, hMS.

LOri is given by:

LOri =


−10 + 0.354ϕ if 0o ≤ ϕ ≤ 35o

2.5 + 0.075 (ϕ− 35) if 35o ≤ ϕ ≤ 55o

4.0− 0.114 (ϕ− 35) if 55o ≤ ϕ ≤ 90o
(2.19)
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The multiple screen diffraction loss Lmsd is given by:

Lmsd = Lbsh + ka + kd log10(d) + kf log10(f)− 9 log10(b) (2.20)

The term ka represents loss for the case in which BS antennas below the
roof tops of the adjacent building.

With the definition
∆hBS = hBS − hr (2.21)

Lbsh and ka are given by:

Lbsh =

{
−18 log (1 + ∆hBS) if hBS > hr

0 if hBS ≤ hr
(2.22)

and

ka =


54 if hBS > hr

54− 0.8∆hBS if d ≥ 0.5 km and hBS ≤ hr
54− 1.6∆hBS if d < 0.5 km and hBS ≤ hr

(2.23)

The terms kd and kf control the dependence of the multi-screen diffraction
loss versus distance and radio frequency, respectively. They are given by:

kd =

 18 if hBS > hr

18− 15
∆hBS
hr

if hBS ≤ hr
(2.24)

and

kf = −4 +



0.7

(
f

925
− 1

)
for medium-sized cities

and suburban centers
with moderate tree densities.

1.5

(
f

925
− 1

)
for metropolitan centers.

(2.25)

If the data on the structure of buildings and streets are unknown, the
following default values are recommended:

hr = 3 × (number of floors) + roof-height (m)

roof-height =

{
3 (m) for pitched roofs
0 (m) for flat roofts

w = b/2
b = 20 to 50 m
ϕ = 35o

The COST-WI model is restricted to:
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f = 800 MHz to 2000 MHz
hBS = 4 to 50 m
hMS = 1 to 3 m

d = 20 m to 5 km

The path loss prediction of COST-231 WI is reported to be well agreed
with measurements for base station antenna heights above rooftop level.
However, the prediction error becomes large for ∆hBS ≈ hr. The model
performance is poor when ∆hBS < hr or the propagation terrain is not flat
and homogeneous [70].

2.2.4 ITU-R P.1411 models

ITU-R Recommendation P.1411-5 [71] describes a set of path loss models
for several urban outdoor scenarios. These scenarios are depicted in Fig-
ure 2.8.

Base station BS1 is mounted above rooftop level. The corresponding cell
is a macro-cell. Propagation from this BS is mainly over the rooftops. Base
station BS2 is mounted below rooftop level and defines a dense urban micro-
or pico-cellular environment. In these cell types, propagation is mainly within
street canyons.

2.2.4.1 Path loss model for LOS urban areas

This path loss model is used for LOS situations within street canyons
which are the BS1-MS2 and BS2-MS4 cases in the Figure 2.8. This model is

BS1

BS2

MS1

MS2 MS4

MS3

Figure 2.8: ITU-R P.1411 propagation scenarios
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defined by two slopes and a single breakpoint. An approximate lower bound
is given by:

LLOS,l(dB) = Lbp +


20log10(

d

Rbp

) for d ≤ Rbp

40log10(
d

Rbp

) for d > Rbp

(2.26)

where Rbp is the break point distance given by:

Rbp ≈
4hBShMS

λ
(2.27)

where λ is the wavelength (m).
An approximate upper bound is given by:

LLOS,u(dB) = Lbp + 20 +


25log10(

d

Rbp

) for d ≤ Rbp

40log10(
d

Rbp

) for d > Rbp

(2.28)

where Lbp is the basic transmission loss at the break point, defined as:

Lbp =

∣∣∣∣20log10

(
λ2

8πhBShMS

)∣∣∣∣ (2.29)

A median value is given by:

LLOS,m(dB) = Lbp + 6 +


20log10(

d

Rbp

) for d ≤ Rbp

40log10(
d

Rbp

) for d > Rbp

(2.30)

2.2.4.2 Path loss model for NLOS urban area with over-rooftop
propagation

This model uses the same parameters and is very similar to the COST-
231 WI model (Figure 2.6). It is applied for the BS1-MS1 case in Figure 2.8
and is expressed as:

LNLoS =

{
Lbf + Lrts + Lmsd

Lbf

for Lrts + Lmsd > 0
for Lrts + Lmsd ≤ 0

(2.31)

Where Lbf , Lrts and Lmsd are respectively the free-space loss, the diffrac-
tion loss from rooftop to street and the loss due to multiple screen diffraction
past rows of buildings.
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The free-space loss is given in Equation 2.4.
The diffraction loss from rooftop to street Lrts is refined by:

Lrts = −8.2− 10log10(w) + 10log10(f) + 20log10(∆hMS) + LOri (2.32)

with LOri is defined in Equation 2.19.
The multiple screen diffraction loss is given by defining a new parameter

- the “settled field distance”, ds:

ds =
λd2

∆h2BS
(2.33)

where
∆hBS = hBS − hr (2.34)

The overall multiple screen diffraction loss is given by:

Lmsd =



− tanh
(
log(d)−log(dbp)

χ

)
(L1msd(d)− Lmid) + Lmid for l > ds,

dhbp > 0

tanh
(
log(d)−log(dbp)

χ

)
(L1msd(d)− Lmid) + Lmid for l ≤ ds,

dhbp > 0
L2msd(d) for dhbp = 0

L1msd(d)− tanh
(
log(d)−log(dbp)

ξ

)
(Lupp − Lmid)− Lupp + Lmid for l > ds,

dhbp < 0

L2msd(d) + tanh
(
log(d)−log(dbp)

ξ

)
(Lmid − Llow) + Lmid − Llow for l ≤ ds,

dhbp < 0
(2.35)

where
dhbp = Lupp − Llow (2.36)

ξ = (Lupp − Llow).υ (2.37)

Lmid =
(Lupp + Llow)

2
(2.38)

Lupp = L1msd(dbp) (2.39)

Llow = L2msd(dbp) (2.40)

and

dbp =

∣∣∣∣∣∆hBS
√
l

λ

∣∣∣∣∣ (2.41)

υ = [0.0417] (2.42)
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χ = [0.1] (2.43)

The individual losses, L1msd(d) and L2msd(d), are defined as follows

L1msd(d) = Lbsh + ka + kdlog10

d

1000
+ kf log10(f)− 9log10(b) (2.44)

where

Lbsh =

{
−18log10(1 + ∆hBS)

0
for hBS > hr
for hBS ≤ hr

(2.45)

ka =



71.4 for hBS > hr, f > 2000 MHz
73− 0.8∆hBS for hBS ≤ hr, f > 2000 MHz and d ≥ 500 m

73− 1.6∆hBS
d

1000
for hBS ≤ hr, f > 2000 MHz and d < 500 m

54 for hBS > hr, f ≤ 2000 MHz
54− 0.8∆hBS for hBS ≤ hr, f ≤ 2000 MHz and d ≥ 500 m

54− 1.6∆hBS
d

1000
for hBS ≤ hr, f ≤ 2000 MHz and d < 500 m

(2.46)

kd =

 18 for hBS > hr

18− 15
∆hBS
hr

for hBS ≤ hr
(2.47)

ka =



−8 for f > 2000 MHz

−4 + 0.7(
f

925
− 1) for medium sized city and suburban centers

and f ≤ 2000 MHz

−4 + 1.5(
f

925
− 1) for metropolitan centers

and f ≤ 2000 MHz
(2.48)

L2msd(d) is given as by:

L2msd(d) = −10log10(Q
2
M) (2.49)

where:

QM =



2.35

(
∆hBS
d

√
b

λ

)0.9

for hBS > hr + δhu

b

d
for hBS ≤ hr + δhu and hBS ≥ hr + δhl

b

2πd

√
λ

ρ

(
1

θ
− 1

2π + θ

)
for hBS < hr + δhl

(2.50)
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and

θ = arctan

(
∆hBS
b

)
(2.51)

ρ =
√

∆h2BS + b2 (2.52)

δhu = 10
−log10

(√
b
λ

)
− log10(d)

9
+ 10

9
log10( b

2.35) (2.53)

δhl =
0.00023b2 − 0.1827b− 9.4978

(log10 (f))2.938
+ 0.000781b+ 0.06923 (2.54)

This ITU-R P.1411 model is valid for:

f : 800 MHz to 5000 MHz
2 to 16 GHz for hBS < hr and w < 10 m

hBS: 4 m to 50 m
hMS: 1 m to 3 m

d: 20 m to 5 km

2.2.4.3 Path loss model for NLOS urban areas with propagation
within street canyons for frequency range from 800 MHz
to 2000 MHz

For the situations where both antennas are below roof-top level, diffracted
and reflected waves at the street corners have to be considered (see Fig-
ure 2.9).

The relevant parameters for this situation are:
w1: street width at the position of the BS (m)
w2: street width at the position of the MS (m)
x1: distance BS to street crossing (m)
x2: distance MS to street crossing (m)
α: is the corner angle (rad).
In this case, the path loss is given by:

LNLoS = −10log10(10−Lr/10 + 10−Ld/10) (2.55)

where Lr is the reflection loss defined by:

Lr = 20log10(x1 + x2) + x1x2
f(α)

w1w2

+ 20log10

4π

λ
(2.56)
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x1 

x2 

w1

w2

BS

MS

Figure 2.9: Parameter definitions for propagation within street canyons

where

f(α) =
3.86

α3.5
(dB), 0.6 < α[rad] < π (2.57)

Diffraction loss is defined by:

Ld = 10log10[x1x2 (x1 + x2)] + 2Da − 0.1

(
90− α180

π

)
+ 20log10

4π

λ
(2.58)

where

Da =
40

2π

[
arctan(

x2
w2

) + arctan(
x1
w1

)− π

2

]
(2.59)

2.2.5 WINNER models

The Wireless World Initiative New Radio (WINNER) project is an inter-
national research project under Framework Program 6 (FP6) of the European
Commission. This project was a initiative joining the efforts of major indus-
trial and academic players in radio mobile communication world. The main
objective is to develop a new radio interface for systems beyond 3G [81].
Phases I and II of the WINNER project contributed to the deployment, in-
tegration and assessment of new mobile network techniques. Some of these
techniques are now in the 3GPP LTE and IEEE 802.16 (WiMAX) standards,
while others are under consideration for LTE-Advanced and 802.16m [82].
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2.2.5.1 Supported scenarios

WINNER channel models cover a large frequency range (2 to 6 GHz) and
wide scope of propagation scenarios including indoor-to-outdoor, outdoor-to-
indoor, urban macro and micro-cell, suburban and rural, etc. Furthermore,
several scenarios with relay are also included [42]. The models for outdoor
urban and relaying scenarios are discussed below:

– Urban micro-cell scenario (B1):
In urban micro-cell scenarios, both BS and MS antenna heights are
assumed to be well below the tops of surrounding buildings. Both
antennas are assumed to be outdoors in an area where streets are laid
out in a Manhattan-like grid. This scenario is defined for both the
LOS and the NLOS cases. The NLOS path loss model for scenario B1
is dependent on two distances d1 and d2. These distances are defined
with respect to a rectangular street grid, as illustrated in Figure 2.10,
where the MS is shown moving along a street perpendicular to the
street on which the BS is located (the LOS street). d1 is the distance
from the BS to the centre of the perpendicular street, and d2 is the
distance of the MS along the perpendicular street, measured from the
centre of the LOS street.

– Urban macro-cell scenario (C2):
In typical urban macro-cell, MS is located outdoors at street level and
BS is clearly above surrounding building heights. As for propagation
conditions, non- or obstructed line-of-sight is a common case, since

d1

d2

BS

MS

Figure 2.10: Definition of d1 and d2 for B1 path loss model
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street level is often reached by a single diffraction over the rooftop.
The building blocks can form either a regular Manhattan type of grid,
or have more irregular locations. Buildings height and density in typical
urban macro-cell are mostly homogenous.

– Relay scenario (B5):
WINNER considers only the BS-RS link that they call “stationary
feeder link”. This scenario is divided into 4 categories:
- B5a (LOS stationary feeder: rooftop to rooftop):
The signal in B5a can be assumed to consist of a strong LOS signal and
single bounce reflection. The connection is almost like in free space, so
that the path-loss does not depend noticeably on the antenna heights.
- B5b (LOS stationary feeder: street level to street level):
In B5b it is assumed that both the Tx and Rx have many surrounding
scatterers. In addition there can also be long echoes from the ends of
the street. There is a LOS ray between the Tx and Rx and when this
path is strong, the contribution from all the scatters is small.
- B5c (LOS stationary feeder: below rooftop to street level):
Scenarios B5c can be considered as the LOS case of B1 scenario. The
only difference in environment is the assumed antenna height of the
mobile/relay.
- B5f:
B5f scenario consists of the cases in which relay antennas are some
meters over the roof-top or some meters below the roof-top. The WIN-
NER approach is that the desired BS-RS link can be planned to be
LOS or OLOS (Obstructed Line of Sight), or at least “good” links. In
B5f it is assumed that the RS is shadowed due to some obstacles. The
proposed model is based on literature and formed from the B5a LOS
fixed relay model by attenuating artificially its direct component by 15
dB in average and summing to it a normally distributed random deci-
bel number with standard deviation 8 dB. The model B5f can also be
understood as NLOS part of the model B5a.

2.2.5.2 Path loss models

Path loss models for various WINNER scenarios have been developed
based on carried-out measurements results as well as results from the open
literature. These path loss models are typically given by [42]:

PLWINNER = A log10 (d[m]) +B + C log10

(
fc[GHz]

5

)
+X (2.60)
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where d is Tx-Rx distance in [m], fc is the system frequency in [GHz], param-
eter A includes the path-loss exponent, parameter B is the intercept and C
describes the path loss frequency dependence. X is an optional, environment-
specific term. These parameters for each scenario are completely described
in the reference [42].

Several models for outdoor urban areas are described below:

– Urban micro-cell (B1) LOS models:

If 10 m < d1 < d′bp where d′dp =
h′BSh

′
MSfc
c

with h′BS = hBS − 1 and

h′MS = hMS − 1, the path loss model is given in Equation 2.60 with
A = 22.7, B = 41 and C = 20.
If d′bp < d1 < 5 km, the path loss model is:

PL = 40 log10(d1)+9.45−17.3 log10(h
′
BS)−17.3 log10(h

′
MS)+2.7 log10(

fc
5

)

(2.61)
These models assume hBS = 10 m, hMS = 1.5 m.

– Urban micro-cell (B1) NLOS models
This model is given as:

PL = min (PL(d1, d2), PL(d2, d1)) (2.62)

where

PL (dk, dl) = PLLOS(dk) + 20− 12.5nj + 10nj log10(dl) + 3 log10(
fc
5

)

(2.63)
and nj = max (2.8− 0.0024dk, 1.84), k, l ∈ {1, 2}.
PLLOS is the B1 LOS path loss.
The model applicability range includes: 10 m < d1 < 5 km, w/2 <
d2 < 2 km, w = 20 m, hBS = 10 m and hMS = 1.5 m. When 0 < d2 <
w/2, the B1 LOS path loss is used.

– Urban macro-cell (C2) LOS model:
If 10 m < d < d′bp, the path loss model is given in Equation 2.60 with
A = 26, B = 39 and C = 20.
If d′bp < d < 5 km, the path loss model is:

PL = 40 log10(d) + 13.47− 14 log10(h
′
BS)− 14 log10(h

′
MS) + 6 log10(

fc
5

)

(2.64)
It is assumed that hBS = 25 m, hMS = 1.5 m.

– Urban macro-cell (C2) NLOS model:
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This model is expressed as:

PL = (44.9− 6.55 log10(hBS)) log10(d)+33.46+5.83 log10(hBS)+23 log10(
fc
5

)

(2.65)
This model is applicable for 50 m < d < 5 km and hBS = 25 m, hMS =
1.5 m.

– LOS stationary feeder - rooftop to rooftop (B5a):
This model is given as the general forms in Equation 2.60 withA = 23.5,
B = 42.5 and C = 20. The model application range is 30 m < d <
8 km and hBS = 25 m, hRS = 25 m

– LOS stationary feeder - below rooftop to street level (B5c):
This model is the same as B1 LOS model excepting for the antenna
height. In this case, hBS = 25 m and hRS = 5 m.

– B5f model: This model is given as the general forms in Equation 2.60
with A = 23.5, B = 57.5 and C = 23. The model application range is
30 m < d < 1.5 km and hBS = 25 m, hRS = 15 m

2.2.6 IEEE 802.16j models

IEEE Working Group 802.16 has been working actively to develop the
technical standards for fixed wireless access systems. Path loss model has
been proposed for different environment such as urban, suburban, rural, etc.
Summary of these models is presented in Table 2.2. Details of these modes
can be found in [43].

Here we focus on the models for outdoor urban macro-cell environments.

2.2.6.1 Type E path loss model

This path loss model type is applied for BS-RS or RS-RS links in NLOS
urban macro-cell environments. In these cases, COST-231 WI is recom-
mended with the following parameters: building separation b = 60 [m], street
width w = 12 [m], street orientation ϕ = 90 [degree], average rooftop height
hr = 25 [m].

2.2.6.2 Type F path loss model

This scenario is applied for RS-RS or RS-MS link.
– LOS scenario: This scenario assumes that both antennas are located

below the rooftop and in the same street. The model is given as follow:

PL = 20 log10

(
esr4πD(r)

λ

)
(2.66)
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Table 2.2: Summary of IEEE 802.16 Path loss models

Category Description

Type A Macro-cell, suburban, ART1 to BRT2 for
hilly terrain with moderate to heavy tree
densities

LOS/NLOS

Type B Macro-cell, suburban, ART to BRT for inter-
mediate path-loss condition

LOS/NLOS

Type C Macro-cell, suburban, ART to BRT for flat
terrain with light tree densities

LOS/NLOS

Type D Macro-cell, suburban, ART to ART LOS
Type E Macro-cell, urban, ART to BRT NLOS
Type F Urban or suburban, BRT to BRT LOS/NLOS
Type G Indoor office LOS/NLOS
Type H Macro-cell, urban, ART to BRT LOS
Type J Outdoor to Indoor NLOS

where:
r is Tx-Rx distance.
esr is the visibility factor (s = 0.002).
λ is the wavelength.
and

D(r) =

{
1 r ≤ rbp
r

rbp
r > rbp

(2.67)

rbp =
4(ht − h0)(hr − h0)

λ
(2.68)

ht is the Tx height above ground.
hr is the Rx height above ground.
h0 is the effective road height (1 m).
In the case where the Tx-Rx distance is less than 10 m, the free-space
path loss model is used.

– NLOS scenario: This scenario assumes that both antenna heights
are below roof top and located in different streets. The model takes
the minimum of an over-the-rooftop component and a round-the streets
component. The round-the-streets component is based on Berg model [83],
although it has been modified to be compatible with the advanced
LOS such that the inclusion of the visibility factor and the effective

1. Above Roof Top
2. Below Roof Top
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Figure 2.11: Street geometry used for Berg model

road height. The street geometry used for Berg model is shown in
Figure 2.11. The path loss model is defined as:

PL(dB) = min (PLBerg(dB), PLover−roof−top(dB)) (2.69)

where
PLover−roof−top(dB) = 24 + 45 log10 (rEu) (2.70)

rEu is the Euclidean distance between Tx and Rx. and

PLBerg(dB) = 20 log10

(
4πdnD(R)

∏n
j=1 e

srj−1

λ

)
(2.71)

R =
∑n

j=1 rj−1 is the distance along streets between Tx and Rx.
rj is the street length between nodes j and j+1 (there are totally n+1
nodes).

rbp =

 r0 if r0 ≤ 4(ht−h0)(hr−h0)
λ

4(ht − h0)(hr − h0)
λ

if r0 >
4(ht−h0)(hr−h0)

λ

(2.72)

D(R) =

 1 if R ≤ rbp
R

rbp
R > rbp

(2.73)
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The distance dn is the imaginary distance defined by the following re-
cursive expression:

kj = k(j−1) + d(j−1)q(j−1) (2.74)

dj = kjr(j−1) + d(j−1) (2.75)

With k0 = 1 and d0 = 0 and:

qj(θj) =
(
θj
q90
90

)1.5
(2.76)

θj is the angle between streets at junction j and q90 = 0.5.

2.2.6.3 Type H path loss model

This model is based on COST-231 WI model but excluding the rooftop-
to-street diffraction loss. Therefore, type H path loss model consists of the
free space loss (L0) plus the multi-screen diffraction loss (Lmsd).

PL(dB) = L0 + Lmsd (2.77)

L0 and Lmsd are the same as in Section 2.2.3.2.

2.2.7 3GPP models

Within 3GPP standardization process, path loss models for the various
propagation scenarios have been developed based on measurement as well as
literature results[41]. The models can be applied in the frequency range of
2 - 6 GHz and for different antenna heights. Most of models proposed by
3GPP are based and strongly similar to WINNER models. These models are
included in ITU-R Report 2135 which presents the guidelines for evaluation of
radio interface technologies for IMT-Advanced. Moreover, 3GPP introduce
also a set of path loss models dedicated to relaying systems.

The 3GPP path loss models [41] for urban macro- and micro-cell as well
as relaying scenarios are described below.

– 3GPP Urban micro-cell LOS models:

If 10 m < d1 < d′bp where d′dp =
h′BSh

′
MSfc
c

with h′BS = hBS − 1 and

h′MS = hMS − 1, the path loss model is given as:

PL = 22 log10(d) + 28 + 20 log10(fc) (2.78)

fc and d are respectively frequency given in GHz and propagation dis-
tance given in meters. Parameter d1 is defined in the same way as in
WINNER models (Figure 2.10)
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If d′bp < d1 < 5 km, the path loss model is:

PL = 40 log10(d) + 7.8− 18 log10(h
′
BS)− 18 log10(h

′
MS) + 2 log10(fc)

(2.79)
These models assume hBS = 10 m, hMS = 1.5 m.

– 3GPP Urban micro-cell NLOS models:
This model is the same as the WINNER urban micro-cell (B1) NLOS
model which is described earlier.

– 3GPP Urban macro-cell LOS model:
In this case, proposed path loss models is the same as for micro LOS
scenarios excepting the assuming BS antenna height. It is assumed
that hBS = 25 m.

– 3GPP Urban macro-cell NLOS model:
This model is expressed as:

PL = 161.04− 7.1 log10(w) + 7.5 log10(hr)

−(24.37− 3.7(
hr
hBS

)2) log10(hBS)

+(43.42− 3.1 log10(hBS))(log10(d)− 3)

+20 log10(fc)− (3.2(log10(11.75hMS)))2 − 4.97)

(2.80)

This model is applicable for:

10 m < d < 5000 m
5 m < hr < 50 m
5 m < w < 50 m

10 m < hBS < 150 m
1 m < hMS < 10 m

– 3GPP relaying models: These models, which are proposed for 2GHz
operating systems, are summarized in Table 2.3 with distance d given
in [km]:
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Table 2.3: 3GPP relaying path loss models

Link Path loss models

BS-MS
PLLOS = 103.4 + 24.2 log10(d)
PLNLOS = 131.1 + 42.8 log10(d)

BS-RS
PLLOS = 100.7 + 23.5 log10(d)
PLNLOS = 125.2 + 36.3 log10(d)

RS-MS
PLLOS = 103.8 + 20.9 log10(d)
PLNLOS = 145.4 + 37.5 log10(d)

2.2.8 Summary and discussion

The aforementioned path loss models for LOS and NLOS conditions are
respectively summarized in Table 2.4 and 2.5. The models which may be
applied for each propagation link in relaying systems are presented with fo-
cus on their simplicity and the received antenna height correction factor. As
analyzed earlier, relay antenna height is an important parameter in relay-
ing systems. Furthermore, from engineering point of view, the simplicity is
essential to the applicability of a model. For instance, propagation models
described by few simple equations will greatly improve its applicability. On
the contrary, models including many conditional statements given in several
pages are obviously difficult to be applied in practical conditions.

It can be learnt from the above tables that BS-MS path loss models are
abundant in both NLOS and LOS scenarios. The antenna height correction
factor is included in several models such as COST-231 Hata, COST-231 WI,
etc. The simplicity is various among models.

Path loss models for RS-MS link which are considered similar to tradi-
tional micro-cellular models are also quite numerous. Most of these models
in NLOS scenarios such as WINNER B1, 802.16j Type F and 3GPP Urban
Micro models assume Manhattan-like or street canyon environment. How-
ever, the implementation of this grid is quite challenging in practical cases.
In the case of LOS scenarios, the proposed models are given in much simpler
forms.

Concerning the BS-RS link, few path loss models are given. For NLOS
scenarios, the 802.16j model is actually the COST-231 WI model given with
predefined parameter values. The WINNER and 3GPP models are very
simple but do not provide an antenna height correction factor. The similar
observation is found with models for LOS scenarios. Otherwise, several mod-
els such as COST-231 Hata, COST-231 WI may be used for BS-RS link if
the received antenna height parameter is extend to 4-12 meters.

In conclusion, 3GPP and WINNER provide the most complete path loss
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models which cover all of BS-MS, BS-RS and RS-MS links. Although these
models do not take into account the relay antenna height impact, they are
very simple and then easy to use. COST-231 WI is given in a quite com-
plicated form which requires detail knowledge of propagation environments.
However, this model is reported to be coherent with many measurement data.
Many models such as ITU-R P.1411 or 802.16j are derived from this model.
An antenna height correction factor is also provided. Furthermore, 3GPP,
WINNER and COST-231 WI models are all well-known. They are largely
accessible and used by both academic and industrial researchers. Therefore,
we consider that 3GPP and WINNER models, in addition to COST-231 WI
model, are the most appropriate to evaluate the relay contribution in relaying
systems. The analysis and discussion given in this thesis will be based on
these models.
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Table 2.4: NLOS path loss model summary

Models
Applicable link Antenna height

correction factor
Simplicity Note

BS-MS BS-RS RS-MS

Okumura-Hata
√ ahMS + b for small

and medium city Simple
a(log10 hMS)2 + b for

large city

COST-231 Hata
√ The same as

Okumura-Hata
model

Simple
Based on

Okumura-Hata
model

COST-231 WI
√

log10(hr − hMS) Complicated

ITU-R P.1411
√ The same as

COST-231 WI
Very complicated

Based on
COST-231 WI

model

WINNER C2
√

Not provided Simple

WINNER B5f
√

Not provided Very simple

WINNER B1
√

Not provided Simple
Based on

Manhattan grid

802.16j Type E
√

COST-231 WI is recommended

802.16j Type F
√

log10(ahMS) Very complicated

3GPP Urban Macro
√

log10(hMS) Simple

3GPP Urban Micro
√

The same as WINNER

3GPP Relay BS-MS
√

Not provided Very simple

3GPP Relay BS-RS
√

Not provided Very simple

3GPP Relay BS-RS
√

Not provided Very simple
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Table 2.5: LOS path loss model summary

Models
Applicable link Antenna height

correction factor
Simplicity Note

BS-MS BS-RS RS-MS

ITU-R P.1411
√

log10(1/hMS) Simple

WINNER C2
√

log10(hMS) Simple

WINNER B1
√

log10(hMS) Simple

WINNER B5a
√

Not provided Very simple

WINNER B5c
√ The same as WINNER B1 excepting the antenna

height (5 m against 1 m)

802.16j Type F
√

log10(hMS − a) Simple

802.16j Type H
√ The same as COST-231 WI without the multi-screen

diffraction loss

3GPP Urban Macro
√

log10(hMS) Simple
Very similar to
WINNER C2

3GPP Urban Macro
√

log10(hMS) Simple
Very similar to
WINNER B1

3GPP Relay BS-MS
√

Not provided Very simple

3GPP Relay BS-RS
√

Not provided Very simple

3GPP Relay RS-MS
√

Not provided Very simple
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2.3 Shadow fading models

The shadow fading correlation between different links in a radio mobile
network is an important element which can significantly affect the system
performance [50]. Therefore, this issue has been studied for many years [5,
51, 53–55, 84–88]. We distinguish two correlation types which are auto-
correlation and cross-correlation. To illustrate these correlations, let consider
the situation depicted in Figure 2.12. The Rx moves in the coverage area
of two transmitters Tx1 and Tx2. At the drive path length l0, the shadow
fading of Tx1-Rx(l0) and Tx2-Tx(l0) links are respectively S11 and S21. At
the drive path length l0+∆l, the shadow fading of Tx1-Rx(l0+∆l) and Tx2-
Rx(l0 + ∆l) links at this new location are S12 and S22. As aforementioned in
Section 2.1.2.2, S11, S12, S21 and S22 have Gaussian distributions with zero
means.

- Auto-correlation is defined as the correlation between shadow fading
of a same Tx-Rx link at two different locations in the moving path of Rx.
Correlation between S11 and S12 or between S21 and S22 are examples of this
case. The auto-correlation is defined as:

ρauto =
(ε[S11S12])

(σ11σ12)
(2.81)

Tx2

Tx1 Rx(lo) 

S11

S21

S12

S22

Rx(l0 + Δl)

Figure 2.12: Shadow fading definition
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where σ11 and σ12 are standard deviations of S11 and S12. ε is the expected
operator.

It is reasonable to assume here that σ11 and σ12 are equal because the two
Rx locations are typically sufficiently close together so that they encounter
the same general category of environment. The above equation is therefore
rewritten as:

ρauto =
(ε[S11S12])

(σ2)
(2.82)

- Cross-correlation is the correlation between two links from two dif-
ferent Tx at the same Rx location such as between S11 and S21 or between
S12 and S22. Cross-correlation is given as:

ρ =
(ε[S12S22])

(σ12σ22)
(2.83)

The shadow fading auto-correlation is characterized by the decorrelation
distance. This is the distance where the normalized correlation falls to e−1.
This distance is typically a few tens or hundreds of meters and corresponds
to the building width or other obstructions which surround the receiver. A
well-agreed model for shadow fading auto-correlation is given in [84]. Further-
more, the auto-correlation can be assumed negligible if receivers’ locations
are far enough. Therefore, this subject will not be discussed further in this
thesis. In the following, when the term “shadow fading correlation” is used,
it means cross-correlation.

2.3.1 Shadow fading correlation models for traditional
radio mobile network

Although much research has been carried out for many years, there is
currently no well-agreed model for predicting shadow fading correlation char-
acteristics. Various models based on different parameters (Figure 2.13) can
be found in the literature.

2.3.1.1 Angle-only models

The most widely known approach is to model the correlation as a function
of the angle θ seen from the receiver to the transmitters. One of the first
studies concerning θ was reported in [52]. A piecewise-linear model was
extracted from the measurement and given as:

ρ(θ) =

{
0.8− θ

150
if θ ≤ 60◦

0.4 if θ > 60◦
(2.84)
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Tx2

Tx1
Rx

d1

d2
θd

Figure 2.13: Shadow fading correlation parameters

A similar linear model was introduced in [89] as follow:

ρ(θ) =


0.78− 7θ

1250
if 0 ≤ θ < 15◦

0.48− 7θ

1250
if 15◦ ≤ θ < 60◦

0 if 60◦ ≤ θ ≤ 180◦

(2.85)

In [90, 91], a cosine model was proposed as:

ρ(θ) = A cos(θ) +B (2.86)

with two positive tunable parameters A, B and A + B ≤ 1. Typical
parameter are A = 0.3, B = 0.5 as in [92] or A = 0.3, B = 0.699 in [93].

2.3.1.2 Angle-distance models

These models consider the effects of both angle θ and the transmitter
separation distance d. An example can be found in [94]. This model is given
as:

ρ(θ, d) = ρ(d)ρ(θ) (2.87)



56 Chapter 2. Wireless propagation channels

where

ρ(d) = e−d/d0 (2.88)

and:

ρ(θ) =

{
1 if θ ≤ 90◦

0 if θ > 90◦
(2.89)

In fact, the angle-distance approach the is similar to angle-only one be-
cause within the same coverage area, the shorter distance between transmit-
ters means the higher probability of small angle θ. However, a contradic-
tory result was presented in [55]. The authors claimed that the correlation
should be low even at small angles, if the common propagation path from
two transmitters to the receiver is not significant. This observation is taken
into account with another variable R expressed in dB which is the distance
ratio between two propagation paths.

R(dB) = 10 | log10(
d1
d2

) | (2.90)

2.3.1.3 Angle-distance ratio models

These models are based on the angle θ in addition to the ratio R.

An example of this approach is the models proposed in [54]. These models
are defined as:

ρ(θ, R) =

{
f(X,R)(0.6− θ

150
) + 0.4 if θ ≤ 60◦

0.4 if θ > 60◦
(2.91)

or

ρ(θ, R) =

{
f(X,R)(1− θ

75
) + 0.4 if θ ≤ 60◦

0.4 if θ > 60◦
(2.92)

where

f(X,R) =

{
1− R

X
if R ≤ X(dB)

0 if R > X(dB)
(2.93)

X denotes the threshold where the distance-dependent correlation reaches
its minimum value. X is assumed to be in the range of 6-20 dB.

In reference [53] the authors develop an explicit empirical model which
takes into account the effect of θ and R. This model is expressed in the
Table 2.6.
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Table 2.6: Shadow fading correlation model proposed by Zayana et al. [53]

θ ∈ [0◦, 30◦] θ ∈ [30◦, 60◦] θ ∈ [60◦, 90◦] θ ≥ 90◦]

R(dB) ∈ [0, 2] ρ = 0.8 ρ = 0.5 ρ = 0.4 ρ = 0.2
R(dB) ∈ [2, 4] ρ = 0.6 ρ = 0.4 ρ = 0.4 ρ = 0.2
R(dB) ≥ 4 ρ = 0.4 ρ = 0.2 ρ = 0.2 ρ = 0.2

2.3.1.4 Saunders model

In reference [50] Saunders proposed a model which takes into account the
impacts of not only θ and R but also the Tx-Rx propagation distance. This
model is expressed as:

ρ(θ, R, d1, d2) =


√
R for 0 ≤ θ < θT

(
θT
θ

)γ
√
R for θT ≤ θ < π

(2.94)

with

θT = arcsin(
dc

min(d1, d2)
) (2.95)

where dc is the decorrelation distance and d1, d2 are distance from the Rx
to the Tx1 and Tx2.

This model is the baseline for a number of modified models given in[95–
97].

2.3.2 Shadow fading correlation models for relay-based
radio mobile network

As analyzed earlier in Introduction section, the shadow fading cross-
correlation is even a more crucial issue in a relay-based deployment. However,
very little research in the literature studying this problem can be found in
the literature. Some work has been recently carried out by the WINNER, the
IEEE 802.16j Relay Task Group or the 3GPP in order to predict the shadow
fading correlation in a relaying deployment. Unfortunately, as in traditional
network, there is not yet a well-agreed model. While the 3GPP assumes a
constant correlation coefficient equal to 0.5 for all scenarios, the WINNER
specifies zero correlation due to the limited amount of measurement data.
Regarding the IEEE 802.16j Task Group, only the model for shadow fading
correlation between two BSs which is based on the Saunders work is pro-
posed. The correlation models for the shadow fading between BS-MS and
RS-MS links or between two RS-MS links are still for further study.
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2.4 Conclusion

This chapter reviewed the basic phenomena of wireless propagation chan-
nels necessary to understand the rest of this thesis. A particular focus was
put on the path loss and shadow fading characterization and modeling. A
number of existing path loss and shadow fading models were investigated.
The advantages and disadvantanges of each model, especially in term of the
simplicity and the accessibility were provided. As a result, the models which
are the most relevant to this thesis objectives were defined.



Chapter 3

Measurement campaign

A measurement campaign is required in order to response to the thesis
research objectives given in the previous chapters. This campaign should be
able to characterize not only a simple propagation link but multiple links
presented in a relaying network. To this end, a multi-link measurement
campaign consisting of three nodes i.e. a BS, a RS and a MS was carried
out.

3.1 Measurement scenario

The scenario is illustrated in Figure 3.1.

The measurements were performed in two areas called Old Town and
Train Station in the city centre of Belfort, France. The measurement envi-
ronment was a typical medium sized, urban city with 3-5 story buildings and
nearly grid-like street layout.

The BS was installed on the roof of a 20-meter high building. It trans-
mitted a narrow band signal toward RS and MS. The BS utilized a sector
antenna with a beamwidth of 90◦ in azimuth and 10◦ in elevation. The an-
tenna gain in the direction of the main lobe is 12 dBi. The transmitted power
was set up at 43 dBm.

The RS was simulated by equipment set placed in a van. An omnidi-
rectional dipole antenna with 2 dBi gain was employed at RS. This antenna
is used to receive the signal transmitted from BS as well as to send another
narrowband signal to MS. The transmitted power was maintained at 40 dBm.
The antenna mast can be raised up so that the antenna height can vary from
4 to 13 meters.

Other equipment set was placed in a car to simulate the MS. It allows
simultaneously measuring the signal powers from the BS and the RS. It was
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BS

RS

MS

413m

Figure 3.1: Measurement scenario

equipped with a 2 dBi omnidirectional antenna.
The BS, RS and MS equipments are illustrated in Figure 3.2.
All transmitters and receivers were synchronized by a 10 MHz reference

source. The frequency band used in this measurement campaign is the UMTS
band 2140 - 2155 MHz.

3.2 System construction

All of BS-RS, RS-MS and BS-MS links were expected to be measured
in the same condition so that relay contributions could be correctly evalu-
ated. To this end, the three link should ideally use the same frequencies and
be simultaneously measured. However, these ideal conditions could not be
realized due to several technical problems.

Firstly, the BS-MS and RS-MS signals should be orthogonal in order to
be separately measured at MS. Therefore, it was not possible to use the same
frequency for all links. Indeed, frequency f1 was used for BS-RS and BS-MS
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2 m

MS antenna

RS antenna

8.8 m

12.7 mMS antenna

2 m

4.7 m

Figure 3.2: BS, RS and MS equipments

links and frequency f2 was dedicated to RS-MS link. Nevertheless, these
frequencies (f1 and f2) should be as close as possible in order to assure a fair
comparison between different links.

Secondly, the isolation issues made impossible to simultaneously measure
BS-RS and RS-MS links. If we considered using a single antenna at the RS
for both BS-RS and RS-MS links, the first solution was to use a circulator
at the RS to separate two frequencies f1 and f2 (Figure 3.3). When the
RS was far from the BS, the received power of the signal coming from the
BS (at frequency f1) may fall down at -100 dBm. However, the RS should
still maintain the transmitted power (at frequency f2) as high as about 40
dBm to have an acceptable SNR and coverage area. Taking into account a
typical circulator isolation level of 20 dB, the receiver at the RS should be
able to measure the f1 signal power with a level of -100 dBm and rejecting
f2 with a level of 20 dBm. This technical requirement can not be fulfilled
with our available receivers. Alternative solutions were using a duplexer or
two separate antennas. However, the duplexer requires a high frequency
separation while the frequencies f1 and f2 need to be as close as possible.
On the other hands, using separate antennas required a distance of at least
few meters between them. This separation realization was quite cumbersome
and made the measurement operation much more complicated. Therefore,
this solution was not taken.
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Isolation ≈ 20 dB

Min Rx power (f1) ≈ -100 dBm

Synthesizer f2

Amplifier Receiver f1

Tx power ≈ 40 dBm

Circulator

Rx power (f1) ≈ -100 dBm
Inteference (f2) ≈ 20 dBm

Figure 3.3: Isolation problem at RS

To overcome these technical constraints, we decided to performe the mea-
surement campaign in two phases. The first phase aimed to characterize the
BS-RS link. The second one was to simultaneously measure the BS-MS and
RS-MS links.

The final radio configuration of the measurement scenario is schematically
shown in Figure 3.4.

3.3 Measurement operation

3.3.1 Measurement phase I

This measurement phase was to measure the BS-RS link.
For each RS location, the received power was measured when the RS

antenna mast was set at three different heights corresponding to 4.7 m, 8.8
m and 12.7 m (Figure 3.2). These heights were below the roof-top of sur-
rounding buildings. The BS-RS link was then in Non Line-of-sigh (NLOS)
condition at all RS locations. The RS antenna was mounted at one end of
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Tx Power at antenna: 43 dBm

Cable
( 5.8 dB)

Sectorial antenna: 12 dBi

Tx Power at antenna: 40 dBm

Omni antenna: 2 dBi

Cable
(5.8 dB)

Divider

Cable + Coupler
(4.2 dB)

Omni antenna: 2 dBi

Synthesizer f1
2147 MHz

Amplifier ~80 W

BS RS MS

Synthesizer f2
2148 MHz

Amplifier ~50 W Receiver f1 Receiver f1 Receiver f2

(4.2 dB)

Figure 3.4: Radio configuration at BS, RS and MS

a 1-meter-long pole. The other end of this pole was fixed to the mast. This
mast is rotated around its vertical axis during the measurement in order
to measure the local variation of RS-MS signal. Two measurements with
two rotation directions were performed. The first one was taken when the
mast was rotated 360-degrees in clockwise direction and the second one was
executed in counter-clockwise direction.

The measurements were performed at a total number of 77 RS locations
distributed in two measurement areas i.e. Old Town (Figure 3.5) and Train
Station (Figure 3.6). These RS locations were mainly within the BS-RS
radius from 200 m to 1000 m.
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Figure 3.5: RS locations at Train Station area

BSBSBSBSBSBSBSBSBSBSBSBSBSBSBSBSBSBSBS

Normalized X Coordinate (m)

N
or

m
al

iz
ed

 Y
 C

oo
rd

in
at

e 
(m

)

 

 

0 200 400 600 800 1000
0

100

200

300

400

500

600

700

800

BS location
RS location

Figure 3.6: RS locations at Old Town area
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3.3.2 Measurement phase II

In the second measurement phase, the received powers of signals trans-
mitted from BS and RS were simultaneously measured at MS.

The measurements were consecutively performed with five RS locations
in the Train Station area (respectively named RS1, RS2, RS3, RS4, RS5)
and then with five RS locations in the Old Town area (named RS6, RS7,
RS8, RS9, RS10). These ten RS locations are among the 77 locations taken
in the measurement phase I. During the measurement, the received powers
of the signal transmitted from the BS and the RS were simultaneously mea-
sured while the MS car was moving along a predefined measurement route
(Figure 3.7 and Figure 3.8). The measurement routes lengths in the Old
Town and Train Station areas are respectively about 9 km and 17 km. The
received power measurement was taken every 2 cm (equivalent to λ/7 where
λ is the signal wavelength). A complete measurement route was carried out
first when the relay antenna height was set up at 4.7 m. Then the mea-
surement process was repeated with the relay antenna height at 8.8 m and
12.7 m. The mobile positioning was relied on an embedded odometer and
geo-referential maps.
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Figure 3.7: RS locations and measurement route at Train Station area
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Figure 3.8: RS locations and measurement route at Old Town area

3.4 Data processing

The data obtained with the measurements should be processed before
performing any analyses.

For the BS-RS link which was measured in the first measurement phase,
the RS locations were firstly defined in a geo-referential map. The mean
received power at each RS locations was then obtained by averaging all mea-
surement samples taken when the antenna height was rotated around its
vertical axis.

Concerning the data collected with BS-MS/RS-MS measurements, a more
sophisticated data processing is required. The data processing steps are illus-
trated in Figure 3.9. Each step is described in more details in the following
sections.

3.4.1 Measurement route localization

The objective of the localization process is to localize the measurement
route on a geo-referential map and assign a Lambert coordinate (X, Y) to
each measurement point. During the measurement, the total measurement
route in each measurement area was divided to several sections. The mea-
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Localization

Averaging
Erroneous Section 

Removal

Synchronization

Removal

Pairing

New position 
calculation

Figure 3.9: Data processing steps for BS-MS/RS-MS measurements

surement was then performed section-by-section. At the end of each section,
the measurement vehicle stopped and the temporary data obtained on this
section was saved into the computer. The starting and ending points of
each section was generally street corners to ease their identification on the
geo-referential map.

After the measurement operation, the starting and ending points of each
section were located on the map. The measurement route of each section
was then manually drawn. The measurement points acquired on each section
were then automatically distributed every 2 cm so that they cover the total
section length determined by the starting and ending points. The positioning
method was validated by comparing the measurement distance, which was
defined by the number of measurement points distributed every 2 cm, with
the drawn trajectory distance.

As the localization procedure was completed, each measurement point was
then associated with a Lambert coordinate. A localization result example is
given in Figure 3.10.

3.4.2 Data averaging

The raw signals obtained after the measurement operation consist of fast
fading components superimposing on slow fading components. Before being
analyzed, the raw signals need to be averaged in order to obtain the local
mean power by smoothing out the fast fading part.
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Figure 3.10: A localization procedure example

The raw signals are averaged by performing the shifting window method.
This method, which is illustrated in Figure 3.11, is defined by two parameters.
The first parameter, W , is the averaging distance expressed in the number of
raw measurement points. The second parameter, D, is the shifting distance
between two adjacent groups of W measurement points. The proper selection
of the W and D values is critical in this averaging method. If W is chosen
too short, the fast fading will still present in averaged data. If W is chosen
too long, slow fading which should be preserved will be smoothed out.

In the literature, W is determined in the range of 20 λ - 40 λ [98, 99]. We
compare the raw data to the averaged data obtained with different values of
W and D in order to find the best trade-off values of W and D.

A simulation is performed in order to quantify the errors caused by av-
eraging process taken with different W values. A fading signal is created
by interacting 30 rays having identical amplitudes and random phases. The
averaged power of these rays is defined as:

Pray =

∑30
i=1 P (i)

30
(3.1)
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Figure 3.11: Averaging procedure of measurement signal

where P (i) is the power of a ray. PW=20 and PW=40 are respectively the fading
signal powers which are averaged by W = 20λ and W = 40λ windows. Then
we define:

PowerDiffW=20 =
1000⋃
k=1

(Pray − PW=20) (3.2)

PowerDiffW=40 =
1000⋃
k=1

(Pray − PW=40) (3.3)

where k is the number of simulations.

It is found that PowerDiffW=20 and PowerDiffW=40 have zero means
and standard deviations of 1.3 dB and 1.0 dB, respectively. It means that
the results obtained with W = 20λ and W = 40λ are generally similar. The
estimated errors are small and can be negligible. This result is also coherent
with our visual inspection analysis.

However, a performance difference is observed with signals averaged with
W = 20λ and W = 40λ when there is a brutal change in propagation con-
dition. An example is given in Figure 3.12. The averaging process taken
with W = 40λ and D = 10λ obviously over-smooth out the raw data when
there is a strong change in the received powers. This situation happens when
the MS moved from one street to another one which is in better propagation
conditions.

Therefore, we conclude that the optimal values of W and D are respec-
tively 20 λ, which is equivalent to 2.8 m or 140 measurement points, and 10
λ, which is equivalent to 1.4 m or 70 measurement points.
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Figure 3.12: Averaged data with different W and D in comparison with
raw measurement data

3.4.3 Measurement route synchronization

As described in Section 3.3.2, a predefined measurement route is repeated
with 3 antenna heights and 5 relay locations in each measurement area. Thus
a total of 15 measurement routes are performed in each measurement area.
These routes should be theoretically identical. However, they are very sim-
ilar but not identical in reality. The first reason is that trajectories taken
during the measurement are different due to the traffic or driving mistakes.
Secondly, the geographical localization is done independently in a manual
manner for each measurement route. Moreover, each measurement route
starts and finishes at different positions which are generally close together
but not exactly the same. Consequently, the number of measurement points
in different measurement routes is different. Figure 3.13 gives an example
of this problem showing the measurement routes after the localization per-
formed with RS4 and its 3 different antenna heights. Table 3.1 details the
real measurement route lengths and measurement point numbers taken with
3 antenna height.

As a consequent, a straightforward point-to-point comparison is impossi-



3.4. Data processing 71

Table 3.1: Details of measurement routes with RS4

RS4
Measurement

route length (m)

Number of
measurement points

(after averaging)

hRS = 4.7 m 17088 12204
hRS = 8.8 m 17070 12191
hRS = 12.7 m 17123 12230
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Figure 3.13: A measurement section performed with RS4 and its 3 antenna
heights

ble and the measurement routes should be synchronized.

The synchronization procedures are composed of several steps described
below.

1. Erroneous section removal:
The only common sections of all measurement routes are kept. The
erroneous sections due to different causes such as driving mistakes are
removed. An example of this process is shown in Figure 3.14. The
blue section in Figure 3.14a is erroneous due to the driving mistake
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(a) Before (b) After

Figure 3.14: An example of erroneous section removal

during the measurement. This section is then suppressed as illustrated
in Figure 3.14b.

2. Pairing:
After the erroneous removal procedure, the 15 measurement routes on
each measurement area have similar trajectories. In order to synchro-
nize them, a route is defined to be the reference. To be simple, the
route with the smallest number of measurement points is chosen. The
other routes will be synchronized by this reference.

Each point of the reference measurement route is associated with the
nearest point of the route needed to be synchronized. This procedure is
repeated as many times as measurement routes numbers (15 by area).

The pairing procedure is illustrated in Figure 3.15.
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Route to be synchronized

Reference route

Figure 3.15: Pairing procedure illustration

3. New position calculation:
A new route is created for each measurement area by averaging the
coordinates of all 15 measurement routes in a point-by-point manner.

4. Results:
After the localization, averaging and synchronizing process, a set of
measurement points is defined for each measurement area. Each point
is associated with its Lambert position and the received power from
BS and RS for different relay locations as well as different relay an-
tenna heights. The final measurement data for BS-MS link in each
measurement area are saved with the format illustrated in Table 3.2.
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Table 3.2: BS-MS measurement data

MS
Lambert
location

RS1 RS2 . . . RS5

X Y
hRS =
4.7m

hRS =
8.8m

hRS =
12.7m

hRS =
4.7m

hRS =
8.8m

hRS =
12.7m

. . .
hRS =
4.7m

hRS =
8.8m

hRS =
12.7m

X1 Y1
PBS−MS PBS−MS PBS−MS PBS−MS PBS−MS PBS−MS . . .

PBS−MS PBS−MS PBS−MS

(1,1) (1,2) (1,3) (1,4) (1,5) (1,6) (1,13) (1,14) (1,15)

X2 Y2
PBS−MS PBS−MS PBS−MS PBS−MS PBS−MS PBS−MS . . .

PBS−MS PBS−MS PBS−MS

(2,1) (2,2) (2,3) (2,4) (2,5) (2,6) (2,13) (2,14) (2,15)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Xm Ym
. . . . . . . . . . . . PBS−MS . . .

. . .
. . . . . . . . .

(m,n)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

XN YN
PBS−MS PBS−MS PBS−MS PBS−MS PBS−MS PBS−MS . . .

PBS−MS PBS−MS PBS−MS

(N,1) (N,2) (N,3) (N,4) (N,5) (N,6) (N,13) (N,14) (N,15)

Where:
(Xm, Ym) is the Lambert location at measurement point m (m ∈ [1, N ] with N is the total number of measurement

points).
PBS−MS(m,n) is the received power at measurement point m. The abbreviation n (n ∈ [1, 15]) corresponds to

the configuration (RS location, RS antenna height)
A similar format is used to store the RS-MS measurement results.
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3.5 Measurement validation

As analyzed earlier, potential relay contributions should be evaluated by
examining not only a propagation channel but three channels together (BS-
RS, RS-MS and BS-MS) in a consistent manner. To this end, a path loss
comparison between links is necessary. However, such comparison in any
measurement points is impacted by many factors such as the propagation
channel non-stationarity, the antenna and the localization.

Concerning the BS-RS link, the measurements taken with three antenna
heights are carried out at the same RS locations. Moreover, the utilized
antenna is the same for all RS locations. Furthermore, it is observed that
the averaged received powers measured with two mast rotation direction i.e.
clockwise and counter-clockwise are equal. Therefore, the aforementioned
impacts can be neglected in the BS-RS case.

However, these impacts may be more severe with RS-MS/BS-MS links
because the 15 measurement routes in each measurement area are measured
at different times. Consequently, the propagation channel non-stationarity
may lead to the variations in the results obtained with different measure-
ments. Furthermore, the localization and synchronization procedures may
also content errors. Besides, the antennas used at RS and MS are different.
The potential cumulative errors caused by these factors may lead to false
conclusions about the relay contribution.

Therefore, potential errors caused by the aforementioned factors should be
quantified in order to guarantee the comparison result validity. The following
sections aim to estimate those errors.

3.5.1 Antenna validation

Two different omnidirectional antennas were used at RS and MS. There-
fore, it is necessary to verify if this difference has any impacts on the mea-
surement results. To this end, we carried out an additional measurement.
The RS and MS antennas were placed together on top of the MS vehicle
to measure the signal power transmitted from BS. A complete measurement
route was taken in Train Station area. The path losses measured with the
two antennas were calculated by Equation 3.4:

PL(dB) = Pt − Pr +Gt +Gr − Lcable (3.4)

where PL is the measured path loss (dB). Pt and Pr are respectively the
transmitted and received powers. Gt and Gr are respectively the transmitted
and received antenna gain. Lcable is the total loss due to the cables used at
both transmitted and received ends.
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Figure 3.16 shows the path loss measured with MS antenna against that
measured with RS antenna. It is obvious that the two measured path losses
over the whole measurement route are generally equal. However, if we make
a point-to-point comparison, a path loss difference of about 5 dB can occur.
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Figure 3.16: MS antenna measured path loss displayed against RS antenna
measured one

3.5.2 Localization validation

In the second measurement phase, the BS-MS link was measured with all
relay locations and antenna heights. Consequently, the BS-MS link measure-
ment was repeated 15 times with the same measurement route. The received
powers of these 15 measurement routes should be theoretically identical after
the averaging and synchronization process. The measured data after the av-
eraging and synchronization (from now on called “processed data”) in Train
Station and Old Town areas are respectively displayed in Figure 3.17 and
Figure 3.18. These 15 measurement data are observed to be generally very
similar. The cross-correlation between any two measurement routes is found
to be in the range of 0.97-0.98 for both two measurement areas.
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Figure 3.17: 15 processed data of BS-MS links in Train Station area
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Figure 3.18: 15 processed data of BS-MS links in Old Town area
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However, it is found that these measurements are locally shifted from
each other. This phenomenon is most clearly seen in segments having “peak”
powers. An example taken from Old Town area is given in Figure 3.19. The
shifting distance between the first and the last peak is as long as 12 meters.
It demonstrates that a potential relay contribution might not be concluded
based on a local comparison.

3.5.3 Total measurement validation

The aforementioned observations show certain mismatches among mea-
surement data. Therefore, it is important that these mismatches should be
quantified.

If we callM(n) (n ∈ [1, 15]) the average received power of all measurement
points in a configuration n, then:

M(n) =

∑N
m=1 PBS−MS(m,n)

N
(3.5)
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Figure 3.19: An shifting problem example
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We defines diff all as the set of difference between any two values of M(n),
then:

diff all =
15⋃

n1=1,n2=2

|M(n1)−M(n2) | (3.6)

where ∪ is union operation and (n1, n2) ∈ n, n1 6= n2 . The histogram of
diff all is illustrated in Figure 3.20a. It is found that the 50th and 90th

percentile of diff all are respectively 0.5 dB and 1.0 dB. Therefore, a com-
parison performed over a complete measurement route between any two links
is considered to have sense if the difference is greater than 1.0 dB regardless
of the errors caused by the localization, the synchronization or the channel
non-stationarity.

Now we consider the received power difference between two any configu-
rations (n1, n2) ∈ n, at the same measurement point m. It is defined as:

diff(m) =
15⋃

n1=1,n2=2

| PBS−MS(m,n1)− PBS−MS(m,n2) | (3.7)

Then the difference at all measurement points is given as:

diff point =
N⋃
m=1

diff(m) (3.8)

Figure 3.20b shows the histogram of diff point. The 50th and 90th per-
centiles of diff point are respectively 1.4 dB and 3.7 dB. Consequently, if a
path loss comparison between any two links at a specific point results in a
difference which is smaller than 3.7 dB, a conclusion could not be drawn.
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Figure 3.20: Histogram of diff all and diff point
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3.5.4 Discussion

The analysis performed in the previous sections allows establishing an
error margin in the “processed data” that we should take into account. This
margin is about 1.0 dB, which is considered reasonable, if a comparison
between two links is taken over a complete measurement route. However, if
a point-to-point comparison is performed, the error margin is increased to
3.7 dB.

3.6 Conclusion

This chapter presented a 2.1 GHz multi-link measurement campaign with
relays performed in two outdoor urban areas. This campaign consisted of two
phases. The received powers of BS-RS link were measured with 77 RS lo-
cations and 3 relay antenna heights in the first phase. The second phase
was dedicated to the simultaneous measurement of BS-MS and RS-MS. The
measurement data processing procedures including the localization, the av-
eraging and the synchronization were also described. Finally, the potential
errors caused by different factors such as the averaging and the localization
procedures, the antenna or the channel non-stationary were quantified. Bas-
ing on the error quantification results, we concluded that a comparison among
path losses measured with different RS locations and relay antenna heights
should be done over the whole measurement routes instead of point-to-point
manner.



Chapter 4

Multi-link characterization and
modeling

Based on the measurement data acquired with the measurement cam-
paign described in Chapter 3, this chapter aims to characterize and model
propagation channels in a 3GPP LTE-Advanced relaying system. Multi-link
path loss models with focus on BS-RS link will be examined. The analysis
results related to relay antenna height impacts on path loss will also be pre-
sented. The shadow fading correlations between BS-MS/RS-MS or between
RS-MS/RS-MS links will be studied. Finally, the path loss model consistency
will be investigated.

4.1 BS-RS link characterization and model-

ing

4.1.1 Introduction

Propagation channel models integrating reliable path loss models are re-
quired in order to design relaying systems. Among three propagation links
i.e. BS-RS, RS-MS and BS-MS presented in a relay-based netwokr, the BS-
MS and RS-MS links have been more or less studied. The BS-MS link is
considered identical to the macro cellular link in a classical mobile network
without relays. Path loss models for this link have been the subjects of
much research for many years. Consequently, a tremendous model number is
proposed. Taking into account the relay antenna height in proposed scenar-
ios [8, 41–43, 64], we can assume the RS-MS link as the micro cellular link
in classical networks. Path loss model for this link, especial for LOS scenar-
ios, is also analyzed by many studies although they are less abundant than
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BS-MS models. However, very little research can be found in the literature
concerning the BS-RS path loss link. Several models are recently suggested
by 3GPP [41], WINNER [42] project and IEEE 802.16j [43] task group but
their validation in a realistic environment is yet to be fully examined. There-
fore, this chapter section will investigate the relaying system path loss models
while focusing on the BS-RS link.

As mentioned earlier, a RS consumes radio resource for the backhaul
link. Simulation results obtained in 3GPP have shown that the backhaul
link is the bottleneck of the relay-enhanced transmission [41]. A potential
solution is to favor as much as possible the BS-RS radio link by placing the
RS in favorable radio locations. However, in this case the RS is more likely
to cause more interference to adjacent cells. Therefore, the relay antenna
height is an important parameter which should be taken into account in
channel modeling. The challenge is to find the optimal relay antenna height
in order to maximize the potential relay contributions. This issue will be
examined in the following section.

4.1.2 Relay antenna height impacts on BS-RS link path
loss

The BS-RS link path loss is calculated by Equation 3.4.

For each RS location, the calculated path losses with 3 relay antenna
heights (hRS) are compared to each other. The comparison results are
displayed in Figure 4.1. The Empirical Cumulative Distribution Function
(CDF) of path loss calculated with all RS locations and RS antenna heights
are presented in Figure 4.2.

These figures clearly show the dependence of path loss on hRS, in which
the higher hRS provides the smaller path loss. This dependence is observed
in 70 over 77 RS locations.

In order to examine this dependence in lower antenna height (e.g 2m), we
calculate also the BS-MS link path loss at MS locations which are the same
or close to RS locations. The CDF plot of this path loss is also displayed in
Figure 4.2. The path loss measured at the MS level is observed to be slightly
greater than that measured at hRS = 4.7 m, which confirms the impact of
hRS.

The path loss differences between different relay antenna heights are quan-
tified by the histograms in Figure 4.3. This difference between MS level and
the slowest RS antenna height is not significant and only about 1 dB (Fig-
ure 4.3a). However, the BS-RS link path loss decreases with an average value
of 3.5 dB when the RS antenna is raised from 4.7 m to 8.8 m (Figure 4.3b).
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Figure 4.1: Impact of RS antenna height on BS-RS path loss
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Figure 4.3: Histogram of path loss difference between RS antenna heights

Similarly, an average path loss reduction of 4.6 dB is observed when the hRS
is changed from 8.8 m to 12.7 m (Figure 4.3c). Moreover, Figure 4.3d con-
firms that path loss measured at hRS = 12.7m is always smaller in comparison
with that measured at MS having the same location. The average reduction
is about 8 dB.

To explain the dependence of BS-RS path loss on hRS, it is worth re-
minding that the BS is installed over the surrounding rooftop and the BS-RS
link is in NLOS in most of RS locations. Therefore, the transmitted signal
principally propagates over the rooftop. When hRS is high and approaches
the roof level i.e. LOS condition, the received signal is less attenuated by the
diffraction or reflection caused by surrounding buildings.

4.1.3 Extended research on the impact of relay an-
tenna height

The aforementioned impact of hRS is observed in the outdoor urban area
at the frequency of 2.1 GHz. It is of great interest to examine this impact
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on other frequencies and environments. To this end, an additional multi-
frequency measurement campaign was carried out.

4.1.3.1 Measurement descriptions

Three narrow band signals at frequencies f1=900 MHz, f2=2100 MHz,
f3=3500 MHz were transmitted from the roof of a 21-meter high building
in an urban environment. The selection of these frequencies was motivated
by LTE/LTE-Advanced operating band discussed after the World Radio-
communication Conference 2007 [65]. Although the spectrum allocations
for LTE-Advanced have not yet been confirmed, UHF band (698-960 MHz),
UMTS (2100 MHz) and C-band (3400-4200 MHz) are among the spectrum
bands which were proposed and under consideration to be deployed for future
systems [65].

The measurements were performed in different positions on different floors,
both inside and outside, of a 5-floor building. The Tx-Rx distance was about
140-160 meters depending on the exact positions of Rx in the reception build-
ing. The LOS condition is obtained on the highest floor of reception building.

The measurement environment seen with several aerial angles is illus-
trated by Figure 4.4.

Tx

Rx

Tx

TxRx

Rx

Figure 4.4: Measurement campaign environment
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The transmitted power was set up at 43 dBm for all three frequencies. The
mast allowed the transmitter antenna to be few meters above the surrounding
buildings (Figure 4.5).

At the reception end, the Rx antenna was installed on a rotating device
for the measurement inside the building (Figure 4.5). For the measurement
outside the building, the rotating device was replaced by a 2-meter long pole
which was hand held. The use of this pole allows reaching through the win-
dow to carry out the measurement at about 1 meter outside the building. In
both inside and outside cases, the Rx antenna was rotated around its vertical
axis during the measurement. This rotation allows avoiding the multi-path
effect and measuring the average power as described in Section 3.3.1 of Chap-
ter 3.

The measurements were performed at about 250 different points dis-
tributed over 5 floors of the reception building, either indoor or outdoor.
The measurement positions on the ground floor are presented in Figure 4.6.
Those on other floors were carried out in similar positions.

Figure 4.5: Photos of Tx antenna and Rx set-up with rotating device
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Figure 4.6: Measurement positions at the ground level

4.1.3.2 Received power dependence on floor level

Relay could be deployed in indoor or outdoor environments. Therefore,
the total number of measurement points is classified as “indoor” or “outdoor”
groups depending on their positions. In order to have a general evaluation
of the receive (relay) antenna height impact in an indoor scenario, the mean
received power of all indoor reception points on each floor is compared to
those on different floors. The result is presented in Figure 4.7b. Despite
some small irregularities (e.g. between the second and third floor at 2.1 GHz
and 3.5 GHz), the general trend shows the dependence of received power on
floor level, in which the higher floor provides better received power. The
dependence appears similar at different frequencies.
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Figure 4.7: Received power dependence on floor level

This trend is also observed in outdoor measurements (Figure 4.7a). The
measured floor gain is in the range of 3-8 dB/floor. Each floor height is
about 4 meters. Therefore, this floor gain corresponds to the result observed
in Section 4.1.2 which is about 3.5-4.6 dB gain for each increasing step of
relay antenna height.

The impact of Rx antenna height is examined in more precise conditions
by performing the same analyses at outdoor reception points on different
facades of the reception building. As illustrated in Figure 4.8, the propagation
conditions of these facades are not identical. Facade 2 is at the rear side of the
building compared to Tx antenna. All the measurement points carried out on
this facade are then completely in NLOS condition. Propagation conditions
on facade 1 and 3 are a mixture of LOS and NLOS. The LOS is maintained
on the two highest floors of facade 3. However, the lower floors are partially
shadowed by trees and a building situated between Tx and Rx. Facade 1
is parallel to the Tx-Rx axis and rather in the LOS condition although it is
also slightly obstructed by trees.

The analysis results for these three facades are presented in Figure 4.9.
The received power dependence on antenna height observed in previous anal-
yses is clearly confirmed on facade 2 where the NLOS condition is maintained
for all measurement positions. Although this dependence is less clear on fa-
cade 3, the higher floor levels still generally provide better received power.
Furthurmore, on these two facades, the dependences are similar at all stud-
ied frequencies. However, this trend is no longer observed on facade 1. The
received power does not present the dependence on the floor level. This re-
sult is explained by the complex propagation condition in this facade. As
discussed above, it is a mixed condition between LOS and NLOS with the
dominance of LOS. In this condition, link budget and Rx antenna height are
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Tx

3

1

2

Figure 4.8: Aerial photos showing reception building facades with different
propagation conditions.

relatively independent [45, 100].

Similar analyses are also performed with three groups of indoor measure-
ment points which are situated toward three facades of the reception building.
The obtained results present the dependence of received power on receiver
antenna height and these dependences are similar in all groups of reception
points.

4.1.3.3 Conclusion

The above analyses confirm the impact of Rx antenna height on BS-RS
link path loss over various frequencies from 900 MHz to 3.5 GHz in both
outdoor and indoor environments. This impact is clearly observed when
the BS-RS link is completely in NLOS conditions as demonstrated in Sec-
tion 4.1.2. When the propagation condition becomes a mixture of LOS and
NLOS or completely LOS, this impact no longer exists.

4.1.4 Path loss models for BS-RS propagation link

4.1.4.1 Validation of existing path loss models

WINNER, 3GPP and COST-231 WI were shown in Section 2.2.8 as the
most relevant models among the existing ones to be applied in relaying sys-
tems. In this section, the BS-RS path losses predicted by WINNER B5f,
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Figure 4.9: Received power dependence on floor level

3GPP Relay and COST-231 WI models are compared to the measurement
data. The comparison results are presented in Figure 4.10.

Figure 4.10 demonstrates that 3GPP Relay and WINNER B5f models
obviously underestimate the path loss. In the case of WINNER B5f, its
non-compatibility is explained by the analytical method used to develop it.
Reference [42] shows that it is derived from the model B5a designed for BS-
RS link in LOS condition by artificially attenuating the correction factor
by 15 dB. However, the distance dependence parameter which should not
be identical in LOS and NLOS conditions is unchanged in the two models.
Moreover, it is reported from [37] that B5f model is more appropriate to
a mixed condition between LOS and NLOS rather than a complete NLOS
condition as in the environment of this measurement campaign.

The path loss prediction of COST-231 WI model is given with street
width w = 10 m, average building height hr = 15 m and average building
separation b = 20 m. Figure 4.10 shows that the COST-231 WI prediction
is the closest to the measurement although this model is neither designed for
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relaying systems nor formally specified to use at frequencies beyond 2 GHz.
The mean and standard deviation prediction error of this model are provided
in Table 4.1.

Table 4.1: Prediction error statistics of COST-231 WI model

hRS = 4.7m hRS = 8.8m hRS = 12.7m

Error mean 5.2 dB 4.1 dB 0.9 dB
Error standard deviation 6.7 dB 7.1 dB 7.1 dB
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Figure 4.10: Path loss predicted by WINNER B5f, 3GPP Relay and
COST-231 WI models in comparison with the measurements
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4.1.4.2 Proposed path loss model

As mentioned earlier, the COST-231 WI model performance becomes
poor if the terrain is not flat or the land cover is inhomogeneous. More-
over, this model requires detailed knowledge of propagation environment. It
defines many parameters and the relation among them. This may make it
complex to be applied in certain practical cases, especially for engineering
work. Therefore, in order to provide a simple propagation model which is
capable of modeling the BS-RS link path loss in 2.1 GHz frequency band
while taking into account the impact of relay hRS, we propose a new channel
model.

This model is given by:

PL(dB) = 34 log10(d) + 5 + 25.5 log10(20− hRS) (4.1)

where d [m] is distance between BS and RS, hRS [m] is the RS antenna
height. The model is valid for the BS-RS link in NLOS condition and with
d in the range from 20 m to 1000 m. The RS antenna height is limited up to
15 m which is suitable for typical relaying deployments.

The model prediction in comparison with the measurement data is il-
lustrated in Figure 4.11. The statistics of the model prediction error are
presented in Table 4.2. The standard deviations are from 6 to 7 dB. We
observe from Figure 4.11 that there are 4 RS locations in the range of 50-
500 meters which are considerably below the model prediction. We suppose
that this phenomenon is due to the particular local environment surrounding
these RS locations which are observed to be in better propagation conditions
than the other ones. At the writting moment of this thesis, a measurement
campaign is being planned to confirm this supposition.

It is interesting to investigate the proposed path loss model validation in
another propagation environment. To this end, the path loss predicted by the
proposed model is compared with measurement data obtained in the addi-
tional measurement campaign (Section 4.1.3). The comparison is taken with
different measurement points situated at facade 2 and on all levels of recep-
tion building. By estimating each level height to be 4 meters, the equivalent
received antenna heights are in the range of 2-18 meters. The comparison
result is presented in Figure 4.12.

Table 4.2: Prediction error statistics of proposed model

hRS = 4.7m hRS = 8.8m hRS = 12.7m

Error mean 0.26 dB 0.35 dB 0.13 dB
Error standard deviation 6.8 dB 7.0 dB 7.1 dB
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Figure 4.11: Proposed path loss model prediction in comparison with the
measurements

Although the measurement points for each level are limited, we observe
that the model prediction is generally coherent with the measurements. The
mismatches between the measured and predicted path losses are smaller than
5 dB excepting for the 4th level which is outside the model applicability range.
These mismatches are acceptable if we consider the difference between the two
measurement environments. Indeed, in the first campaign, the RS antenna
is installed in a vehicle parked on the street. The surrounding obstacles
such as trees, building, etc. are at least several meters away. However,
in the additional campaign, the Rx antenna is set on a 2-meter-long pole.
Consequently, it is directly shadowed by the reception building.
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Figure 4.12: Proposed path loss model prediction in comparison with the
measurements at facade 2 in the additional measurement cam-
paign

4.2 BS-MS link characterization and model-

ing

BS-MS link has been studied for many years and available path loss mod-
els are abundant in the literature. Path loss models for this link in relaying
systems should not have any differences with those in traditional networks.
Therefore, BS-MS path loss is not the principal subject of this thesis. Nev-
ertheless, the validation analysis of existing models with measurement data
is still necessary in order to evaluate their consistency in relaying systems.

Figure 4.13 and 4.14 presents the path loss predicted by the COST-231
WI, the 3GPP Urban Macro, the 3GPP BS-MS Relay and the WINNER
Urban Macro models in comparison with the measurements performed in
the Old Town and Train Station areas.

The measured path losses in the two areas demonstrate similar charac-
teristics i.e. similar attenuation power at the same propagation distance.
Therefore, the model prediction accuracy related to measurements is the
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Figure 4.13: Path loss predicted by the COST-231 WI, 3GPP Urban
Macro, 3GPP BS-MS Relay and WINNER Urban Macro in
comparison with the measurements in Train Station area

same in both areas. These accuracy levels are quite diversified among mod-
els. The 3GPP Urban Macro model provides a fairly coherent prediction.
While COST-231 WI and the WINNER Urban Macro models overestimate
the measured path loss, the 3GPP BS-MS Relay underestimates the latter.
A mismatch of about 15 dB can be found between the most optimist model
(i.e. 3GPP BS-MS Relay) and the most pessimistic one (i.e. COST-231 WI).

The measurements at over-1000-meter distance in the Train Station area
appear below the global trend of the whole measurement data. This par-
ticularity is explained by a special propagation condition favored by a large
commercial parking with clear and open space where this measurement sec-
tion was performed.

The mean and standard deviation of the model prediction errors related
to measurements are shown in Table 4.3.



96 Chapter 4. Multi-link characterization and modeling

0 500 1000 1500
60

70

80

90

100

110

120

130

140

150

160

Distance (m)

P
at

h 
lo

ss
 (

dB
)

 

 

Measurement
COST−231 WI
3GPP Urban Macro
3GPP BS−MS Relay
WINNER Urban Macro

Figure 4.14: Path loss predicted by the COST-231 WI, 3GPP Urban
Macro, 3GPP BS-MS Relay and WINNER Urban Macro in
comparison with the measurements in Old Town area

Table 4.3: BS-MS model prediction error statistics in comparison with mea-
surements

Path loss models Error mean (dB)
Error Standard
deviation (dB)

COST-231 WI 9.1 7.5
3GPP Urban Macro 2.3 7.5
3GPP BS-MS Relay -6.9 7.5

WINNER Urban Macro 6.5 7.5

Because of the similarity between the measured path losses in the two
areas, it is appropriate to merge these two measurement data sets. A simple
path loss model derived from the linear regression taken over these merged
data can be given as:

PL(dB) = 39 log10(d) + 20 (4.2)

where d is the propagation distance given in meters. The mean and



4.3. RS-MS link characterization and modeling 97

standard deviation of prediction error of this model are respectively 0 and
7.5 dB.

4.3 RS-MS link characterization and model-

ing

4.3.1 Propagation condition classification

It is well known from radio propagation theory that LOS radio mobile
channel characteristics significantly differs from NLOS ones. Table 4.4 [101]
lists some of their most basic phenomenon and the equivalent models em-
ployed to model them.

Table 4.4: Typical models for LOS and NLOS radio mobile channels

Propagation
phenomenon

Models for LOS
conditions

Models for NLOS
conditions

Path loss
Dual slope, two-path

model
Log-distance model

Shadow fading

Zero-mean lognormal
distribution with

standard deviation of
about 4-6 dB

Zero-mean lognormal
distribution with

standard deviation of
about 8-10 dB

Fast fading Rice distribution Rayleigh distribution

From Table 4.4 it is clear that in order to properly model a radio link, its
LOS sections should be treated differently to its NLOS ones.

In our measurement campaign, the RS-MS link propagation conditions are
not uniform unlike that of BS-RS and BS-MS links which are principally in
NLOS. Therefore, RS-MS measurement points should be firstly discriminated
before the path loss estimation.

RS-MS measurement points are classified as LOS, OLOS (Obstructed
LOS) and NLOS. The classification is manually performed by a visual in-
spection based on aerial and satellite photos [102, 103] as well as those taken
during the measurement campaign. LOS condition is mainly found with
measurement points which are close to transmitters i.e. RS. Measurement
points are considered in OLOS conditions if they are not really in LOS but
in a much better propagation condition in comparison with NLOS points
having the same Tx-Rx distance. OLOS conditions are normally found in
transition areas between LOS and NLOS. Figure 4.15 shows an example of
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LOS/OLOS/NLOS classification carried out with RS3-MS link. The equiv-
alent LOS/OLOS/NLOS measurement points are also displayed in a geo-
referential map (Figure 4.16). The classification results of other RS locations
can be found in Appendix A.

Figure 4.15 shows a fairly clear distinction among propagation conditions,
especially between LOS and NLOS ones. The LOS condition is principally
found within a range from 10 meters to about 180-200 meter from RS. This
distance corresponds to the street length where the RS is situated. The NLOS
measurement points are generally found when the propagation distance is
longer than 60-70 meters. An approximate 10 dB gap separates the LOS and
NLOS point set. The OLOS points are situated in the transition area between
LOS and NLOS. Because the number of OLOS points is not significant, our
work analyzes only the LOS and NLOS measurement data.

4.3.2 RS-MS link characterization in NLOS conditions

This section characterizes the RS-MS link path loss in NLOS conditions.
The RS antenna height impact on this link path loss is also investigated.
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Figure 4.15: An example of LOS/OLOS/NLOS classification
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Figure 4.16: An example of LOS/OLOS/NLOS points displayed on the
satellite photo

4.3.2.1 RS antenna height impact on RS-MS NLOS link path loss

The impacts of RS antenna height on RS-MS link path loss are different
among RS locations. These impacts can be classified into 3 categories.

The first category consists of RS2 and RS4 locations. An example is given
in Figure 4.17 which illustrates the RS2-MS NLOS path losses measured with
3 antenna heights. The dependence of RS-MS path loss on hRS is obvious
with these RS locations over all propagation distance range. When hRS is
raised from 4.7 m to 8.8 m, an average path loss of about 5 dB is reduced.
Similarly, the RS-MS link path loss decreases approximately 5 dB when hRS
is raised from 8.8 m to 12.7 m.

On the second category, no significant impact of hRS can be observed.
This is the case of RS7-MS (Figure 4.18). The path losses measured with
three hRS are generally similar over all propagation distance range.

The third category is composed of the other RS locations. An example
is presented with RS1-MS link path loss in Figure 4.19. In these cases, the
linear regressions performed over path losses measured with 3 RS antenna
heights intersect at a propagation distance dI . This distance varies among RS
locations and in the range of 80-120 m. With the propagation distance longer
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Figure 4.17: RS2-MS NLOS path loss with 3 relay antenna heights
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Figure 4.18: RS7-MS NLOS path loss with 3 RS antenna heights
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Figure 4.19: RS1-MS NLOS path loss with 3 RS antenna heights

than dI , the impacts of hRS on path loss are similar to those observed with
the first category. On the contrary, with the propagation distance shorter
than dI , the differences among the path losses measured at 3 antenna heights
are rather small and can be neglected.

4.3.2.2 RS-MS NLOS link path loss characterization

Unlike BS-MS link path losses which show similar characteristics in the
two measurement areas, the measured RS-MS link path losses are strongly
different among different RS locations. Large varieties are observed among
the measured path losses. In order to quantify these varieties, we merge the
measured path losses with all RS locations to create a unique data set and
find its linear fit. The linear fits for path losses measured with 3 RS antenna
heights are:

With hRS = 4.7 m

PL(dB) = 42.4 log10(d) + 23.7 (4.3)

With hRS = 8.8 m

PL(dB) = 36.9 log10(d) + 35 (4.4)
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With hRS = 12.7 m

PL(dB) = 32.2 log10(d) + 43.6 (4.5)

where d is propagation distance in meters.
Table 4.5 shows the measured path loss mean (µ) and standard deviation

(σ) errors in comparison with the linear fit.
It is observed form Table 4.5 that the measured path losses greatly vary

from each other. Especially, an approximate 20 dB mismatch can be found
between the most optimist (e.g RS1-MS (Figure 4.19)) and the most pes-
simistic cases (e.g RS7-MS (Figure 4.18)). These differences may be due to
the particular characteristics of local environment surrounding each RS loca-
tions such as the street orientation, the presence of unobstructed space close
to RS, etc.

4.3.2.3 Discussions

The RS-MS link characterization is rather challenging due to the large
measured path loss variability among RS locations. Furthermore, the impacts
of relay antenna height are also diversified. These path loss and impact
differences may be related to the local environment which surrounds each RS
locations. Further research should be carried out in order to investigate more
thoroughly this issue.

Due to the considerable difference observed among RS-MS links, a global
model which is applicable for all RS locations may not be suitable. It may be

Table 4.5: Measured path loss error mean (µ) and standard deviation (σ)
in comparison with the linear fit

RS locations
hRS = 4.7m hRS = 8.8m hRS = 12.7m

µ (dB) σ (dB) µ (dB) σ (dB) µ (dB) σ (dB)

RS1 -8.3 8.6 -6.0 7.6 -4.5 6.6
RS2 3.6 7.9 1.3 7.6 -0.8 7.0
RS3 -1.7 9.2 -0.5 8.8 -0.5 7.9
RS4 -2.5 7.8 -5.3 6.5 -6.2 5.9
RS5 -4.4 9.9 -3.7 8.9 -2.8 7.9
RS6 6.7 9.0 7.9 9.2 6.4 7.6
RS7 11.7 10.8 12.9 11.1 14.9 11.3
RS8 -4.9 8.4 -3.4 7.8 -2.5 7.8
RS9 4.7 8.5 6.1 9.7 5.5 7.9
RS10 5.1 8.9 2.1 9.1 2.7 9.0
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more appropriate to characterize the RS-MS link by several models. Each of
these models is dedicated to a particular microcellular propagation condition.

4.3.3 RS-MS link characterization in LOS conditions

4.3.3.1 RS antenna height impact on RS-MS LOS link path loss

The hRS impact on RS-MS link path loss is observed to be distinct over
two propagation distance range. Figure 4.20 gives an example illustrating
this impact. The measured path loss taken with other RS locations can be
seen in Appendix B.

If the propagation distance is longer than about 50-60 meters, no clear
dependence of path loss on hRS can be seen. This observation is coherent
with the results found in the literature [44, 45, 100] which conclude that path
loss and antenna height are independent in LOS conditions.

When the propagation distance is within the range of up to 50-60 meters,
the measured path loss is slightly greater when hRS increases from 4.7 m
to 12.7 m. This phenomenon is due to the effects of the antenna radiation
pattern and the differences between the ground distance and the real antenna
separation. These effects are illustrated in Figure 4.21 where d and D are
respectively the ground and real distance between the two antennas; hRS is
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Figure 4.20: RS1-MS LOS path loss with 3 RS antenna heights
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the RS antenna height; G is the maximum gain of the dipole antennas used
at both RS and MS; α is the angle between the horizontal line and the actual
RS-MS link; G(α) is the antenna gain at the angle α.

The path losses displayed in Figure 4.20 are calculated as:

PL = Pt − Pr + 2G− Lcable (4.6)

In reality, the signal arriving at the MS propagates over the distance
D = d/cos(α) and with the antenna gain G(α) = G+ 20 log10(cos(α)). If we
assume the log-distance power attenuation, the received power is then given
as:

Pr = Pt − (20 log10(D) +K) + 2G(α)− Lcable (4.7)

Pr = Pt − 20 log10(D) + 2(G+ 20 log10(cos(α))) +K − Lcable (4.8)

where K is a parameter which depends on frequency. To be simple, we
can assume K = 0 without loosing the generality.

Therefore

PL = Pt − (Pt − 20 log10(D) + 2G(α)− Lcable) + 2G− Lcable
= 20 log10(D)− 2G(α)
= 20 log10(D)− 40 log10(cos(α))
= 20 log10(d)− 60 log10(cos(α))

= 20 log10(d)− 60 log10(
d√

h2RS + d2
)

(4.9)
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Figure 4.21: Antenna radiation pattern effects on path loss
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PL plots given by the Equation 4.9 at three antenna heights are shown
in Figure 4.22. The log-distance path loss is also display for comparison.

Two conclusions can be extracted from Figure 4.22.

- Firstly, when the propagation distance is up to about 50-60 meters,
the higher antenna heights provide the stronger path losses. Beyond this
distance, hRS becomes much smaller than d (hRS � d) and cos(α) → 1,
d ≈ D and G ≈ G(α). Therefore, the aforementioned effects are no longer
observed.

- Secondly, the log-distance path loss model based on the Tx-Rx ground
distance can only be applied when the propagation distance is longer than
a certain value. This value in our measurement is equivalent to about 50-60
meters. Below this distance, another model should be used. This conclusion
is important because only ground distances are generally taken in system
simulations. The implementation of 3D data which could provide the real
separation distance between antennas is not always possible.
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Figure 4.22: Simulation of Antenna radiation pattern and propagation dis-
tance effects on path loss
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4.3.3.2 RS-MS LOS link path loss characterization

Similar to the measured RS-MS path losses in NLOS conditions, those
in LOS conditions demonstrate also a strong variability depending on RS
locations. For instance, the path losses observed with RS6-MS (Figure C.5),
RS7-MS (Figure 4.23), RS9-MS (Figure C.7) and RS10-MS (Figure C.8) links
are about 10 dB greater than those measured with the other RS locations
(e.g. (Figure 4.20). We are aware that this 10 dB gap is significant, espe-
cially in LOS conditions. This result might be due to local environments
surrounding each RS locations. However, this mismatch might also be re-
lated to a manipulation error possibly happened during the measurement
operation. Therefore, further investigation will be taken in order to examine
this problem.

The measured path loss is seen to be smaller than free space loss in several
cases (e.g Figure 4.20). This phenomenon may be caused by the street where
the RS is placed in. As described in Section 4.3.1, LOS measurement points
are normally found within the street length where the RS is situated. This
street surrounding by building blocks may act as a waveguide resulting the
path losses better than free space loss.
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Figure 4.23: RS7-MS LOS path loss with 3 RS antenna heights



4.4. Shadow fading correlation characterization and modeling 107

4.4 Shadow fading correlation characteriza-

tion and modeling

The shadow fading correlation of different links can significantly affect
the system performance [50]. This issue in relaying systems is even more
important due to the presence of multiple-links i.e. BS-MS, BS-RS and RS-
MS. Therefore, the understanding of the shadow fading correlation between
links in relaying systems is an indispensable requirement.

Some work has been recently carried out by the WINNER project [42], the
IEEE 802.16j Relay Task Group [43] or the 3GPP [41] in order to tackle this
matter. Unfortunately, there is currently no well-agreed model for shadow
fading correlation prediction. While the 3GPP assumes a constant corre-
lation coefficient equal to 0.5 for all scenarios, the WINNER specifies zero
correlation due to the limited amount of measurement data. Regarding the
IEEE 802.16j Task Group, only the model for shadowing correlation between
two BSs which is based on the Saunders work [50] is proposed. However, this
model is not feasible in every case as proved in [51]. The correlation models
for the shadowing between BS-MS and RS-MS links or between two RS-MS
links are still for further study.

In this context, this section aims to characterize the shadow fading of
BS-MS and RS-MS links. The shadow fading correlations between BS-MS
and RS-MS links or between two any RS-MS links are also investigated.

4.4.1 Shadow fading characterization

As described earlier in Section 2.1.2, the propagation loss is the sum of
three distinct components:

Propagation Loss = Path Loss + Shadow Fading + Fast Fading

The effects of path loss and fast fading have to be removed in order to
characterize the shadow fading (SF ). Firstly, the fast fading part is removed
by using a sliding window with a window size of 20 λ and a sliding distance
of 10 λ as described in Section 3.4.2. Then, the path loss effect is removed
by applying a linear regression to the data in the logarithm domain. The
measurements in NLOS and LOS conditions are separated before applying
the linear fit in order to obtain the optimal estimation of shadow fading.
Only the measurement samples in NLOS conditions with respect to both
transmitters are concerned in this thesis.

The aforementioned method is applied for each BS-MS and RS-MS link
to extract its own SF . The SF s of all BS-MS and RS-MS links are found
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to be log-normal distributed with zero mean. Figure 4.24 presents an exam-
ple where the SF distributions of BS-MS and RS1-MS links are illustrated
in comparison with the normal fit. The measured shadow fading standard
deviations (σSF ) are around 7 dB for BS-MS links and in the range of 7-11
dB for RS-MS links. σSF for each link is summarized in Table 4.6. It can be
seen that the σSF of RS-MS links are similar at different RS antenna heights.

Model parameters from the 3GPP, the WINNER and the IEEE 802.16j
are also displayed for comparison. It is observed that all of the values de-
scribed by 3GPP, WINNER and 802.16j for BS-MS link match to the mea-
sured data. However, in the case of RS-MS link, only the values provided
by 3GPP agree with measured ones. WINNER and 802.16j model propose
σSF in the range of 3-4 dB which are strongly below the measured σSF .
Reference [43] shows that 802.16j model for RS-MS link is derived from the
corresponding RS-MS WINNER model. This latter was developed by assum-
ing an urban area with Manhattan-like street lay-out which is not the case
of the environment presented in this paper. This explains the mismatch be-
tween the measured σSF and those described by WINNER and IEEE 802.16j.
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Figure 4.24: Measured SF distribution
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Table 4.6: Measured σSF in comparison with model-proposed ones

Shadow fading Standard deviation (dB)
Measurement

3GPP WINNER 802.16j
4.7m 8.8m 12.7m

BS-MS
Train

Station
6.8

6 8 8

BS-MS
Old

Town
7.2

RS1-MS 8.5 7.5 6.5

10 4 3.1

RS2-MS 7.9 7.4 6.9
RS3-MS 9.1 8.8 7.9
RS4-MS 8.0 6.7 5.8
RS5-MS 10 8.6 7.5
RS6-MS 8.9 9.0 7.5
RS7-MS 10.6 10.8 10.8
RS8-MS 8.5 8.5 9.0
RS9-MS 7.8 9.2 7.2
RS10-MS 8.4 8.9 8.7

4.4.2 Shadow fading correlation characterization

4.4.2.1 General characterization

The correlation coefficient between the SF of two transmission links is cal-
culated by Equation 2.83. In the following parts of this work, ρ(BS−MS,RS−MS)

and ρ(RS−MS,RS−MS) are used to respectively denote the shadow fading cor-
relation coefficient between BS-MS/RS-MS links and between two RS-MS
links.

Firstly, the impact of RS antenna height on the shadow fading correlation
is examined. For each RS location, the shadow fading correlation between
the same RS-MS link and with different antenna height (4.7 m, 8.8 m and
12.7 m) is calculated. The calculation results show that the SF s of the same
RS-MS link when RS antenna is at different heights are highly correlated.
High coefficients from 0.75 to 0.96 are observed at all RS locations. Fig-
ure 4.25 illustrates an example where the shadow fading components of the
RS1-MS link obtained with 3 antenna heights are presented. This strong
correlation is explained by the fact that even when the RS antenna mast is
at the highest position, it is still below the roof-top level of the surrounding
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Figure 4.25: SF of RS1-MS link measured with 3 antenna heights

buildings. Hence, the RS-MS link is always under the NLOS condition and
the obstacles presented in the propagation path which cause the shadow fad-
ing remain the same with three RS antenna heights. Thus, the RS antenna
height does not significantly affect the shadowing correlation.

Secondly, ρ(BS−MS,RS−MS) and ρ(RS−MS,RS−MS) in each measurement area
are calculated over the entire measurement route. The results for the Train
Station and the Old Town areas are respectively presented in Table 4.7 and
4.8. Because the SF components obtained with different RS are strongly cor-
related, only the results when RS antenna is set up at 12.7 m are displayed.
The correlation coefficients are found to be widely varied from -0.04 to 0.57.
Moreover, it is noted that the coefficients are positive in most cases excepting
for ρ(RS1−MS,RS4−MS) = −0.04 and ρ(RS2−MS,RS3−MS) = −0.01 which can be
considered as zero. Meanwhile, several papers [104–106] show quite strong
negative values. However, these papers were based on either indoor environ-
ment or outdoor with relatively short measurement routes. In these cases, the
MS moving direction related to transmitters could make negative coefficients.

Moreover, the values in the Old Town area are slightly greater than those
in the Train Station. This difference may be due to the presence of sev-
eral open and flat spaces in the south of the Train Station causing a less
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Table 4.7: Shadow fading correlation between different links in Tran Station
area

RS1-MS RS2-MS RS3-MS RS4-MS RS5-MS

BS-MS 0.23 0.36 0.12 0.29 0.42
RS1-MS - 0.49 0.14 -0.04 0.15
RS2-MS - -0.01 0.23 0.24
RS3-MS - 0.11 0.10
RS4-MS - 0.25

Table 4.8: Shadow fading correlation between different links in Old Town
area

RS6-MS RS7-MS RS8-MS RS9-MS RS10-MS

BS-MS 0.27 0.57 0.06 0.32 0.15
RS6-MS - 0.50 0.30 0.14 0.42
RS7-MS - 0.17 0.53 0.39
RS8-MS - 0.28 0.25
RS9-MS - 0.38

homogenous environment.
The results presented in Table 4.7 and 4.8 also exhibit the dependence

of ρ(BS−MS,RS−MS) and ρ(RS−MS,RS−MS) on the transmitter separation. This
dependence is illustrated in Figure 4.26. It is observed that the correlations
decrease when the distances between transmitters increase. Moreover, the
highest coefficients which are around 0.5 are observed between transmitter
pairs having a small separation such as between RS1-RS2, RS7-RS9 or be-
tween BS-RS7, etc. These values are remarkable considering the length of
the measurement routes.

4.4.2.2 Dependence of shadow fading correlation on the angle (θ)

The angle seen from the MS to the transmitters (θ) is recognized as
an important parameter having a significant impact on the shadow fading
correlation [50–55]. It was reported a strong correlation on the order of 0.6
to 0.8 with small θ. This correlation was observed to decrease toward zero
when θ becomes greater. Although this angular property has been discussed
in many papers for traditional radio mobiles network i.e. without the presence
of RS, this issue has not yet been adequately studied in relaying deployments.
In this work, the dependence of shadow fading correlation on the angle θ is
investigated by dividing the entire measurement data into groups according to
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Figure 4.26: Dependence of SF correlation on the transmitter separation
distance

their associated angle θ. The number of measurement samples in each angular
group should be statistically significant in order to ensure the reliability of the
results. In addition, the correlation coefficient comparison between groups is
only valid if the SF characteristics of every group are similar to each other
and similar to all data characteristics i.e. log-normal distribution with zero
mean. To satisfy these conditions, the data were dynamically divided into
groups which encompass five, ten or twenty degrees of the 180◦ range. The
angular groups as well as the number of measurement samples in each group
are shown in the Figure 4.27.

The ρ(BS−MS,RS−MS) and ρ(RS−MS,RS−MS) calculated over each angular
group are displayed as a function of θ in Figure 4.28. It appears that the
highest correlations which are from 0.4 to 0.6 are observed when angle θ is
smaller than ten degrees. When the angle θ increases up to about 60-80
degrees, the correlation coefficients rapidly decrease toward zero. This trend
is observed in both ρ(BS−MS,RS−MS) and ρ(RS−MS,RS−MS) cases and generally
corresponds to the result found in the literature for the traditional wireless
network [50, 54, 107, 108]. This result is explained by the MS position related
to transmitters. Indeed, when the angle θ is small, the common propagation
path between two links increases. Thus, the two links are affected in a similar
way by the obstacles. This results in a strongly correlated shadow fading.
Otherwise, the increasing angle θ means the reduction of common propaga-
tion path leading to a minor or no correlation.
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Figure 4.27: Angular groups for SF correlation calculation

Based on the aforementioned argument, the SF s from different links are
expected to be totally uncorrelated when the angle θ is as high as 180 de-
grees. This is also a common result which has been expressed in many pa-
pers [53, 54]. However, a contradictory result is observed with our mea-
surements, especially in the case of ρ(BS−MS,RS−MS). As presented in the
Figure 4.28, the correlations of about 0.2-0.3 appeared when the angle θ is
in the angular range of 140 - 180 degrees. This phenomenon is noticeable
because a large number of data samples are used for the calculation. This
result may be due to the specific measurement conditions. From Figure 3.5
and Figure 3.6, it can be seen that the BS and RS locations are generally
lined up. Moreover, the principal areas of the measurement environment are
composed of building blocks whose structures and heights are relatively sim-
ilar. These building blocks are parallel to each other and perpendicular to
the transmitter axis. When angle θ increases towards 180 degrees, the MS
moved to the zone between two transmitters. In this case, the signals com-
ing from these transmitters are obstructed similarly by the parallel building
blocks which are on two sides of MS. These facts, in addition to the building
structural similarities, lead to certain correlations although the signals arrive
at MS from two different directions.

In summary, although SF correlations observed with angle θ higher than
10 degrees present different angular dependences, their coefficients are minor
and considered as negligible. This result indicates that a simple uncorrelated
SF model for signals from different transmitters can be used in system level
simulation when the angle seen from MS to these transmitters is higher than
10 degrees. However, a correlation coefficient of 0.5 should be taken into
account in the case where this angle is smaller than 10 degrees.
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Figure 4.28: Measured SF correlation vs. angle θ

4.5 Path loss consistency

The real contribution of relays should be evaluated by system simula-
tions. Unlike for classical radio mobile networks, the simulation for relaying
deployment should be able to simulate not only a particular propagation link
but all links (BS-MS, BS-RS and RS-MS) by a consistent manner. However,
our preliminary analyses reveal the inconsistency in the existing path loss
models. An example is given with WINNER models.

Section 4.1.4 demonstrates that BS-RS WINNER model underestimates
the measurement. The mismatch is about 10 dB. Moreover, the prediction of
BS-MS WINNER model is about 6 dB over the measurement. Consequently,
if a simulation is based on WINNER model, the relay contribution in term
of link budget provided by this simulation is artificially increased by 16 dB.

The aforementioned observations emphasize the importance of path loss
model consistency in system simulations. Further analyses are then required
in order to study more thoroughly this issue.

4.6 Conclusion

This last chapter focused on multi-link channel characterization and mod-
eling based on the data collected from the measurement campaign presented
in Chapter 3.

Firstly, the impact of relay antenna height on link path loss was analyzed.
A path loss reduction of about 8 dB was observed with BS-RS link when hRS
was raised from 4.7 meters to 12.7 meters. Moreover, this impact was con-
firmed with additional measurements taken with other frequencies and in
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other environment. However, this impact was only seen with NLOS condi-
tions. When propagation conditions became LOS or LOS-NLOS-mixture,
measured path loss no longer depended on hRS.

Relay antenna height impact on RS-MS link path loss was shown to be
more sophisticated than that observed in BS-RS links. When RS-MS links
were in NLOS conditions, this impact was divided into 3 categories depending
on RS locations. When RS-MS links were in LOS conditions, no dependence
between path loss and hRS was found. The dependence observed with small
propagation distance was related to the effects of the antenna radiation pat-
tern and the differences between the ground distance and the real antenna
separation. A simulation was performed and confirmed this phenomena.

Secondly, the path loss of BS-MS, BS-RS and RS-MS links was character-
ized and modeled. Various existing path loss models were evaluated with the
measurement data. A simple path loss model taking into account the relay
antenna height impact was proposed for BS-RS link in relaying systems.

A particular problem was observed with RS-MS link of which the mea-
sured path loss exhibited large variability among different RS locations. Fur-
ther studied should be carried out in order to more thoroughly investigate
this problem.

Another subject tackled in this chapter was the shadow fading correla-
tion among propagation links presented in relaying scenarios. The shadow
fadings of different links were characterized and compared to those provided
by existing models. The correlation between shadow fadings of a BS-MS
and a RS-MS link or between two RS-MS links was analyzed. The rela-
tion between this correlation with the relay antenna height, the transmitter
separation distance and the angle seen from MS to transmitters was also ex-
amined. Especially, dynamic angular groups were used to model the shadow
fading correlation. We suggested that a correlation coefficient of 0.5 should
be taken into account for 0-10 degree angular sample groups. Otherwise, a
simple uncorrelated shadow fading model can be used.

Finally, the preliminary analyses concerning the path loss model consis-
tency were carried out. For instance, our analyses reveal a false path loss
gain of about 16 dB given by WINNER model due to the inconsistency of
this model.
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Conclusion

Radio mobile communication systems have been constantly evolving to
meet the users’ growing demands in term of data rate, quality of service,
coverage and mobility. In this context, 3GPP has developed LTE-Advanced
and submitted it to ITU as a candidate for IMT-Advanced (4G) systems.
LTE-Advanced aims to meet and even go beyond the ITU requirements for
a system belonging to IMT-Advanced. To this end, many technical compo-
nents have been included to LTE-Advanced. Among these, relays have been
emerged as a low-cost solution to solve the cell-edge problem, reduce the gap
between the peak and cell-edge data rate, extend the coverage and improve
the overall cell performance.

As a hot research topic with great application potential, relay technologies
have been actively studied for the last few years. However, suitable propaga-
tion models which could be integrated in system simulations to provide the
reliable estimation of relay contribution have not thoroughly considered yet.

In this context, this thesis has been carried out in order to evaluate the
existing propagation model and provide new ones which are dedicated to re-
laying scenarios. To this end, an extensive multi-link measurement campaign
with a BS and 10 RS locations has been performed in outdoor urban areas.
The contributions of this thesis can be summarized as below:

– RS antenna height impact on BS-RS link path loss:
Our analyses showed the dependence of the BS-RS link path loss on
the RS antenna height. An average path loss reduction of about 8
dB was observed when the RS antenna height has raised from 4.7 m
to 12.7 m. This dependence was explained by the NLOS propaga-
tion conditions between BS and RS. In fact, BS was installed over the
surrounding rooftop and the transmitted signal principally propagates
over the rooftop. When the hRS was high and approaches the roof
level i.e. LOS condition, the received signal was less attenuated by the
diffraction or reflection caused by surrounding buildings.
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In order to examine this dependence on other environments, an ad-
ditional measurement campaign was carried out. The analyses taken
with this measurement data confirmed the RS antenna height impact
on NLOS conditions, even when the Rx was placed indoor. This im-
pact was also observed in different frequencies i.e. 900 MHz or 3.5 GHz.
However, when the propagation condition became LOS or mixture of
NLOS and LOS, this impact was no longer observed.

– RS antenna height impact on RS-MS link path loss:
The impact of the RS antenna height on RS-MS link was rather di-
versified depending on propagation conditions (NLOS or LOS) and RS
locations.
When RS-MS link was in NLOS, this impact was different with 3 RS
location groups.
In the first group, the dependence of RS-MS path loss on hRS was
obvious over all propagation distance range and similar to that observed
with BS-RS link. An average reduction of about 10 dB was observed
when hRS changed from 4.7 m to 12.7 m.
In the second group, no significant impact of hRS could be observed.
The path losses measured with 3 hRS were generally similar over all
propagation distance range.
In the third group, the linear regressions performed with 3 RS antenna
heights intersected at a propagation distance dI which was in the range
of 80-120 m. With the propagation distance longer than dI , the impacts
of hRS on path loss were similar to those observed with the first group.
On the contrary, with the propagation distance shorter than dI , no
impact could be found.
The hRS impacts on RS-MS link path loss in LOS were observed to
be distinct over two propagation distance range. If the propagation
distance was longer than about 50-60 meters, no clear dependence of
path loss on hRS could be seen. On the other case, the measured
path loss was slightly greater when hRS increased from 4.7 m to 12.7
m. This phenomenon was due to the effects of the antenna radiation
pattern and the differences between the ground distance and the real
antenna separation.

– BS-RS link path loss characterization and modeling:
The measured BS-RS link path loss was compared against those pre-
dicted by WINNER, 3GPP and COST-231 WI models. The compar-
ison results demonstrated that 3GPP Relay and WINNER B5f mod-
els strongly underestimated the path loss. The COST-231 WI model
provided the closest prediction in comparison to the measurement al-
though this model was neither designed for relaying systems nor for-
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mally specified to be used at frequencies beyond 2 GHz. However,
COST-231 WI model presented some disadvantages. For instance, it
required detailed knowledge of propagation environment. Moreover,
COST-231 WI model defined many parameters and the relation among
them. This may make it complex to be applied in certain practical
cases, especially for engineering work or simulation tools. Therefore, a
new channel model was proposed in order to provide a simple propa-
gation model which is capable of modeling the BS-RS link path loss in
2.1 GHz frequency band while taking into account the impact of hRS.
This model was validated with measurement data gathered from two
different measurement campaigns.

– BS-MS and RS-MS link path losses characterization:
BS-MS link has been the subject of tremendous studies for many years
and was not focused in this thesis. However, preliminary analyses were
performed with RS-MS links path loss. Unlike BS-MS link path losses
which showed the similar characteristics in the two measurement areas,
the RS-MS link path losses in both LOS and NLOs conditions were
strongly different among different RS locations. Large varieties which
could be up to 20 dB were observed among the measured path losses.
These differences might be due to the particular characteristics of local
environments surrounding each RS locations. Besides, an manipulation
error unawarely happened during the measurement campaign might
be another cause. Further research should be carried out in order to
investigate more thoroughly this issue.

– Path loss consistency:
Some initial observations related to the path loss consistency were per-
formed as part of this thesis. For instance, BS-RS WINNER model
prediction was about 10 dB under the measurement. However, the BS-
MS WINNER model prediction was about 6 dB over the measurement.
Consequently, if a simulation is based on WINNER models, the relay
contribution in term of link budget provided by this simulation was
artificially increased by 16 dB.

– Shadow fading correlation characterization and modeling:
The shadow fading cross-correlations between a BS-MS link and a RS-
MS link or between two RS-MS links were experimentally character-
ized. The correlation coefficients were found to vary from 0 to 0.6.
Furthermore, the shadow fading angular properties were examined. It
was observed that the correlation of 0.5 was found when the angle θ
seen from MS to the transmitters is smaller than 10 degrees. Although
correlations observed with angle θ higher than 10 degrees present differ-
ent angular dependences, their coefficients are minor and considered as
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negligible. Consequently, a correlation coefficient of 0.5 should be taken
into account in analysis tools for 0-10 degree angular sample groups.
A simple uncorrelated shadow fading model for signals from different
transmitters can be used for the other cases.

Perspectives

Considering current progress in relaying technologies and results achieved
with this thesis, we suggest several directions for future work.

– Finalize the multi-link channel modeling and path loss consis-
tency:
The analyses executed in this thesis show the strong variability among
the RS-MS link path loss measured with different RS locations. This
issue should be analyzed more thoroughly by investigating the mea-
surement environment surrounding each RS. A hypothesis of potential
measurement errors should also be examined.
The channel inconsistency observed in this thesis should be pursued by
more complete studies.
The LOS/NLOS probability in RS-MS link should also be investigated.
The final objective is to develop a reliable propagation channel model
set for outdoor urban environments. These models should be simple to
be easily applicable in practical cases. On the other hand, they should
be capable of modeling multi-link channels in a consistent manner.

– Measurement and modeling of arrival directions at the relay:
The power gain observed in the BS-RS link by increasing the antenna
height increases not only to the useful signal but also interferent one.
This interference could be limited by using a directional antenna point-
ing to the BS. A measurement campaign dedicated to the characteriza-
tion of the direction of arrival at RS should be organized. The analysis
results are expected to show whether a directional antenna help im-
proving the SNR at the RS.
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Figure A.1: LOS/OLOS/NLOS classification for RS1-MS link
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Figure A.2: RS1-MS LOS/OLOS/NLOS measurement points
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Figure A.3: LOS/OLOS/NLOS classification for RS2-MS link
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Figure A.5: LOS/OLOS/NLOS classification for RS4-MS link
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Figure A.6: RS4-MS LOS/OLOS/NLOS measurement points
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Figure A.7: LOS/OLOS/NLOS classification for RS5-MS link
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Figure A.8: RS5-MS LOS/OLOS/NLOS measurement points
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Figure A.9: LOS/OLOS/NLOS classification for RS6-MS link
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Figure A.10: RS6-MS LOS/OLOS/NLOS measurement points
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Figure A.11: LOS/OLOS/NLOS classification for RS7-MS link
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Figure A.12: RS7-MS LOS/OLOS/NLOS measurement points
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Figure A.13: LOS/OLOS/NLOS classification for RS8-MS link
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Figure A.14: RS8-MS LOS/OLOS/NLOS measurement points
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Figure A.15: LOS/OLOS/NLOS classification for RS9-MS link
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Figure A.16: RS9-MS LOS/OLOS/NLOS measurement points
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Figure A.17: LOS/OLOS/NLOS classification for RS10-MS link
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Figure A.18: RS10-MS LOS/OLOS/NLOS measurement points
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RS-MS link path loss in NLOS
conditions
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Figure B.1: RS3-MS NLOS path loss with 3 RS antenna heights
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Figure B.2: RS4-MS NLOS path loss with 3 RS antenna heights
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Figure B.3: RS5-MS NLOS path loss with 3 RS antenna heights
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Figure B.4: RS6-MS NLOS path loss with 3 RS antenna heights
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Figure B.5: RS8-MS NLOS path loss with 3 RS antenna heights
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Figure B.6: RS9-MS NLOS path loss with 3 RS antenna heights
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Figure B.7: RS10-MS NLOS path loss with 3 RS antenna heights
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RS-MS link path loss in LOS
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Figure C.1: RS2-MS LOS path loss with 3 RS antenna heights
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Figure C.2: RS3-MS LOS path loss with 3 RS antenna heights
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Figure C.3: RS4-MS LOS path loss with 3 RS antenna heights
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Figure C.4: RS5-MS LOS path loss with 3 RS antenna heights
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Figure C.5: RS6-MS LOS path loss with 3 RS antenna heights
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Figure C.6: RS8-MS LOS path loss with 3 RS antenna heights
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Figure C.7: RS9-MS LOS path loss with 3 RS antenna heights
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Figure C.8: RS10-MS LOS path loss with 3 RS antenna heights
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