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Abstract

Wimax mobile cellular systems are envisioned to provide high data rate
multimedia services to users at anytime, anywhere at an affordable cost.
The combination of orthogonal division multiple accesses (OFDMA) and
relaying in Wimax provide rich opportunities for cost-effective and high
performance networks. Wimax standard 802.16j extends not only the co-
verage of the cell but also increases the average throughput of the users.
Much research of this standard has been published in order to optimize the
performance of this network. However, when we reviewed the existing ar-
chitectures of Wimax standard 802.16j and assessed their performance, we
realized that the throughput of the system could still be enhanced by using
a more efficient frequency reuse and scheduling algorithm.

In the first part of the thesis, we review the existing standard 802.16j archi-
tectures in which the total throughput of system is slightly higher than that
in the standard without relay one. To enhance even more the system perfor-
mance of this standard, we propose a new architecture built on frequency
reuse and sectoring technique. The total throughput increased strongly in
our approach compared with to the existing studies.

In the second part of the thesis, we study the impact of interference in our
relay model. The simulation results showed that the SINR of mobile sta-
tions in our approach increase very slightly comparing to the one in Wimax
with relay without frequency reuse and sectoring. Therefore the impact of
interference is small and can be considered as negligible. We concluded that
our proposition still provide a better performance.

In the third part of the thesis, we proposed a new radio resource manage-
ment approach in downlink in order to guarantee the user’s fairness but still
maintain a high total throughput. The simulation results showed that there
was a trade-off between the fairness-aware and the total throughput of the
system.

Index Terms : OFDM, OFDMA, AMC, MIMO, Relay Stations, 3G, Wi-
Max, 802.16e, 802.16j, 602.16m, LTE, Frame Structure, Path Selection,
User Fairness, Cooperative Relay, Relay Placement, Cooperative Relay Sec-
toring, Performance Measurement, Frequency Reuse, Clustering, Dimensio-
ning, Scheduling, Allocation Resource



Résumé

WiMAX mobile cellulaire systèmes ont pour objective de fournir des ser-
vices multimédias à haut débit à n’importe quel moment, n’importe quel
endroit avec un prix abordable. La combinaison d’orthogonale accès mul-
tiples (OFDMA) et le relais en Wimax donnent plusieurs opportunités pour
des réseaux moins coûteux et plus performances. La norme Wimax 802.16j
élargit non seulement la couverture de la cellule, mais aussi augmente le
débit moyen des utilisateurs. Plusieurs recherches de cette norme ont été
publiées afin d’optimiser la performance du réseau. Cependant, lorsque nous
étudions les architectures existantes du Wimax 802.16j standard et leur ren-
dement, nous nous sommes aperçus que le débit du système pourrait être
encore amélioré à l’aide de la réutilisation de fréquence.

Dans la première partie de ce travail de recherche, nous avons examiné
l’architecture existante de la norme 802.16j. Le débit total du système est
légèrement plus élevé dans ces architectures que dans la norme sans relais.
Afin d’améliorer le rendement du système de cette norme, nous avons pro-
posé une nouvelle architecture de cette norme avec réutilisation de fréquence
et de la technique de sectorisation. Le débit total augmente fortement dans
notre approche comparant aux études existantes.

Dans la deuxième partie, nous avons étudié l’impact de l’interférence dans
notre modèle de relais. Les résultats de simulation montrent que les SINR
de station mobile augmentent très légèrement. Cet impact d’interférence est
assez faible et pourrait être négligeable. Nous concluons que notre proposi-
tion fournit toujours une meilleure performance.

Dans la troisième partie, nous avons proposé une nouvelle approche d’al-
location de ressources en liaison descendante afin de garantir les mêmes
qualités de service pour les utilisateurs en maintenant un haut débit to-
tal. Les résultats de simulation montrent qu’il existe un compromis entre
l’équité de la qualité de service et le débit total du système.

Mots Clés : OFDM, OFDMA, AMC, MIMO, Relay Stations, 3G, WiMax,
802.16e, 802.16j, 602.16m, LTE, Frame Structure, Path Selection, User
Fairness, Cooperative Relay, Relay Placement, Cooperative Relay Secto-
ring, Performance Measurement, Frequency Reuse, Clustering, Dimensio-
ning, Scheduling, Allocation Resource
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Introduction

During the last two decades, the explosion of Internet has changed the way people
communicate with each others, the way they share and exchange information, the way
they conduct business and the way they seek entertainment. Digital Subscriber Line
(DSL) and Cable Modem are the two predominant technologies in the broadband access
market today. These technologies provide up to several megabits of data per second to
each user and continue to increase the data rate to several megabits per second. As a
result, we are not only able to surf Web faster and to download file more quickly but
also to access easily million of multimedia applications such as real time audio, video
streaming, multimedia conferencing and interactive gaming. The advanced broadband
access systems such as fiber to the home (FTTH) and very high data rate digital sub-
scriber loop (VDSL) have paved the way to the delivery of high definition TV (HDTV),
video on demand (VoD) and many other high quality video applications.

Wireless broadband aims to bring the same services with high quality of service
(QoS) in wireless context. There are two fundamental different types of wireless broad-
band services. The first one provides services similar to that of the traditional fixed
line broadband while using wireless as a medium of transmission. This type, so-called
fixed wireless broadband, is low-cost and could be an alternative solution when there
is no traditional fixed line infrastructure installed. The second type of wireless broad-
band is called mobile broadband. This type offers its users additional functionalities of
portability and mobility. Users are still able to connect to the network via base station
(BS) from different locations and the connections are still maintained while the user
are moving at vehicular speed. Wimax (Worldwide Interoperability for Microwave Ac-
cess) is designed for both fixed wireless broadband and mobile broadband. The original
Wimax standard 802.16, published in 2001, described an orthogonal frequency division
multiplexing (OFDM) based point to multipoint (PMP). This standard has been com-
pleted by Wimax 802.16d standard with lower frequency operation, published in 2004.
Wimax 802.16e standard with mobility support has been published in 2005.

The standard Wimax is supposed to provide broadband connectivity services “any
where” with a large coverage. However, many Wimax 802.16d/Wimax Mobile 802.16e
performance measurement researches have shown many loss of connections when there is
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no line of sight between the mobile station and its base station. The spectrum efficiency
is also very low when the user is located at the edge of the cell. One straightforward
solution is to add more base stations. However this reduces the coverage of the cell and
increases the deployment cost. To overcome this problem, the low-cost relay station
with less functionalities than the base station has been proposed to be deployed in the
cell in order to improve the total system throughput and to augment the coverage of
the cell with lower cost.

In this thesis, we aim to contribute to the improvement of some open issues in Wi-
max standard 802.16j to increase the overall performance. This thesis describes the
main contributions of the author’s research studies during the last three years.

Motivation and Objective

In March 2006, a new task group 802.16j was officially established, which aims to im-
prove the IEEE 802.16e standard in order to support multi-hop relay (MMR) operation
in the wireless broadband network. Many researchers participated in the development
of this IEEE 802.16j which was approved in IEEE-SA Standards Board on May 2009
as an amendment to IEEE Std 802.16-2009 and which was published by IEEE on June
2009. The 802.16j standard introduces many basic changes in the MAC layer, in the
frame structure, in the relay modes, etc. to support multi-hop relay. However, there
are still a lot of unanswered issues and many aspects of this standard which could be
improved. The researcher community is continuously addressing these issues to improve
the standard.

There are a number of contributions on different aspects of multi-hop relay such
as frame structure, routing, optimal relay placement, radio resource management, etc.
One particular aspect that has attracted our interest at the beginning of this research,
is the performance of multihop relay systems. In several performance analysis, the au-
thors have shown that the total throughput of the cell increases about 10% to 15%
when the relay station is deployed. How could we explain this improvement ? In fact,
if the user connects to the base station via the relay station, the frame duration must
be divided into two zones. In the first zone, the base station transmits the data to the
relay station, and the second zone is the data transmission from the relay station to
the mobile station. In the second phase, the base station is almost silent because the
frequency band is occupied by the relay station. The time to reach the mobile stations
from the base station and vice versa is twice. Hence the spectrum efficiency is reduced
by a factor of two. According to the studies, the most helpful case of relay station
deployment is when the link between base station and user is really bad and the link
between relay station and mobile station is really good. The end-to-end throughput
from the base station to the mobile station can increase more than 100%. This increase
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is impressive but is only possible for a fraction of users in the cell. So the conclusion
of most articles is that the end-to-end throughput could strongly increase in Wimax
with relay systems but the total throughput of the cell could only increase slightly.
More advanced research proposes a cooperative relay scheme in which the base station
cooperates to the relay station to transmit the data in the second phase. The diversity
gain from two transmissions could enhance the Signal to Interference-plus-Noise Ratio
(SINR) to the user, so a better modulation and coding scheme would be applied to the
mobile station. Even in the cooperative relay model, the base station needs two dura-
tions of times to reach the mobile station in the indirect path. The total throughput
improvement of the cell is not remarkable.

This gives us a motivation to study and to ameliorate the IEEE 802.16j performance.
Our objective is to highlight the considerable enhancement of the total throughput in
multi-hop relay Wimax compared with the single hop Wimax (without relay station).
We aim to propose a model where base stations can transmit data to the other mobile
station in the second phase. To avoid the interference between relay station and base
station, the idea is to use different narrow frequency band to transmit in the second
phase. The combination of frequency reuse technique and sectoring technique allow us
to investigate a new architecture where base station is efficiently used in the second
phase. Using frequency reuse technique may cause a severe interference. Therefore, we
need to study the impact of interferences on the proposition model.

The resource allocation in 802.16j is more complex when the relay station is deployed
because it is not a simple scheduling problem as in Wimax but also a joint routing.
The user’s fairness is very important issue in 802.16j. The last aspect to consider is
the resource allocation. A lot of contributions in radio resource management and user’s
fairness aware has been published. In this study, we aimed to address this problem in
our architecture taking into account not only the total throughput but also the fairness.

Outline

Figure.1 highlights the structure of this thesis, which is organized as follows :

Introduction : This chapter outlines the motivation and the scope of the work.

Chapter 1 : Evolution of broadband wireless

In this chapter, we present an overview of wireless broadband network. Then we
review the Wimax concept, one of the most important wireless broadband technolo-
gies. Finally we present a comparison between WIMAX and others current wireless
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Introduction

Chapter 1: Wireless Broadband 

Evolution

Chapter 2: Wimax 802.16j 

Architecture

Chapter 3: Sectoring in Wimax 

with Relay

Chapter 4: Interference Aware

Chapter 5: Radio Resource 

Management and User's Fairness

Conclusion

Figure 1: Organization of the thesis’ chapters

broadband technologies. This chapter gives the reader a development trend in wireless
broadband.

Chapter 2 : Principle and architecture of Wimax with Relay

In chapter 2, we review several important studies on system performance measure-
ment of Wimax 802.16d and 802.16e networks. These researches highlight the limitation
of the level of QoS (Quality of Service) obtained by a user at the edge of the cell. In
addition, if there is no line of sight (cause of obstacle) between the mobile station and
Wimax base station, the QoS can be completely jeopardized. Then, we present the
Wimax 802.16j concept aiming to extend the network coverage with new low-cost relay
stations in the cell to improve the system performance. This chapter also highlights the
open issues in Wimax deployment

Chapter 3 : Proposition a new architecture of Wimax relay using Secto-
ring

In this chapter, we first review the existing works on Wimax 802.16j system perfor-
mance. We show that there is still a window of enhancement of the total throughput
with a better frequency re-utilisation technique. A new architecture of Wimax using
Sectoring and frequency reuse technique is then presented. The corresponding frame
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structure as well as communication principles for this new architecture are described.
To validate the architecture, we conducted a number of simulations which are presented.

Chapter 4 : Impact of interference on the system performance of Wimax
802.16j with Sectoring

In the previous chapter, we evaluate the system performance in an isolated cell and
we assume that there is no interference from the other transmitters in the neighbour
cell and inside the cell. In this chapter, we improve the performance evaluation of the
architecture by introducing the impact of interference. In addition, the equal amount
of frequency band is allocated to each user in the previous study. This may strongly
reduces the total throughput in some particular deployment of mobile station in the
cell. In this chapter, we also ameliorate the way that total frequency band is shared
among the sectors.

Chapter 5 : Radio Resource management : Algorithm and optimization

In this chapter, we study the RRM in Wimax 802.16j with sectoring and users’
fairness aware. We propose some heuristic resource allocation algorithms in order to
maintain high total throughput and a good users’ fairness index. Finally, we conclude
that there is a trade-off between the user fairness and the total throughput in Wimax
802.16j.

Conclusion : This final chapter provides a summary of the thesis, discusses open
issues and further research directions.
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Chapter 1

Evolution of Wireless
Broadband

1.1 Introduction

Wireless broadband allows users to get access to the high data services/internet wi-
thout any cables, wires or telephone connections. It brings to the user almost the same
data services as those of broadband wire such as web surfing, file downloading, mul-
timedia application video streaming, multimedia conferencing and interactive gaming.
Wireless broadband also intends to support very high data rate services including high-
definition TV (HDTV) and video on demand (VoD). Nowadays, wireless broadband
access are build around Wifi, Wimax and LTE (Long Term Evolution) technologies.

4G

All IP 

convergence

Wifi

802.11

(OFDMA)

LTE & LTE 

Advance 

(OFDMA)

IBust 802.20

HC-SDMA

WiBro; etc.

Wimax

802.16

(OFDMA)

1G

2G

3G

Figure 1.1: All Ip 4G convergence
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Wifi is based on IEE 802.11 standards and is one of the most deployed local area
network (LAN) technologies designed to provide in-building coverage broadband cove-
rage. Wifi standard 802.11n-2009 supports a high peak data rate of 600Mbps. While
wifi employs for fixed and low mobility users with small coverage, Wimax standard
is supposed to cover a large area with both fixed users and users at vehicular speed.
Otherwise, Long Term Evolution is the current development standard of cellular net-
work. The first purpose of cellular network is to provide voice services for mobile users
but from 2.5G, the service providers start to deploy the advanced technologies to pro-
vide data services (multimedia messaging, video calling . . . ). Actually, LTE supports
up to 300Mbitps download speed and is expected to have a peak download speed at
1Gbitps with LTE advanced in a near future. The objective of 4G convergence (Fi-
gure.1.1) is to build a network in which high data rate services are available anytime,
anywhere. Depending on the user context, 4G convergence can adapt to the demand,
the link condition to provide the best service at the best price. In the following of this
chapter, we will first present an overview of the three major standards (Wifi, Wimax
and LTE) and a comparison study. We will then present in details the concept of Wimax
technology in which we will make our further research.

1.2 Evolution of cellular networks to LTE and LTE ad-
vanced

Figure 1.2: Evolution of cellular networks
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1.2 Evolution of cellular networks to LTE and LTE advanced

1.2.1 First Generation of cellular network

1G refers to the first generation of wireless telephone technology. This first generation
of cellular network was initially deployed in the metropolitan area of Tokyo in Japan by
NTT in 1979. After the big success of this deployment, many other countries launched
their proper 1G using different standards including NMT (Nordic Mobile Telephone),
AMPS (Advanced Mobile Phone System), TACS (Total Access Communication Sys-
tem) and JTACS (Japanese Total Access Communication system). 1G is an important
innovation in telecommunication history. Nevertheless, 1G used analogue radio signals
that caused many problem of quality of transmission, security and really low spectrum
efficiency.

1.2.2 Second Generation of cellular network

2G is the short term of second generation wireless telephony technologies. This gene-
ration of cellular network was commercially launched in Europe in 1991. In 2G networks,
there are three more advantages over the first generation networks. First, the phone
conversations are digitally encrypted. This strongly reduced the fraud in 1G using the
analogue systems in which it was possible to have two or more handsets with the same
number. Second, the spectrum efficiency increases significantly in 2G system. Third,
2G start to introduce text messaging services for mobiles.

The main standard of this generation is GSM (Global System for Mobile Commu-
nications) using TDMA-based (Time Division Multiple Access). GSM has become the
world’s fastest–growing communication technology with more than 80% of all subscri-
bers around the world today. The second major standard using CDMA-based is IS-95
(or cdmaOne) covers about 17% of all subscribes globally. CdmaOne is deployed in
Americans and many parts of Asia. The other standards are locally used, such as PDC
(Personal Digital Cellular) only in Japan ; iDEN (Integraded Digital Enhanced Net-
work) provided by Nextel in United States and Telus Mobility in Canada.

1.2.3 2.5G

General packet radio service (GPRS) is a packet oriented mobile data service on
the 2G cellular communication systems. GPRS is expected to profoundly change the
mobile data services that GSM network providers can offer. GPRS combines mobile ac-
cess with Internet protocol–based services, using packet data transmission that makes
highly efficient use of radio spectrum and enables high data speeds. The data speeds
of this technology vary from 14.4 kbps to 115 kbps and offer continuous connection
for mobile phone and computer users. GPRS extends the GSM Packet circuit switched
data capabilities and makes the following services possible :
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• “Always on” internet access
• Multimedia messaging service (MMS)
• Push to talk over cellular (PoC)
• Instant messaging
• Internet applications for smart devices through wireless application protocol (WAP)
• Point to point (P2P) service : inter-networking with the internet
• Point to Multipoint (P2M) service : point to multipoint multicast and point to

multipoint group calls

This is the first important step on the path to 3G. The next step to 3G from GSM is
EDGE (Enhanced Data rates for GSM Evolution). This technology requires no hard-
ware and software changes in GSM core networks. EDGE is considered as 2.75G or pre
3G and can carry a bandwidth up to 236.8 kbps.

1.2.4 3G

3G refers to third generation mobile telecommunication, a generation of standards
for mobile phones and mobile telecommunication services fulfilling the International
Mobile Telecommunications – 2000 (IMT – 2000) specifications by the International
Telecommunication Union. This generation of mobile telecommunication proposes a
higher peak data rates up to several Mbps, a greater system capacity and spectrum
efficiency improvement. 3G provides wide area wireless voice telephone, mobile Inter-
net access, video calls and mobile TV, all in a mobile environment. CDMA, UMTS
(Universal Mobile Telecommunications System) with both FDD and TDD variants,
CDMA2000 and TD-SCDMA (Time Division – Synchronous Code Division Multiple
Access) are the technologies for 3G.

1.2.5 LTE, LTE advanced & 4G requirements

1.2.5.1 LTE

A new cellular standard called 3GPP LTE (Long Term Evolution)[78], which is also
considered as E-UTRA (Evolved UMTS Terrestrial Radio Access), is officially defined
to replace the UMTS third-generation system. LTE has been designed as a future tech-
nology to cope with higher user requirements in data rates. This standard represents
the next step in the evolution of 2G and 3G systems and also in the provisioning of
quality similar to those of the current wire network.

OFDMA (Orthogonal Frequency Division Multiple Access) and SC-FDMA (Single
Carrier Frequency Division Multiple Access) are the two technologies in downlink and
uplink respectively in the standard. The system is required to support peak data rates
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of 100Mbps in downlink and 50Mbps in uplink within a 20MHz bandwidth. This is
equivalent to a spectral efficiency 5 bps/Hz in downlink or 2.5bps/Hz in uplink. Beyond
the high data rates, LTE supports a low latency, plug and play and FDD & TDD in
the same platform to improve the end-user experience. The LTE architecture is simpler
than the previous UTMS architecture and that results in a low operating cost. LTE
also supports the seamless passing to the cell tower with older network technology such
as GSM, CdmaOne, UMTS and CDMA200.

LTE important dates

• In 2004 : The dominant operator NTT of Japan proposed LTE as the international
standard.
• In early 2008, at the Mobile World Congress 2008 in Barcelona, some companies

demonstrated the world’s first LTE test equipments.
• In January 2009, the LTE standard completed the 3GPP Release 8 so that the

hardware designers could start to design chipsets, test equipments and base station.
• On December 14, 2009, the world’s first publicly available LTE service was opened

by TeliaSonera in the two capitals of Stockholm and Oslo.
• On December 1, 2010, Vodafone Germany launched the LTE services for the resi-

dence in the countryside.
• On December 5, 2010, Verizon Wireless started the commercial sale of LTE services

in United States, which supported 5-12Mbps download data rates and 2-5Mbps
upload data rates.

LTE current characteristics

• In a 20MHz of spectrum, the peak data download rates is 326.4Mbps with MIMO
4x4 antennas ; 172.8 Mbps with MIMO 2x2 antennas and 86.4 Mbps with systems
using single antenna.
• The system can support at least 200 active data clients in every 5MHz cell.
• This standard can support frequency band as small as 1.4MHz and as large as

20MHz.
• In the city or urban areas, the high frequency bands (about 2.GHz) are employed to

support high speed mobile clients. The cell coverage is about 1km or even smaller
in this case. However, in rural areas, the 900MHz frequency band could be used to
support a larger size cell up to 5km and 30km with reasonable performance and
up to 100km with acceptable performance.
• High performance mobile data are possible up to 350 km/h, or even up to 500km/h,

depending on the frequency band used.

1.2.5.2 LTE advanced & 4G requirements

4G requirements
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In mid 1990s, the ITU-R (International Telecommunication Union – Radio-communication
Sector) organization defined the IMT-2000 (International Mobile Telecommunication)
specifications for what standard that should be considered as 3G systems. However, this
definition is locally in cellular networks. Many other standards also satisfy the IMT-2000
requirements but they are typically not branded as 3G. That is why ITU-R specified the
IMT-Advanced (International Mobile Telecommunication Advanced) requirements for
4G systems. 4G is not only a definition of fourth generation of cellular network but also
a mobile broadband which provides all IP data services (including voice service) laptop
computers, smartphones and other mobile devices. An ITM-Advanced must fulfil the
following requirements :

• Based on an all IP packet switched network
• Peak data rates up to 1Gbps for low mobility such as nomadic/local wireless access

and up to approximately 100 Mbps for high mobility such as mobile access.
• Peak link spectral efficiency of 15bit/s/Hz in the downlink and 6.75 bit/s/Hz in

the uplink.
• Scalable channel bandwidth between 5 and 20MHz, optionally up to 40MHz.
• Dynamical share and utilize the network resources to support more simultaneous

users per cell.
• Smooth handovers across heterogeneous networks.
• Ability to offer high quality of service for next generation multimedia support.
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Figure 1.3: LTE to LTE advanced

Taking into account the IMT-Advanced standardization process in ITU-R, the pro-
ject for LTE advanced was started in 3GPP from March 2008 built upon to the LTE
release 8. The LTE advanced is the evolution of LTE and that satisfy all the require-
ments from IMT-Advanced as described above. The achievement of LTE Advanced is
based on the following techniques (from 3GPP) :

• Supporting wider bandwidth (Increase the peak data rates and spectrum flexiblity)
– Carrier aggregation to achieve wider bandwidth
– Support spectrum aggregation
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• Advanced MIMO techniques (Increase the peak data rates, capacity, cell-edge user
throughput)
– Extension to up to 8-layer transmission in downlink
– Introduction of single-user MIMO up to 4 layer transmission in uplink
• Coordinated multipoint transmission and reception in downlink and uplink (In-

crease the cell-edge user throughput, coverage and deployment flexibility)
• Further reduction of Delay

– AS/NAS parallel processing for reduction of C-Plane Delay

1.3 Background of Wifi IEEE 802.11

In addition to LTE & LTE advance, Wi-Fi based-systems are also used to provide
wireless broadband services. Wi–fi is not a technical term, even the Wi-Fi Alliance
has often used the phrase Wireless Fidelity in its press release. Wi-Fi belongs to the
IEEE 802.11 standards which permit devices, such as laptop computers, smartphones,
video game consoles and digital audio players to access Internet in WLAN (Wireless
Local Area Networking). This technology is designed to provide high data rate service
in-building broadband coverage. The current Wi-Fi systems based on IEEE 802.11a/g
support a peak physical-layer data rate of 54Mbps and typically provide indoor cove-
rage over a distance of 38 meters (Table.1.1).

802.11 Release Band. Freq. Data rates Modulation Indoor Outdoor
(Ghz) Mbps range(m) range(m)

- Jun 1997 2.4 20 2 DSSS/FHSS 20 100

a Sep 1999 5 20 54 OFDM 35 120

b Sep 1999 2.4 20 11 OFDM/DSSS 38 140

g Jun 2003 2.4 20 54 OFDM 38 140

n Oct 2009 2.4/5 40 600 OFDM 70 250

Table 1.1: 802.11 Network Standards

In the last few years, Wi-Fi has developed very rapidly. Wi-Fi is used by more than
700 million people and there are more than 750 000 hotspots (places with Wi-Fi In-
ternet Connectivity) around the world. Each year, more than 800 million new devices
integrated with Wi-Fi technology are produced. These numbers show the very big suc-
cess of 802.11 standards. Wi-Fi has become the standard for “last feet” broadband
connectivity in homes, offices, and public hotspot locations. Due to the remarkably
high data rates of Wi-Fi, its propose to cover the metropolitan area with Wi-Fi so that
Internet and high data services are provided anywhere. However, even the high power
transmitters, Wi-Fi systems can typically provide a coverage range of only about 300
meter from the access point. Consequently, a lot of access points must be deployed,
which makes it impractical for large-scale. In addition, Wi-Fi systems are not designed
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to support high speed mobility. Nevertheless, WiFi could be deployed to provide broad-
band access to hotzones within a city or community.

802.11n is the last amendment which improves the previous 802.11 standard by ad-
ding MIMO antennas. 802.11n, operated on both 2.4GHz and 5GHz bands, provides
a very high peak data rate up to 600Mbps with system of 4x4 MIMO. A new stan-
dard 802.11ac is currently under development in order to satisfy the ITM-Advanced
requirement. This is accomplished by extending the air interface concepts embraced in
802.16n with wider RF bandwidths (up to 160MHz), high density modulations (up to
256 QAM) and 8x8 MIMO systems. This standard finalization is anticipated in late
2012.

1.4 Background of Wimax IEEE 802.16

Wimax (Worldwide Interoperability for Microwave Access) is based on WLAN (Wi-
reless Metropolitan Area Networking) standard developed by the IEEE 802.16. In 1998,
the 802.16 group was formed and started to develop an air-interface standard for wire-
less broadband for a metropolitan coverage. Their first purpose is the development of
a LOS (Line of Sight) based point-to-multipoint wireless broadband at high frequency
bands from 10GHz to 66Ghz. In December 2001, the group accomplished the original
802.16 standard which was based on a TDM (Time Division Multiplexing) technology
on MAC layer with a single carrier on physical layer.

After the first result, the IEEE 802.16 groups continued to develop a new standard
that supported NLOS (Non Line of Sight) services in the smaller frequency band from
2GHz to 11GHz. In 2003, 802.16a, an amendment to the standard, was completed. The
key technique of this amendment is the using of both OFDM and OFDMA to support
NLOS applications. Further revisions resulted in a new standard in 2004, called IEEE
802.16-2004, which replaced the previous versions and formed the basis for the first
Wimax solution. The IEEE 802.16 2004 focused only on the fixed location users and is
usually referred to the fixed Wimax.

In December 2005, the IEEE 802.16e-2005, an amendment to the standard 802.16-
2004 with mobility support, was completed and approved by IEEE. This standard forms
the basis for the Wimax solution for nomadic and mobile applications and is considered
to be mobile Wimax. IEEE 802.16j-2009 is the current amendment of Wimax that adds
the relay station support and an improvement in data rates. The peak data rates of
Wimax Release 1.0 (802.16e) are about 45Mbps in the downlink and 13Mbps in the
uplink. In Wimax Release 1.5 (802.16j-2009), the peak data rate is up to 289Mbps
in downlink and up to 69Mbps in downlink. The next amendment 802.16m[3][46], a
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potential candidate for 4G networks, is expected to be completed in 2012. This standard
is supposed to satisfy all the requirement of ITM-Advanced. A summary of Wimax
IEEE 802.16 standard is presented in the Table.1.2 below :

802.16 802.16-2004 802.16e-2005 802.16j-2009 802.16m

Status Completed
2001

Completed
2004

Completed
2005

Completed
2009

In Progress

Frequency
band

10Ghz-66GHz 2Ghz-11Ghz 2-11Ghz for
fixed ; 2-6Ghz
for mobile
application

2-11Ghz for
fixed ; 2-6Ghz
for mobile
application

2-11Ghz for
fixed ; 2-6Ghz
for mobile
application

Applications Fixed LOS Fixed NLOS Fixe and Mo-
bile NLOS

Fixe and Mo-
bile NLOS

Fixe and Mo-
bile NLOS

MAC archi-
tecture

Point-to-
Multipoint

Point-to-
Multipoint

Point-to-
Multipoint,
Mesh

Point-to-
Multipoint,
Mesh, Relay

Point-to-
Multipoint,
Mesh, Relay

Transmission
Scheme

Single carrier Single carrier,
256 OFDM or
2048 OFDM

Single carrier,
256 OFDM
or scalable
OFDM with
128, 512,
1024 or 2048
subcarriers

Single carrier,
256 OFDM
or scalable
OFDM with
128, 512,
1024 or 2048
subcarriers

Single carrier,
256 OFDM
or scalable
OFDM with
128, 512,
1024 or 2048
subcarriers

Modulation QPSK up to
64QAM

QPSK up to
64QAM

QPSK up to
64QAM

QPSK up to
64QAM

QPSK up to
128QAM or
256QAM

Peak down-
link data
rate

46Mbps
with 10MHz,
DL :UL ratio
3 :1

46Mbps
with 10MHz,
DL :UL ratio
3 :1

46Mbps
with 10MHz,
DL :UL ratio
3 :1

289Mbps
with 20MHz,
DL :UL ratio
3 :1, 4x4
MIMO

More than
1Gpbs

Multiplexing Burst TDM
TDMA

Bust TDM
TDMA
OFDMA

Bust TDM
TDMA
OFDMA

Bust TDM
TDMA
OFDMA

Bust TDM
TDMA
OFDMA

Table 1.2: Basic data on IEEE 802.16 standard

1.5 Wimax vs LTE and Wifi

1.5.1 Wimax vs Wifi

Due to their different purposes, Wimax and Wi-Fi have different coverages. Wimax
is a long range system that covers many kilometers and uses licensed or unlicensed
spectrum to deliver connection to a network, in most case the internet, while Wi – Fi
uses unlicensed spectrum to provide access to a local network. Wi-Fi is an older wireless
broadband technology which has had a great success. That is why Wi-Fi is very popular
in end user devices and people used to propose to cover the whole metropolitan with
hotspots Wi-Fi. However, due to the small coverage and the lack of mobility support,
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this idea could not be real. Wimax has been recently deployed and has much fewer end
user devices.

From a technical point, Wimax and Wifi have different quality of service (QoS)
mechanisms. In Wimax, the QoS is based on the connections between the base station
and the user device. The QoS of each connection is decided by a specific scheduling
algorithm. Wi-fi uses contention access in which all data subscribes that demand data
service through a wireless access point (AP) are competing for the AP’s attention on a
random interrupting basis. This can cause subscriber stations distant from the AP to
be repeatedly interrupted by closer stations, greatly reducing their throughput. Both
Wi-Fi and Wimax define Peer to Peer and ad hoc networks, where an end-user could
communicate to other users using an access point or a base station. However, Wi-Fi also
supports direct ad hoc or peer to peer networking between end user devices without
any access point while Wimax end user devices must be in the range of the base station.
Table 1.3 presents a summary comparison between Wimax IEEE 802.16j-2009 and Wifi
IEEE 802.11n-2009 :

IEEE 802.16j-2009 Wifi IEEE 802.11n-2009

Peak DL data rate Up to 289Mbps MIMO 4x4 20MHz 3 :1 Up to 600Mbps

Peak UP data rate Up to 69Mbps SIMO 1x2 20MHz 3 :1 Up to 600Mbps

Bandwidth 3.5MHz to 20MHz 20/40MHz

Duplexing TDD TDD

Multiplexing TDMA/OFDMA CSMA-CA

Coverage Up to 3.5km Up to 300m

Mobility High Low

Table 1.3: Comparison between Wimax and Wifi

Although Wi-Fi and Wimax are designed for different situations, they are comple-
mentary. The idea of a hybrid system which combines Wimax and Wi-Fi to provide
a seamless and a high data rate anywhere is proposed in several research studies. An
end user device can connect to Wimax in outdoor metropolitans with high data rate.
When this user device enters the indoor location, due to the weak link to Wimax, the
user device can smoothly switch to Wi-Fi to have a better connection to the network.
The convergence of these two standards is part of the next generation network of ITU-R

1.5.2 LTE vs Wimax

LTE and Wimax are both accepted as candidates to meet ITM advanced perfor-
mance goals (Figure.1.4). From the summary of the evolution to LTE, LTE advanced
in cellular network and the background of Wimax (in the sections above). We may
conclude that Wimax (Release 1.5) and LTE have a comparable performance. They
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both use OFMDA in downlink with higher modulation and coding. The peak data
rates are similar for the same modulation and code rate in these two standards. They
both support FDD and TDD with channel bandwidth up to 20MHz. A high order
MIMO solution is employed for LTE and Wimax (Release 1.5). Finally, they both offer
a reduced latency. In the very near future, LTE advanced and Wimax Release 2 will
also provide the same performance.
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Figure 1.4: 3GPP and Wimax Timeline

The differences between these two standards comes from the cellular network provi-
ders and the hierarchy of cellular networks. Despite the earlier development of Wimax
802.16 technology, mobile operators are less likely to adopt Wimax and more likely
to continue along the path of 3G evolution for higher data rate capabilities. This is
because of the significant cost of deploying the new Wimax systems. Thanks to the
support of the cellular network providers, LTE seems to be faster developed than Wi-
max in the last few years. Nevertheless, the most important advantage of Wimax may
be the potential for lower cost owing to its lightweight IP architecture. Using an IP
architecture which simplifies high hierarchy and complex in core cellular networks, re-
duces the operating expenses. The mobile operators benefit more in the short term but
less in the long term if they employ LTE rather than Wimax.
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However, in 4G convergence concept – IMT Advanced requirement, the handover
between different technologies needs to be seamless. Clients can choose the best service
provider depending on their demands. These two standards will parallelly exist and
develop to provide the best services to the user.

1.6 Wimax Physical Layer

Wimax physical layer is based on orthogonal frequency division multiplexing (OFDM)
which is the transmission scheme to enable high-speed data, video and multimedia com-
munications. Nowadays, OFDM is used by a variety of commercial broadband systems,
including DSL, Wi-Fi and LTE besides WiMAX. This transmission scheme is very effi-
cient for high data rate applications in NLOS or multipath radio environment. In this
section, we present the basics of OFDM and provide an overview of the WiMax physical
layer.

1.6.1 Orthogonal Frequency Division Multiplexing

OFDM is a combination of modulation and multiplexing where modulation is a
mapping of information on changes in the carrier phase, frequency or amplitude and
multiplexing is a method of sharing a bandwidth with other independent data channels.
The idea of OFDM is to divide a given high bit rate data stream into several parallel
lower bit rate stream (Figure.1.5) and modulating each stream on separate carriers
(usually called subcarriers). OFDM is a special case of Frequency Multiplexing. If we
consider FDM as the water flow from a faucet, so OFDM is the water flow from a
shower. If we now put a thumb on the faucet hole, we can stop the water flow but we
cannot do the same for the shower. This concept is the same as OFDM. When the high
bit rate data stream is divided to several lower bit rate streams, the interference affects
only some of the lower bit-rate streams but not all of the streams. That is why OFDM
limits the risk of data lost due to interference.

OFDM belongs to modulation schemes in which the inter-symbol interference is mi-
nimized or eliminated by making the symbol time large enough to avoid the delay
spread of signal. The symbol duration is inversely proportional to the data rate, the-
refore splitting the data stream to many smaller data stream augments the symbol
duration of each stream, and thereby the delay spread is only a fraction of the symbol
duration. In addition the subcarriers are all orthogonal to one another in OFDM, so
that the inter-carrier interference is eliminated. Thanks to Fourrier Transformation, it
is very easy to divide the channel signal into orthogonal subcarriers by using IFFT
(inverse Fast Fourrier Transformation) and FFT in the transmitter and the receiver
respectively.

The guard time intervals are also used between the OFDM symbols to completely
eliminate ISI (Inter Symbol Interference). Nevertheless, adding the guard intervals de-
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1.6 Wimax Physical Layer

Figure 1.5: Orthogonal Frequency Diviosion Multiplexing System (from [44])

creases the spectrum efficiency and increase the power wastage. A large FFT size would
increase the symbol time and reduce the guard intervals. However, that makes the sys-
tem more vulnerable to inter carrier interference caused by Doppler spread in mobile
applications. The size of the FFT in OFDM design should be chosen to balance the
protection against Doppler effect and system efficiency.

1.6.2 OFDM in Wimax

The implementations of OFDM in Wimax are slightly different for fixed Wimax
and mobile Wimax. While Fixe Wimax employs only 256 FFT-based OFDM physical
layer, mobile Wimax uses a scalable OFDMA-based physical layer in which the FFT
sizes vary from 128 to 2048. Some OFDM parameters in Wimax are presented in table
1.4

In Fixed Wimax OFDM-PHY, FFT size is fixed at 256 in which 192 subcarriers
are used for carrying data. For the channel estimation and synchronization, 8 pilot
subcarriers are used. The other subcarriers are used as guard band subcarriers. Since
the FFT is fixed, the subcarrier spacing varies with the channel bandwidth. Thereby,
if larger bandwidths are used, the subcarrier spacing augments and the symbol time is
reduced. The guard time must increases to overcome delay spread causing of symbol
time decreasing. In Wimax, a wide range of guard times allows system designers to
make appropriate trade-offs between spectrum efficiency and delay spread robustness.
A 25% guard time can be used for a high delay spread. This guard time allows delay
spreads up to 16µs when operating in a 3.5MHz channel and up to 8µs when operating
in a 7MHz channel.

In Mobile Wimax OFDMA-PHY, the FFT size varies from 128 to 2048. In this
case, the subcarrier spacing is always 10.94 kHz because when the available bandwidth
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Parameters Fixed Mobile Wimax
Wimax

FFT sizes 256 128 512 1024 2048

Number of used data subcarriers 192 72 360 720 1440

Number of pilot subcarriers 8 12 60 120 240

Number of null/guardband subcarriers 56 44 92 184 368

Cyclic prefix or guard time(Tg/Tb) 1/32, 1/16, 1/8, 1/4

Channel Bandwidth (MHz) 3.5 1.25 5 10 20

Subcarrier frequency spacing (kHz) 15.625 10.94

Useful symbol time (µs) 64 91.4

Guard time assuming 12.5% (µs) 8 11.4

OFDM symbol duration (µs) 72 102.94

Number of OFDM symbols in 5 ms frame 69 48

Table 1.4: OFDM parameters in Fixed Wimax and Mobile Wimax

augments, the FFT size is also increased. This keeps the OFDM symbol duration, which
is the basic resource unit, fixed and therefore makes scaling have minimal impact on
higher layers. The design cost is also low in a scalable system. The subcarrier spacing
of 10.94 kHz is chosen as a good balance between Doppler effect and system efficiency
in both fixed and mobile environments. This subcarrier spacing can support delay-
spread values up to 20 µs and vehicular mobility up to 125 kmph when operating in
3.5GHz.

1.6.3 Subchannelization OFDMA

The available subcarriers may be divided into several groups of subcarriers called
subchannels. In Fixed Wimax, the subchannelization is allowed only in the uplink. The
standard defines 16 subchannels, where 1, 2, 4, 8 or all sets can be allocated to a sub-
scriber station (SS) in uplink. In Mobile Wimax, OFDMA allows subchannelization in
both the uplink and the downlink and here, subchannels form the minimum frequency
resource-unit allocated by the base station. Therefore, different subchannels may be
allocated to different users. This type of multi-access scheme is called orthogonal fre-
quency division multiple access (OFDMA).

In Wimax, contiguous subcarriers and subcarriers pseudo-randomly distributed are
two ways to form subchannels. The distributed subcarriers provide more frequency
diversity, which is very useful for mobile applications. The subchannelization scheme
based on contiguous subcarriers is called band adaptive modulation and coding (AMC).
Band AMC permits system designers to exploit multiuser diversity and subchannels
are assigned to users according to their frequency response. In general, contiguous
subchannels are more suitable for fixed and low mobility applications.
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1.6 Wimax Physical Layer

1.6.4 Wimax Frame Structure

The minimum time frequency resource that can be allocated to a given link in Wimax
system is called slot. Depending on the particular subchannelization scheme, each slot
is constituted by one or more OFDM symbols. A contiguous series of slots allocated to
a given user creates the user’s data region. Scheduling algorithms could allocate data
regions to different users, according to their demand, QoS requirement and channel
conditions.

Figure 7: WiMAX OFDMA Frame Structure
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Figure 1.6: Frame structure in Wimax (from source[24])

The OFDMA and OFDM frame operating in TDD mode is illustrated in Figure.1.6.
The frame is divided into a downlink subframe and an uplink subframe which are sepa-
rated by a small guard interval. The downlink-to-uplink subframe ration can vary from
3 :1 to 1 :1 to support different traffic profiles. Some of the fixed Wimax still use FDD.
Nevertheless, most Wimax deployments use TDD mode because it is more flexible in
sharing bandwidth between uplink and downlink and it has a simpler transceiver design.

Wimax is also quite flexible in terms of how multiple users and packets are mul-
tiplexed on a single frame. Many bursts of different sizes and type carrying data for
several users can be allocated in the same downlink frame. The frame size is also va-
riable on a frame by frame basis from 2 ms to 20 ms but the current Wimax equipments
only support 5 ms frames.
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1. EVOLUTION OF WIRELESS BROADBAND

1.6.5 Adaptive Modulation and Coding Rate in Wimax

In Wimax, different modulation and coding schemes can be allocated to each burst
in a frame and can be changed frame by frame depending on the channel conditions.
The base station can estimate the uplink channel quality according to the received
signal quality. For the downlink quality, the mobile station can send a quality feedback
indicator to the base station. Taking into account the channel quality of each user’s
uplink and downlink, the base station scheduler can decide a modulation and coding
scheme on each link to maximize the throughput. Adaptive modulation and coding can
significantly enhance the total capacity of the system.

Channel bandwidth 3.5MHz 1.25MHz 5MHz 10MHz

PHY mode 256OFDM 128OFDMA 512OFDMA 1024OFDMA

Oversampling 8/7 28/25 28/25 28/25

Modulation and PHY-Layer Date Rate (kbps)
Coding Rate

DL UL DL UL DL UL DL UL

BPSK 1/2 946 326 Not applicable

QPSK 1/2 1882 653 504 154 2520 653 5040 1344

QPSK 3/4 2822 979 756 230 3780 979 7560 2016

16QAM 1/2 3763 1306 1008 307 5040 1306 10080 2688

16QAM 3/4 5645 1958 1512 461 7560 1958 15120 4032

64QAM 1/2 5645 1958 1512 461 7560 1958 15120 4032

64QAM 2/3 7526 2611 2016 614 10080 2611 20160 5376

64QAM 3/4 8467 2938 2267 691 11340 2938 22680 6048

64QAM 5/6 9408 3264 2520 768 12600 3264 25200 6720

Table 1.5: PHY-layer Data Rate with various modulation and coding

The current modulation and coding scheme employed by both fixed Wimax and
mobile Wimax are BPSK, QPSK, 16QAM and 64QAM. In the next amendment IEEE
802.16m, Wimax may support higher modulation and coding schemes such as 128QAM
and 256QAM to provide better spectrum efficiency. In fact, if the channel quality bet-
ween a mobile station and base station is good, the base station will employs the mo-
dulation and coding schemes with high data rates such as 64QAM, 16QAM to transmit
data to this user and vice versa.The standard optionally supports turbo codes and low-
density parity check (LDPS) codes that closely approach the theoretical limits imposed
by Shannon’s theorem. In Table1.5, we present different achieved PHY-layer data rates
with various modulation and coding rates.
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1.7 Summary

In the first part of this chapter, we presented the evolution of wireless broadband via
an overview of three remarkable current standards including Wimax, Wi-Fi and LTE.
Despite their different purposes and their different advantages, they are complemen-
tary to provide high data rate services to both fixed and mobile devices. However they
are now not compatible with each other and in addition, they have not yet met the
high data rate requirements of ITM advanced. In the near future, we expect to see the
convergence of these standards and also the other standards in 4G where all standards
are compatible and provide a very high data rate services in wireless context. In the
second part of this chapter, we gave an overview of Wimax physical layer where many
salient features have been presented.

In the next chapter, we will present the measurement analysis of Wimax performance.
The analysis shows the rational behind the new amendment IEEE 802.16j where the
low cost relays deployment in the cell is specified in order to improve the QoS and
the system performance. Afterwards, the we introduce the architecture of Wimax with
relays and the essential modifications in this standard.
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Chapter 2

Wimax Network Quality of
Service measurement and
Rational of Evolution towards
Wimax with Relay

2.1 Introduction

In the previous chapter, we presented the evolution of wireless broadband techno-
logies in which the ITU-R specified the IMT-Advanced requirements for 4G system.
It’s a mobile broadband that provides all IP high data rate services to mobile devices.
We also gave an overview of Wimax which is an important candidate of 4G systems.
In this chapter, we will first present QoS measurement studies in Wimax without re-
lay. Particularly, the measurement results on an operational Wimax network is given
in LOS and NLOS cases. Then, we introduce the amendment IEEE 802.16j Wimax
with relay which aims to improve the performance of Wimax. The principles and the
usage scenarios of this standard are also presented. Finally, the we specify the technical
modifications in Wimax with relay system.

2.2 Wimax Quality of Service measurement

2.2.1 Related Work

S As the majority of wireless communication systems, the exact coverage of these
networks and the corresponding QoS are very difficult to predict, especially in none free
space. Thanks to OFDMA, WiMax can adapt the transmission over each bandwidth
sub-channel in order to compensate transmission perturbations such as anisotropic at-
tenuation and sometimes multipath transmission. However, this adaptation requires a
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small but non negligible delay in order to reconfigure and, if the path characteristics
changes during this delay, the system cannot reach a stationary state. Moreover, it is
impossible to adjust the power of the channels in some situations due to the dynamic
property of the obstacles between the transmitter and the receiver (e.g. trees). In order
to evaluate and understand the real performance of WiMax, we will present the results
of several campaign of measurements of an operational network conducted by different
researchers.

Although there is few performance studies dealing with measurements obtained from
real Wimax networks, some interesting information and publication can be found in
the literature. In [68], the paper describes a real Wimax testbed settled up to transmit
videos. In [21], the authors show that it is possible to achieve up to 1.8Mbps data rate
with Wimax up to several kilometers between the base station and the mobile station.
Authors in [79] succeed in achieving seamless hand over of VoIP sessions within a hy-
brid Wi-Fi and Wimax network. In [48], the authors discover that the round trip delay
can be very large when using TCP over Wimax. However, they can setup seamless
communications with a moving car in a city. In [23], large throughput variations are
noticed in NLOS channel conditions in an urban street-level environment due to the
existence of moving vehicles in the radio path. The authors in [18] noticed that there
are few correlations between the distance and the performance, but in contrary, there
are many correlations between the performance and the carrier to interference noise
ratio (CINR). They have shown that an elevation of the base station increases the
performance but not the coverage until a certain height above which the coverage is
also improved. The measurement in [100] shows that it is possible to have satisfactory
throughput up to about 10 kilometers, but the SINR is very sensitive to small verti-
cal or horizontal changes (even as small as 1cm). In [94], the authors have observed a
street level range up from 300 to 2100 meters in urban environment, depending on the
emission power. They also compared their measurements with simulation and noticed
a good correlation between the computational results and the empirical results.

It appears from these results that the diversity of parameters that influence communi-
cation and make it difficult to obtain general results and much more experimental work
is necessary. The following section will present the result of measurements performed on
an operational Wimax network provided by a French operator. Several tests have been
conducted in different operating conditions (weather, distance, LOS or NLOS, influence
of metal, speed, etc.) to better understand the performance of Wimax system[19].

2.2.2 Measurement results

This section will present the results of the measurement campaign performed by our
colleague and published in “Computer Communications” journal in November 2010.
This work has been conducted by Doctor Pierre Delannoy in collaboration with Hai
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Dang Nguyen, Michel Marot, Nazim Agoulmine and Monique Becker. After OFDMA
correction, the attenuation caused by the obstacles and their impact on QoS is esti-
mated. For this purpose, a free path loss model is used and serves to calibrate the
system at different places. The obtained results are then compared to a non-free path
loss model using the prediction for the same distance.

2.2.2.1 Measurement results in LOS

In line of sight (LOS) cases (no obstacles between the transmitter and the receiver),
all of our measurements show that the transmission is very good at distances up to
3.2km. The average transmission rate is about 100kbytes/s for FTP file transfer or du-
ring IMAP mail fetching (both applications use TCP). The SMTP mail emission rate
is about half due to the asymmetric resource allocation between uplink and downlink
channels. Video streaming is possible up to 800kb/s. Therefore, it is possible to preview
in real time via the network any videos encoded with an H.264 codec. The perception
of the video is as good as with a wire xDSL line. In this network the resource allocation
is not managed for the throughputs exceeding 2 Mb/s. That is why it is not possible
to conclude on the average throughput of the entire network. However, from the mea-
surement results, we could see that less bandwidth is used when the user is close to the
BS because the system uses a stronger modulation and coding scheme.

Indeed, the measurements show that if the user is close to the BS (up to 1,2km),
the best modulation and coding scheme (64QAM1/2) is used. When the user is far
away from BS, the stronger modulation and coding scheme (QPSK1/2) is used. The
BS operates on two modulation and coding 64QAM1/2 and QPSK1/2. Therefore the
theoretical coverage radius is 3.1 km. The measurement coverage radius is about 3.2 km.
Moreover, the modulation and coding scheme for the user depend only on the distance
because there is no adding SNR from obstacles. The measurement result is almost the
same in the theoretical case of free-space pathloss model as in the field campaign.

2.2.2.2 Measurment results in NLOS

In this section, the result of measurement in the case of NLOS are presented. First
of all, the following highlights the different type of materials that can be a source of
attenuation.

• In city
Three different tests were made in a city to evaluate the impact of an urban en-
vironment on WiMax transmissions. As the obstacles are fixed (such as building,
walls, etc), OFDMA can better correct with multipath than with variable atte-
nuations. However, it was noticed an extra attenuation of 9 to 12 dB as compared
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to free-space path loss.

• Indoor
Indoor, the extra attenuation is between 12 to 15 dB. It is possible to compensate
this attenuation using a +15 dB gain antenna. Indeed, in some situations, without
a high-gain antenna, the transmission is still possible when the base station confi-
gures to use a stronger modulation and coding scheme.

• Metal
Metal can cause an extra attenuation of more than 30 dB. For example, it is almost
impossible to communicate through iron or through an iron grid with spaces bet-
ween the edges of the same order of magnitude as the wavelength. Three different
performed tests highlighted that.

• Glace
A 2.5 centimeter width glass causes an extra attenuation of about 7.5 dB, as
compared to free path loss. With a standard half-centimeter thick glass, the atte-
nuation is between 1.5 and 2 dB.

Relief and nature obstacle

• Relief
Relief attenuation can sometimes be compensated with OFDM and multipath.
Thus, a transmission is possible between two points that are separated by a topo-
graphical profile such as the one experimented and shown in Figure.2.1. Despite
the fact that the transmitter cannot be seen from the receiver, communication is
still possible.

Figure 2.1: Relief profile allowing WiMax transmission

As the transmission path has constant properties, the impact on QoS is limited and
the extra attenuation is less than 3dB. At less than 2 km from the transmitter,
the receiver can correctly receive a video stream encoded with an H.264 codec.
However, at more than 4 km from the BS, there are sometimes disconnections
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exponentially distributed with an average of about 20 minutes. For elastic appli-
cations such as FTP, IMAP and SMTP, the average transmission rate is reduced
by less than 15%.

Figure 2.2: Relief profile not allowing WiMax transmissions

In the steep-sided valley whose profile is represented in Figure.2.2, it was verified
that it is not possible for a receptor in the valley to connect to a BS with an omni
directional antenna installed on the top of the hill (see Figure.2.2).

• Vegetation
Vegetation generally generates fast and random attenuations which are very diffi-
cult to predict. The path becomes anisotropic. Several performed tests have shown
that the signal strength can vary by +/- 9 dB, depending on the season. In spring
time, it is sometimes not possible to connect at all to a BS located only at 300 m
distance, especially when the weather is windy and thus even if there is no other
obstacles than vegetation. This is mainly due to the multi-path and frequency-
dependent attenuation which quickly change with the movement of the leaves. The
OFDMA is not fast enough to compensate the random and frequency-dependent
changes of the path loss.

• Impact of weather conditions
As many wireless transmission systems, WiMax is sensitive to weather conditions
because moisture has an impact on the propagation of the waves. Since these per-
turbations are not constant and predictable, OFDMA cannot always compensate
them.

Two tests were made at the same place, under different weather conditions. Du-
ring raining conditions, an extra attenuation of about 6 dB was observed at 1800
meters from the BS. At 3000 meters of the BS, the attenuation was about 10 dB
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which sometimes makes the transmission impossible or very difficult : frequent dis-
connections, no possibility of receiving a video streaming or of video-conferencing
and a very low bit rate transfer. In very dry and cold weather, the reduced thermal
noise and water attenuation can offer an extra signal quality of 2 dB comparing
to the reference model.

2.3 Principle and Architecture of Wimax Relay

2.3.1 Introduction

The measurement studies on Wimax performance in the previous section and also
in the literature have shown the high level of attenuation in many situations. This
extra attenuation can varies from 3 up to 15dB. Consequently, a strong modulation
and coding (such as BPSK, QPSK1/2) must be employed, this significantly reduces
the capacity and the spectrum efficiency of the Wimax system. In addition, connection
to the BS cannot be always established due to geographical factors, users’ locations,
obstacles, etc between users and BS. Therefore the services cannot be provided “anyw-
here”, “anytime” as defined in the objectives of Wimax standard.

The most pragmatic and also the most widely used strategy is to increase the number
of BSs. However, this solution enhances the users’ QoS, it will also increase interferences
and thus decrease the cell coverage. Moreover, the deployment cost of BSs is also high.
The IEEE 802.16j amendment proposes to insert low-cost relay stations into the cell to
aid the communications between BS to mobile station (MS) and vice versa. Such net-
works are also called multihop systems and are the focus of recent researches. In March
2006, the IEEE 802.16j task group was formed and the first technical contribution was
presented in November of the same year. After two years, the group completed the
draft 9 and this draft was ratified by the sponsor members to be submitted to IEEE
Standards Association (SA) in late 2008. The amendment was approved by IEEE SA
in March 2009.

2.3.2 The goals of IEEE 802.16j

IEEE 802.16j does not aim to provide a new standard that includes multihop ca-
pability but to expand previous single-hop 802.16 standards with multihop capability
support. This new amendment is fully compatible with IEEE 802.16e devices and also
satisfies the requirements for several levels of relay functionality. In this amendment, the
relays do not have the same functionality to cope with different users scenario. Service
providers may deploy a new relay into the cell to extend the coverage area or one client
may buy a relay equipment and install it in his house to receive a better signal. We
present here four main relay usage scenarios for IEEE 802.16j deployment[22].
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2.3.2.1 Fixed Infrastructure

Shadow of buildings 

RS Multihop Relay 

Valley between 

buildings 

Underground 

Coverage extension 

at cell edge 

Penetration into 

inside room 

 

 

 

 

 

  

Mobile access 

RS 

RS RS 

RS 

BS 

Coverage extension 

to isolated area 

Figure 2.3: Fixed Infrastructure Usage Model

Fixed relay infrastructure scenario is illustrated in Figure2.3. In this usage scenario,
fixed relay stations (RSs) are deployed within a cell by a service provider. The first
purpose of this deployment is to extend the network coverage to areas that are beyond
the boundaries of the cell coverage. In case there is NLOS of the link BS - MS or
no connection between the BS and the MS, the service provider can deploy the RS
antennas to obtain the LOS channels in both BS – RS link and RS – MS link. The MS
will connect to the BS via the RS and by this way, the user’s throughput and also total
cell throughput are increased. Topologies can include communication paths that range
from 2 hops to multiple hops.

2.3.2.2 In Building Coverage

The measurement study presented in the first part of this chapter have shown the
existence of a high extra attenuation (about 10dB) when the MS is located inside the
building. Consequently, without the RS, the BS often performs poor services to the
MS. Relay stations can be deployed in the building by both the end user or the service
provider in order to provide better coverage and higher throughput in a building, tunnel
and underground. Both fixed and nomadic relay stations can be deployed outside or
inside the building. In addition, the RSs may operate on battery power due to their low
complexity. Figure2.4 shows an example of both fixed and nomadic relay usage.

2.3.2.3 Temporary Coverage

In some situations such as concert or sport event in which a large group of people
is located in a small area, the BS and the fixed RSs can not provide enough capacity
or coverage. The network provider can temporarily deploy nomadic RSs to increase
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Figure 2.4: In Building Relay Usage Model
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Figure 2.5: Example of Temporary Coverage

capacity or coverage in these locations. In these situations, the nomadic RSs will be
part of the network during the event and the nomadic RSs could be removed when
the event has ended. The temporary RSs can be also deployed in emergency cases
or disaster recovery cases where the fixed infrastructure may have been destroyed.
Figure2.5 presents some examples of temporary RSs deployment.

2.3.2.4 Coverage On Mobile Vehicles

Service providers may want to provide good communication services to mobile who
travelling together in a vehicle such as a bus or a train. In this case a mobile RS
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Figure 2.6: Example of Coverage on Mobile Vehicle

is mounted on the vehicle to provide a fixed access link to mobile devices inside the
vehicle. The RSs must be enough powerful to be able to allocate resources to all of the
users in the vehicle and also to have a good connection with the BS even during high
mobility. These RSs will enter the network during the vehicle mobility as illustrated in
figure2.6.

2.3.3 Technical overview

In the first chapter, we have presented Wimax standard without relay stations, here
we will highlight the improvements introduced by the amendment 802.16j vs the pre-
vious standards. The specific aspects of these improvement are described in this section,
i.e relay modes, the modification on frame structure of PHY layer and the tunneling &
the scheduling at medium access control (MAC) layer.

2.3.3.1 Relay Modes

IEEE 802.16j introduces two different relay modes of operation. In the amendment
of the standard [75], the definitions are the followings :

• Transparent RS “ A relay station that does not transmit DL frame-start preamble,
FCH, MAP message(s) or channel descriptor (DCD/UCD) messages.”
• Non-transparent RS “ A relay station that transmits DL frame-start preamble,

FCH, MAP message(s) and channel descriptor (DCD/UCD) messages.”
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More precisely in the transparent mode operation, RS receives messages from BS
and then sends these messages to MS without any change and no buffering. On the
contrary, in non transparent mode operation, RS receives messages from BS then may
decode these messages, create its proper mapping and then send these messages to MS.
Transparent RSs, are a low cost communication, can be used to increase the system
capacity and may be deployed for two hops system only. Non transparent RSs are
more complex and higher cost. Its can be deployed to enhance the system capacity, the
cell coverage and may be able to support more than two hops systems. In addition,
transparent RSs can only be used in centralized systems however non transparent RSs
can be used in both centralized or distributed systems.

2.3.3.2 PHY frame structure modifications

The frame structure of IEEE 802.16 is designed for single hop in PHY layer, therefore
modifications of the frame structure were mandatory to support relay network architec-
tures. In single hop frame structure, the frame is divided into downlink subframe and
uplink subframe. In the amendment 802.16j, these subframes are further divided into
“access zone” and “relay zone” to support BS-RS communication and RS-MS commu-
nication. In addition, the RS frame structure has been defined to be compatible with
BS frame structure. Figure.2.7 and Figure2.8 illustrate the frame structure of BS and
RS in transparent and non transparent relay modes.

In transparent relay mode illustrated in Figure.2.7, the BS frame structure begins
with Preamble, Frame Control Header (FCH) and DL-MAP and is followed by down-
link “access zone”, downlink “Relay zone” and uplink “access zone”. In downlink access
zone, BS transmits data to MSs which is directly served and to subordinate RSs. Then
in downlink relay zone, BS is silent or cooperative to transmit to MSs in the subchan-
nels that are used by RSs. The procedure is inverse in BS uplink frame structure. In
RS frame structure, RS receives data from BS in the downlink access zone and then
forwards data to MSs without any change in the downlink relay zone.

In non transparent relay mode illustrated in Figure.2.8, the frame structure relay
is more complex with its proper preamble, FCH and DL MAP. In addition, the relay
zones of both BS frame structure and RS frame structure may be divided into several
subzones to support more than two hops relay.

2.3.3.3 MAC modifications

Tunneling : In the point to multi point communication in IEEE 802.16e, each MS
connects separately and directly to the BS. If the same scheme is applied to IEEE
802.16j, each connection via RSs or not via RSs to the MS is separated and the mes-
sage header will contain all the RSs MAC address of the connection in the header.
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Figure 2.7: An example of configuration for a transparent relay frame structure in IEEE
802.16j- 2009 [75]

Therefore, the risk of overhead signaling is considered due to RS deployment. Conse-
quently, the efficiency spectrum and the capacity of the system may be reduced. In [92],
the author proposes modifications in medium access control of relay station to aggre-
gate traffics where possible called tunneling. Instead of separating all of the connections
to MSs, IEEE 802.16j groups the MSs and the RSs that have the same antecedent RS,
in the same tunnel with the unique MAC of this antecedent RS in the message header.
This approach also simplifies the connection management.

Scheduling : MAC layer design must deal with decisions which transceivers can trans-
mit and how the decisions are communicated to the network. In a centralized single-
hop IEEE 802.16e, the BS makes these decisions based on the demand of MSs and the
channel information of each link between BS and MS in the cell. The situation is more
complex when several RSs are deployed in the cell. A centralized system or distributed
system may be proposed to provide the best system performance. In addition, the BS-
MS connection is not only direct but also via relay. The scheduler in MAC layer must
deal with routing and load balancing problems. This situation requires new scheduler
in IEEE 802.16j MAC layer.
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Figure 2.8: An example of configuration for a transparent relay frame structure in IEEE
802.16j- 2009 [75]

2.4 Summary

In the first part of this chapter we presented measurement studies on fixed and mo-
bile Wimax (IEEE 802.16-2004 & IEEE 802.16-2005) performance. The experiments
have shown that the transmitted signal is subject to important additional attenuations
in the case of NLOS links between BS-MS. This has a bad impact on the users’ QoS
as well as on the spectrum efficiency of the system. The amendment IEEE 802.16j-
2009 proposes the deployment of low cost relay stations in Wimax cells in order to
enhance the QoS, the system capacity and also to enhance the cell coverage. The se-
cond part of this chapter presents an overview the architecture of Wimax with relays
and the essential modifications in PHY layer and MAC layer to support RS deployment.

Despite the important work of the IEEE 802.16j group on the architecture and
PHY/MAC layers, many technical issues such as resource allocation, relay placement,
path management, frequency reuse,etc. still open and the topics of many researchers
which aim to ameliorate the performance of this standard system.
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Chapter 3

A new deployment architecture
for Wimax relay using sectoring
technique

3.1 Introduction

In this chapter, we would like to first introduce the studies on different aspects of
Multihop Wimax and our motivation on cell capacity improvement. We then highlight
the assumptions of our research and review the existing relay models of IEEE 802.16j
standard in section III. In section IV, we propose a new architecture using sectoring
and frequency reuse technique. Based on these principles, we present the adaptive
frame structure at both BS and RS. The simulation scenarios and our first results are
presented and discussed in section V. Section VI gives the summary of our studies in
the chapter.

3.2 Advanced in IEEE 802.16j research and motivations

Before and after the approval of amendment IEEE 802.16j-2009, many articles have
been published to improve different aspects of Wimax with relays. In [29, 80], the au-
thors introduced the basis concepts and principles of Wimax with relays. The most
fundamental modifications in IEEE 802.16j are presented. The specifications of amend-
ment IEEE 802.16-2009 are given in details in [75].

The frame structure for multihop relays was studied in [91], where authors propo-
sed a flexible multi-zone framework to support multihop relay while maintaining the
backward compatibility with the legacy 802.16e mobile stations. The performance eva-
luations presented in this paper highlight the benefit of deploying relay station in a cell
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to enhance the capacity and the coverage area of the single cell.

In [37, 38, 95], the authors introduced the analytical dimensioning approaches to both
cellular Wimax and cellular Wimax with relays. The results showed the coverage ex-
tension in cellular Wimax networks with multihop deployments. Ubiquitous broadband
services over large geographic regions can be offered with an appropriate deployment
of low cost relays. However, some inefficient utilizations of available bandwidths have
been also demonstrated.

Some other studies on replay placement were presented in [61, 62, 64, 73]. These
researches focused on the decision of relay placement to find the best location for the
relay station in order to extend the service area as well as to improve the performance
of Wimax system. In [73], the authors showed that the placement of relay stations can
be optimized based on the relay bandwidth reservation. They also proposed an optimi-
zation framework where relay placement and relay bandwidth reservation are combined.

The routing in Wimax with relay network was presented in [8]. In this paper, the
authors proposed a path selection method that minimizes the latency and maximizes
the network throughput. In this approach, link available bandwidth, Signal to Noise
Ratio (SNR) and a number of hops are taken into account to find the best routing.

In all these previous works, the authors proposed different approaches to improve the
users’ QoS, the coverage area and the cell capacity, however, in [30], the authors have
shown that the maximum throughput could only increase about 10% on the downlink.
Only a half of coverage from the BS can benefit from throughput enhancement. In
the article, the authors analysed the system performance on transparent relay mode,
i.e the BS is silent when RS transmit data to MS. This explains the low throughput
enhancement.

The cooperative relay was investigated in [14] [15]. In these articles, the authors
analysed the performance of various cooperative diversity schemes in order to choose
the best scheme, i.e. the one with the highest end-to-end throughput. They proposed
a frame structure for two-hops cooperative relay, in which there are two phases in a
frame structure. In the first phase, the BS sends data to the RSs, in the second phase,
the BS and the RSs create a SIMO system to send data to the terminals. One can
notice that the link condition between the BS and the MS is not reliable when the RSs
are transmitting, which explains why the BS does not help much in the cooperative
scheme. Our study shows that we could use the resource of the BS in the second phase
for the other MS to optimize the BS resource.
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3.3 Relay system Models

3.3.1 Assumptions

Our study is based on a set of assumptions about the target system. (1)We only study
systems with single antenna terminals and two-hops relay. (2)We consider downlink
transmissions in a TDD-OFDM based cellular wireless relay network. (3)Our system
is centralized at the base station (i.e., all the decisions are made there). (4)We used
the RS in decoding and forwarding mode to guarantee the best performance. In this
mode, the RS receives the message from the BS, then the RS decodes and encodes the
message one more time. The RS sends the encoded message to the MS.

(5)We suppose that mobile users move at a relatively low speed. For such users, the
channel remains unchanged for the duration of a frame which consists of a certain num-
ber of OFDM [44] symbols. Therefore, the link adaptations according to the obtained
channel statement information are feasible and effective. (6)Hence, we consider trans-
missions with band Adaptive Modulation and Coding (AMC) [44] mode of operation
which requires channel state information at the BS. Since users move at a relatively low
speed, we use instantaneous SINR as channel state information. This defines the AMC
mode and the best transmission method per sub-channel. The throughput is defined as
the number of payload bits per second that are received correctly at the corresponding
receiver. (7)The modulation schemes used in this study are : Binary phase shift keying
(BPSK), quadrature phase shift keying (QPSK), 16-quadrature amplitude modulation
(QAM) and 64-QAM. (8)The power control at the transmitters does not contribute
significantly to the throughput enhancement. Consequently, throughout this study, po-
wer control at the transmitters is not taken into account, the power at the base station
and relay stations are fixed but their power can be different at each relay stations.

OFDM adds a cyclic prefix to each symbol to mitigate inter-symbol interference
caused by multi-path propagation. If the cyclic prefix is longer than the delay spread of
the wireless channel, the frequency selective fading caused by multi-path propagation
can be converted into frequency flat fading at each sub-carrier. Adding a cyclic prefix
to achieve this causes a small reduction in total transmission rate. We do not take it
into account in the throughput.

3.3.2 Existing Relay Models

In the relay model, one MS can connect to the BS directly or via an RS depending on
the condition of the links between MS, RS and BS. The frame structure for this model
is presented in Figure.3.1. The users requesting service access at the BS report their
channel state information (CSI) to the BS using the flat feedback channel. Based on
this CSI, the BS allocates the radio resources and schedules the users. It transmits in
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Figure 3.1: Frame structure in a non cooperative relay system (from [14])

DL-MAP[1] the information on the sub-channels on which the users are scheduled and
for each scheduled user whether relaying should be used or not. All of the relays and
the users listen to this information. According to the decision at the BS, one user can
connect directly to the BS or connect to the BS via an RS. For the users who connect
to the BS via an RS, the frame structure is divided into two phases. During the first
phase, the BS sends data to the RS or directly to the MS. Since the links between the
BS and the RS have good channel conditions, the duration of the first phase at each
sub-channel can be shorter than or equal to that of the second phase.

The frame structure seems to be filled and the resource allocation seems to be opti-
mized. However, if we redesign the frame structure only at the base station as shown
in Figure.3.2, we will see that there are a lot of resources in the frame that can not
be used in the second phase of all connections via relay. In fact, the base station can
not use these resources because these sub-channels are occupied by the relay station in
the same time. Hence, the resource allocation at the base station is not optimized. We
will present in the next sub section the study of cooperative relay in which the authors
try to use the empty blocks at the BS frame to serve the MSs in order to improve the
throughput at the BS.
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Figure 3.2: Frame structure in a non-cooperative relay system at base station

3.3.3 Existing cooperative relay models

In cooperative relay systems, MSs are also connected to their BS directly (without
relay) or via relay depending on the link condition between BS, RS and MS. The concept
is almost the same in the non-cooperative relay model except for the connection via the
RS. In these connections, during the first phase, the BS sends the data to the RSs. In
the second phase, the BS and the RSs create a SIMO system and send the data to MS.
Due to diversity gains from the RSs and BS to MS, the throughput could be increased.
In this case, the frame structure at the BS is fulfilled in the two phases (Figure.3.3).
However, we usually use a relay station in case the link condition between the BS and
the MS is not reliable or there is no link connection between the BS and the RS. That
is why the BS will not really help much the MS in the cooperative scheme. Instead of
using the cooperative scheme, we propose a model where the BS can serve the other MSs
that have better link conditions in the second phase. We will show that the throughput
at the BS strongly increases in this case. We will present our proposition in the next
section.
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3.4 Proposition of new sectoring relay model

In the non-cooperative relay model, many resources at the base station will not be
used in the second phase if the MS is connected to the BS via the RS. In the cooperative
relay model, the resources are fully used although they are not efficient. Based on these
identified limitations, we propose a new relay model which aims intended to increase
the system performance. Firstly, we present the advantages of clustering and sectoring
in WiMax systems. Secondly, we propose the design principle of our relay model using
sectoring technique. Finally, we investigate the frame structure of the sectoring relay
model and show that the resource at the BS is used efficiently.

3.4.1 Clustering and sectoring

In order to avoid interference in Wimax cellular networks, frequency channels used
within one cell can only be reused within a sufficient reuse distance. Hence, cells are
combined into clusters, where frequency channels are uniquely assigned to cells. The
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Figure 3.4: Clustering and sectoring in Wimax network

frequency usage pattern of the entire cluster is regularly repeated throughout the net-
work. This way, the distance to co-channel cells can be increased. Figure.3.4a shows a
cellular network with clustering order three. We can also divide the cells into several
sectors to further reduce the interference level in cellular wireless networks. The cell
is subdivided into several sectors. Each sector is covered by a sector antenna. An in-
dividual frequency channel is assigned to each sector. The sectoring of cells and the
frequency assignment are periodically repeated all over the network. Figure.3.4b shows
a cellular network with 3 sectored cells. In [53], the author investigates the impact
of clustering and sectoring onto Carrier to Interference Ratio (CIR), and shows that
the CIR increases in multiple sector numbers and in exponential cluster order. In the
example illustrated in Figure.3.4b, the cell is divided into three sectors therefore CIR
increases by a factor of three. We conclude in this part that the sectoring technique
increases the system performance of Wimax.

3.4.2 Applying sectoring technique to relay model

As mentioned above, the system performance of Wimax increases when the sectoring
technique is used. In this part, we aim to use this technique in the Wimax system with
relay to create a new sectoring relay model in which the resource allocation is optimized.
We will present in the following section the principle of our proposition, and highlight
its application in a cell divided in three sectors.
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3.4.2.1 Principle of the approach

We propose a new sectoring relay model where we will divide the zone of a cell in
many sectors. We also divide the frequency band of a cell to several sub frequency
bands and allocate them to each sector of the cell. The relays deployed in each sector
receive the data from the BS using the sector’s band frequency in the first phase then
they send data to the MS by using the band frequencies allocated to other sectors. This
way, the BS resource could be used efficiently because the BS can transmit data in two
phases without interference between the BS and the RS in each sector.

3.4.2.2 An example of Wimax relay with sectoring

(a) Phase 1 (b) Phase 2

Figure 3.5: Two phases in a cell with 3 sectors in the Wimax with relays system

An example of the implementation of our model is illustrated in Figure.3.5. In this
example, the cell is divided into three sectors and we allocate the band frequencies F1,
F2, F3 to each sector. The band frequency F of a cell is the sum of the three band
frequencies F1, F2 and F3. Six relay stations are deployed in three sectors of the cell.
In the first phase, the BS sends data to the MSs that a the direct link to the BS and
the RS using band frequency in each sector. In the second phase, the BS continues to
send data to the MSs that are connected directly to the BS using the frequency of the
sector, while the RSs receive data from the BS and simultaneously send data to the
MSs that connect to the BS via the RS using the frequency of these other sectors. For
example : In the second phase, the BS continues to send data to the MSs using F1 in
the sector 1 and the RS1 sends data to the MSs using F2 ; and the RS2 sends data to
the MSs using F3. The same concept is used in sector 2 and 3. Therefore, there will be
no interference between the transmissions from the BS and the RS in each sector in the
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second phase even if they send the data at the same time because they use different
band frequencies. Moreover, power transmission of the RS is much smaller than that of
the BS thus the RS coverage is also much smaller than that of the BS. That is why we
assume that there is no interference between the RSs in two different sectors. In this
example, the BS transmits data in two phases to the stations that have a good link
condition to the BS. This way, the resource allocation is fully optimized.

3.4.3 Frame structure of our new sectoring relay model

To better understand how the resource is fully used, we present the frame structure
of the BS and the RS in a Wimax relay system with three sectors in this section. The
frame structure of Wimax sectoring relay model is illustrated in Figure.3.6. In the DL
frame structure, the frequency axis is divided into three band frequencies F1, F2, F3 ;
the time axis is divided into two phases. In the first phase of the frame structure at the
BS (3.6a), the BS transmits to the RS for the connection via the RS and also transmits
to the MSs without relay station (w/o). In this phase, the transmission is almost the
same, compared to the existing models. In the second phase of the frame structure at
the BS (3.6a), the BS continues to transmit to the MSs which have a direct link to the
BS in our new sectoring relay model. There is no interference in each sector between
the BS and the RS because in the second phase of the frame structure at the RS, the
RS sends data to the MSs using other band frequencies. Looking at the second phase of
the frame structure at the BS and the RS (3.6a, 3.6b), if the BS and the RS transmit
data at the same time, they will use different band frequency to transmit data to the
MSs. For example, in the first sector, the BS transmits data in phase 1 and phase 2
using frequency F1. The relay stations (R1 and R2) of this sector receive data in phase
1 via frequency band F1, and then transmit data to the MSs using frequency band
F2 and F3 in phase 2. The BS, the RS1 and the RS3 transmit data to the MSs using
three different frequencies. Compared to the other existing models, the resource will be
better used in our model because in the second phase, the BS always transmits data to
the MSs which have the good link to the BS while the BS does not transmit data to
other MSs if the RS transmit data to the MSs in the same frequency (c.f Figure.3.1) in
the simple relay model or the BS still transmits data to the MSs but the link condition
to the BS are not good in the cooperative relay model (c.f Figure.3.3).

3.5 Simulation scenario and result discussion

In the following, we will compare our new sectoring model against the other existing
models. We will analyse the system performance in terms of throughput at the BS and
in terms of efficiency Bits/Hz/s.
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Figure 3.6: Frame structure of BS and RS in a Wimax relay system with three sectors
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Table 3.1: Simulation parameters

Parameter Value

Number of sector in cell 3
Bandwidth 10Mhz
BS transmit power 43dBm
BS antenna height 30m
BS antenna gain 18dB
RS transmit power 30dBm
RS antenna height 20m
RS antenna gain 6,3dB
MS antenna height 1,5m
MS antenna gain 0dB
Other loss L0 Random
Signal model Free space path loss

3.5.1 Simulation scenario

In order to evaluate the system performance of the new sectoring relay model, we
used Matlab version 7.0 to develop a simulation programme to experience our system
and to compare the system capacity of our solution against other systems.

In the simulation scenario, a Wimax cell infrastructure of BS and RSs is deployed.
The cell is divided into 3 equal sectors and each sector occupies 1/3 total band frequency
(the total frequency band of the cell is 10MHz). In each sector, two RSs are deployed
and they use the band frequency that is different to the sector’s band frequency. A
number of MSs are randomly deployed in the cell and request different services to the
BS. We reminded that our system is centralized at the BS and the RS is in the decode
and forward mode.

Firstly, we evaluate the link condition (SNR) between the BS, the RS and the MS
in function of distance. We will use the free space signal propagation model for each
link between BS↔RS, BS↔MS and RS ↔MS. The simulation parameters are given in
Table.3.1. From the propagation model and the values from the table, we evaluate the
SNR as a function of the distance between two nodes in Figure.3.7. We notice that,
with the same distance between two nodes the BS-RS link condition is always better
than the BS↔MS and RS↔MS link conditions.

From the SNR between two nodes, we fix the modulation and coding scheme between
them. The modulation and coding schemes considered in this paper are QPSK1

2 ; QPSK
3
4 ; 16QAM 1

2 ; 16 QAM 3
4 ; 64QAM 1

2 ; 64QAM 2
3 and 64 QAM 3

4 . Fig.3.8 present the
coding rate as the function of the distance [44]. We can see that a higher SNR results
in a higher coding rate. If the SNR between two nodes is higher than 16dB, we can use
the scheme 64QAM 3

4 with the best coding rate 4.5 Bits/Hz/s.
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Figure 3.7: SNR as a function of the distance

Figure 3.8: SNR as a function of the distance

When the modulation and coding schemes of all links BS ↔ RS ; BS ↔ MS and RS
↔ MS are decided, we can choose the route from MSs to BS. For each MS that wants
to connect to BS, we will evaluate the SNR of three different links BS ↔ RS ; RS ↔

48



3.5 Simulation scenario and result discussion

MS and BS ↔ MS then we decide the coding rate for each link. We consider γ is the
SNR from the BS to the RS ; γ1 is the SINR from the RS to the MS and γ2 is the SNR
for the direct link BS ↔ MS. We defined 4 scenarios of simulation “Without relay” ;
“Non cooperative relay” ; “Cooperative relay” and “Sectoring relay”. The decision of
the route from the BS to the MS is different in each scenario :

• In the “Without relay” scenario, we only have the direct link from the BS to the
MS, so the coding rate is selected based on the SNR from the BS to the MS.
• In the “Non cooperative relay” scenario, R1, R2 and R are the coding rates cor-

responding to SNR γ1, γ2 and γ . In the route via relay, the data rate from the
BS to the MS is R1R2

R1+R2
. If R ≥ R1R2

R1+R2
, we will choose the direct link.

• In the “Cooperative relay” scenario, in the second phase, the BS and the RS create
a MIMO system to transmit data to the MS so the coding rate R2 is correspond
to the SNR (γ1 + γ2) . And then we applied the same concept to decide the route
in “Non cooperative relay”.
• In the “Sectoring relay” scenario, the BS is free to transmit data to the others

MSs in the second phase even if we decide to use the route via the RS. That is
why if R1 ≥ R we decide to use the route via relay and if not, we use the direct
route from the BS to the MS.

3.5.2 Results and Discussions

Figure 3.9: Throughput of BS as a function of the number of MSs

In order to compare the performance of the system defined in four cases “Without
relay”, “Non cooperative relay”, “Cooperative relay” and “Sectoring relay”, we first
compare the throughput of the BS as a function of the number of the MSs in the
cell. We calculate the throughput of each case where the number of the MSs varies
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from 5 to 65. The result is presented in Fig.3.9. When the number of the MSs is
small (from 5 to 20), the throughput is almost the same in the 4 cases, because the
BS can use all the resources to provide the communication service even if the BS
can use a strong modulation and coding rate. However, when the number of the MSs
increases, the BS can not provide more service if the resource are fully previously used
because of the used strong modulation and coding rate. We see that the maximum
throughput at the BS in the case “Non cooperative relay” and “Cooperative relay” are
slightly better than the throughput in case “Without relay” when the number of the
MSs increase. The maximum throughput at the BS varies 22 to 26 Mbs for the three
cases. In cases “Sectoring relay”, the maximum throughput at the BS can achieve up
to 37Mbs. Therefore, we can conclude that this new sectoring relay model achieves a
better maximum throughput and provider service to more MSs.

Without Relay Non Cooperative Relay Cooperative Relay Sectoring Relay
1

1.5

2

2.5

3

3.5

4

B
it
/H

z
/s

Average capacity of BS in Bit/Hz/s

Efficiency spectrum in system without relay

Improvement compare to system without relay

10%

68%

16%

Figure 3.10: Spectrum efficiency Bit/Hz/s in different relay model

Other important criteria to evaluate the system performance is the spectrum effi-
ciency Bit/Hz/s. Therefore, we estimated the spectrum efficiency Bit/Hz/s in the four
use-cases. In the simulation, we repeat the experience where one MS is deployed ran-
domly each time and calculate the coding rate of the link from the BS to the MS (with
relay or without relay) and then we calculate the average of all of the experiences. The
results of the simulations running over 10 000 experiences is illustrated in Figure.3.10.
We obtain the average spectrum efficiency with 2% variation. Comparing to the sys-
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tem without relay in term of spectrum efficiency Bit/Hz/s the “Non cooperative relay”
increases by 10% ; the “Cooperative relay” increases by 16% and the “Sectoring relay”
increases by 68%. This shows that, we achieved a strong increase in terms of spectrum
efficiency when we use the sectoring technique in the relay model.

3.6 Summary

In this chapter, we studied the resource optimization in Wimax relay standard 802.16j
system. We reviewed the existing works on non-cooperative relay and cooperative relay.
We found that the resource of the frame structure is not used efficiently. Therefore we
propose a new architecture of Wimax relay system that uses sectoring technique to
enhance the system performance. In this system, the RS can receive data from the BS
using one frequency and transmit data over another frequency and we also propose a
new frame structure in order to use the whole resource. We defined several simulation
scenarios to compare our new model to the existing models. The results show that our
solution introduces a significant increase in terms of spectrum efficiency and through-
put at the base station. The most significant cost of our approach is the deployment of
sector antennas at the BS.

The obtained results, despite their goodness, they do not take into account the
impact of interference. In addition, we performed the simulation in only one cell and
the users are distribute uniformly in the cell. To improve this work, we enhanced this
contribution by taking into account the impact of interference on our proposed model in
the next chapter. The simulation will be performed in several cells. There will be some
modifications in frequency band sharing when the users are not uniformly distributed
in the cell.
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Chapter 4

Impact of interference on the
system performance of Wimax
Relay 802.16j with Sectoring

4.1 Introduction

In the previous chapter, we proposed a new deployment architecture which aims to
enhance the overall cell throughput. The results showed that the efficiency spectrum
and the total throughput significantly increase in this new architecture. However, we
assumed the non existence of the impact of interference in the previous study. In this
chapter, we improve our contribution by taking into account the “Interference aware”.
In section II, the interference studies in the literature are reviewed. The assumptions of
our research is redefined in section III. In section IV, we study the signal propagation
model to evaluate the SINR of MSs. The routing decisions are based on these SINR.
The simulation scenarios and result discussion are presented in section V. The summary
of the chapter is presented in section VI.

4.2 Related works and research motivations

There are several contribution in the area of interference. In [34], novel decentra-
lized and interference aware medium access control (MAC) protocol combined with
a dynamic subchannel selection algorithm for OFDM (orthogonal frequency division
multiplexing) is presented. The interference awareness allows the system to avoid si-
gnificant co-channel interference (CCI) and to operate with full frequency reuse. In
another study [97], the authors studied 802.16 mesh network systems. Their objective
was to propose an efficient approach to improve spectral utilization. As multiple access
interference is a major limiting factor for wireless communication system, the authors
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propose an interference aware solution to validate their approach.

In multi-hop Wimax networks such as Wimax Mesh or mobile multi-hop relay net-
works, providing QoS is challenging as multiple links can interfere with each other if
they are scheduled at the same time. In [31], the authors proposed efficient heuristic
algorithms for scheduling flows in a centrally scheduled multi-hop Wimax network. The
proposed algorithms guarantee bandwidth and relay constraints of flows and allow mul-
tiple non interfering links to be scheduled at the same time.

In [26], the authors proposed an interference-aware analytical model of IEEE 802.16j
systems in transparent mode. The authors studied the level of the CINR (Carrier Inter-
ference to Noise Ratio) all over the cell in both Wimax and multihop Wimax in [37, 38].
From the level of CINR, the authors evaluated the enhancement of cell coverage and
the enhancement of system capacity in multihop Wimax.

In the previous chapter, we analysed the capacity enhancement in WiMAX networks
with relays. The analysis showed that the resource is not efficiently allocated in the
existing models. Therefore we proposed a new mechanism using sectoring technique in
order to improve the total throughput of Wimax cell. The simulation showed that our
model can achieve better performance than other related models. The throughput of
the cell and the spectrum efficiency increase significantly. However, in that study, we
assumed that there is no interference and we studied the system performance in only
one isolated cell. For a model to be more realistic, the impact of interference can not be
ignored. By evaluating the SINR for the user at all position of the MSs in the cell, we
can see if the interference is important and decide how the system should route from
the BS to the MSs. In this study, the frequency band in each sector can be more or less
important depending on the total data demand in the sectors. The simulation results
show that the system still performs better in our model for all users’ deployment in the
cell even the interference from the BSs and the RSs in other cells is taken into account.

4.3 Assumptions and System Models

4.3.1 Assumptions

In this chapter, our research is based on the following assumptions. We consider a
Wimax system with only two hops. Each terminal is deployed with single antenna which
cannot transmit and receive at the same time (half duplex). All scheduling decisions
made at the base station (centralized system). We study only the downlink transmis-
sion in a TDD-OFDM base cellular wireless relay network. The relay station is in non
transparent mode in which the relay station can decode the received data from the BS
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and transmits the data to the MS using its proper mapping.

We suppose that mobile users move at a relatively low speed. Therefore the channel
remains unchanged for the duration of frame. Hence, we use Adaptive Modulation and
Coding to allow the system to attribute the modulation and coding scheme to each
link between the BS and the MS (via or not via the RS). The modulation and coding
scheme used in this chapter are : BPSK, QPSK, 16 QAM and 64 QAM. We do not
take into account the cyclic prefix for each symbol in our model.

Throughout this study, the power control at transmitters is not considered. The
transmission powers are differently predefined for the BS, the RS and the MS. The
transmission power on the RS is much smaller than that on the BS (about 10 times in
simulation scenario) to avoid the interference due to frequency reused. The assumptions
are essentially similar to the one in previous chapter. However, in the study of this
chapter, we consider the interference in the cell (between the BS & the RS and between
the RS & the RS).

4.3.2 System Model

F3F1 F2

BS

RS

RS

RS RS

RS

RS

(a) Phase 1 in downlink frame structure

F3F1 F2

BS

RS

RS

RS RS

RS

RS

(b) Phase 2 in downlink frame structure

Figure 4.1: Two phases in a Sectoring Wimax relay model with frequency reuse

In the previous chapter, we proposed a new sectoring relay model where the cell is
divided into several equal area sectors. The total bandwidth is divided into equal smal-
ler frequency bands and these smaller frequency bands are allocated to each sector.
The relay stations deployed in each sector receive data from the BS using the sector’s
band frequency in the first phase, then they send data to the MS on frequency bands
used in other sectors.
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In the first phase, the BS sends data to the MSs that have a direct link to the BS
and the RS on frequency band of each sector. In the second phase, the BS continues to
send data to the MSs that are connected directly to the BS using the frequency of the
sector. The MSs which connect indirectly to BS via a RS, in this case, receive the data
from the RS through frequency bands from other sectors. Therefore, there will be no
interference between the transmissions from the BS and the RS in each sector in the
second phase even if they send the data at the same time because they use different
band frequencies. Moreover, the power transmission of RS is much smaller than that of
the BS thus the RS’ coverage is also much smaller than that of BS. However, the signals
that the MSs receive from the correspondent RSs can be interfered by signals from the
other sectors due to common used frequencies. Fortunately, this impact is negligible as
we will see it in the next section. In our model, the BS transmits data in two phases to
the stations that have a good link condition, thus optimizes the resource allocation.

Figure.4.1 illustrates the principle of our approach in which a cell is divided into
three sectors with frequency bands F1, F2, F3. In each sector, for example sector 1,
the BS sends data on frequency band F1 in the first and second phases while the two
corresponding RSs sends on frequency F2 and F3. Hence, there is no interference within
the sectors. However, the interference can be found between the two RS using the same
frequency band F3 in sector 1 and 2. In addition, the mobile receiving data in sector
1 from BS on frequency band F1 can be interfered by the two RSs which also perform
on frequency band F1. We proposed to study the impact of inference in this model in
the next section.

Another limitation of the architecture previously proposes is that when the MSs are
not uniformly distributed all over the system, if all the MSs are deployed in one sector
while the total frequency bands is divided into equal smaller frequency bands, the BS
uses only a portion of the total frequency bands to serve the MSs. Therefore, the total
frequency band, attributed to the BS, is inefficiently used. In this chapter, we present
our proposal to dynamically divide the total frequency band into smaller frequency
bands proportional to the number of MSs that are located in each sector. We will also
present the system performance evaluation in the next section.

4.4 Impact of interference to the route decision

In this section, we will first present the used signal propagation model in order to
evaluate the level power of signal that reaches the receiver. Then, we will present the
estimation of the Signal to Interference plus Noise Ratio (SINR) of the MSs. From this,
we define the process to set the decision-making of modulation and coding scheme and
the route between the BS and the MS are decided. Finally, the spectrum efficiency of
the Wimax cell is evaluated.
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4.4.1 Signal propagation model

When a transmitter sends a radio signal to a receiver, the power received at destina-
tion decreases during propagation. Radio propagation in urban areas is quite complex
to model because it often consists of reflection and diffraction due to multipath pro-
pagation. Radio propagation in open areas free of obstacles is the too simple to treat,
but, in general, propagation over land and water still invokes at least one reflected
way. The general formulation of radio propagation path loss model [44] is expressed as
follows :

Pr =
Pt.gt.gr
Lp

Where Pr and Pt are the power received and the power transmitted. gt and gr are
the antenna gain at the transmitter and the receiver.Lp is the path loss between the
transmitter and the receiver. In reality, the path loss depends on the distance between
the transmitter and the receiver, the transmitter height, the receiver height and also
the environment between the transmitter and the receiver. COST 231 Hata model takes
into account these aspects and is recommended for systems simulations and network
planning [44] in both urban and suburban areas. The median path loss for the COST
231 Hata model is given by :

Lp = 46.3 + 33.9log10f − 13.82log10hb + (44.9− 6.55log10hb)

log10d− a(hm) + CF

The MS antenna-correction factor, a(hm), is given by

a(hm) = (1.11log10f − 0.7)hm − (1.56log10f − 0.8)

Where hm and hb are the transmitter height and receiver height in meter ; d is the
distance between the transmitter and the receiver in km and f is the used frequency
in MHz. This is the model we are using in our simulations.

4.4.2 SINR evaluation

The performance of wireless cellular systems is significantly limited by cochannel
interference(CCI), which comes from the other users in the same cell or from the other
cells. The SINR is defined by :

S =
S

I +N

where S is the received power of the desired signal ; N is the background-noise power ;
I is the interference power from the other base stations and relay stations that use the
same band frequency. In Wimax relay models, we define :

I =

NI∑
i=1

PrBSi +

MJ∑
j=1

PrRSj
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1a1a

1a1a
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Figure 4.2: Interference between peripheral cells and cell center that use the same fre-
quency band

NI and Mj are the number of base stations and relay stations that use the same
frequency band as the transmitter does. PrBSi and PrRSj are the received power at
destination from BSi and RSj . Figure.4.2 illustrates that the interference between the
central cell and peripheral cells that use the same band frequency. The MS located in
the central cell is also interfered by the other RSs that use the same frequency (the
interference from the RSs in the other cells is negligible).

4.4.3 Route selection

Based on the SINR between the transmitter and the receiver, the appropriate mo-
dulation and coding scheme is chosen. The modulation and coding schemes considered
in this paper are QPSK1

2 ; QPSK 3
4 ; 16QAM 1

2 ; 16 QAM 3
4 ; 64QAM 1

2 ; 64QAM 2
3

and 64 QAM 3
4 . If the SINR between two nodes is more than 16dB, the 64QAM 3

4 is
selected and it gives the best coding rate of 4.5 Bits/Hz/s.

Once the modulation and coding schemes of all the links BS ↔ RS ; BS ↔ MS and
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RS ↔ MS are determined, the route from the MSs to the BS can be determined. For
each MS that wants to connect to the BS, the SINR of the three links BS ↔ RS ; RS
↔ MS and BS ↔ MS are evaluated then the coding rate for each link is decided. Let γ
be the SINR from the BS to the RS ; γ1 is the SINR from the RS to the MS and γ2 is
the SINR for the direct link BS ↔ MS. Comparing three scenarios “Non cooperative
relay” ; “Cooperative relay” and “Sectoring relay”, the decision of the route from the
BS to the MS is different in each scenario :

• In the “Non cooperative relay” scenario, R1, R2 and R are the coding rates cor-
responding to SINR γ1, γ2 and γ . In the route via relay, the data rate from the
BS to the MS is equal to R1R

R1+R
. If R2 ≥ R1R

R1+R
, the direct link is chosen.

• In the “Cooperative relay” scenario, in the second phase, BS and RS create a
MIMO system to transmit data to MS so the coding rate R1 correspond to the
SINR (γ1 + γ). And then similarly to the “Non cooperative relay” case, the route
from the BS to the MS is decided.
• In the proposed “Sectoring relay” scenario, the BS is free to transmit data to the

other MSs in the second phase even if the route is via RS. Hence the route via
relay is used if R1 ≥ R, otherwise the direct link from the BS to the MS is used.

4.4.4 Spectrum efficiency

Spectrum efficiency is defined by the number of bits that a base station can transmit
over 1Hz in 1s (Bit/Hz/s). If the MS connects directly to th BS, the spectrum efficiency
is the coding rate (R) that corresponds to the SINR between the BS and the MS. If
the MS connects to the BS via relay station, the spectrum efficiency is equal to R1R

R1+R

in the case of non cooperative relay and (R1+R)R
(R1+R)+R in the case cooperative relay. In

”Sectoring relay”, the spectrum efficiency is the coding rate R1 that corresponds to
the SINR between the BS and the RS because the BS is free to transmit data to the
other MSs in the second phase after transmitting data to the RS in the first phase. We
consider the spectrum efficiency of the BS in the cell as the average spectrum efficiency
of all of the positions of the MS in the cell.

4.5 Simulation scenario and result discussions

4.5.1 Simulation scenario

In order to evaluate our proposal of a new sectoring relay model, a Wimax infra-
structure of 19 cells is designed with reuse factor 3. The frequency band of the cell is
10MHz. Each cell is divided into 3 sectors, each sector allocates one smaller frequency
band which is proportional to the MSs that are located in the sector. In each sector,
two RSs are deployed at a distance of 1,3 km to the BS and use the frequency band
that is different to the sector’s frequency band. The transmit power of the BS is 43dBm
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Parameter Value

Number of cells 19
Number of sector in cell 3
Frequency reuse 1,3,3
Bandwidth 10Mhz
Carrier frequency 3500MHz
BS transmit power 43dBm
BS antenna height 30m
BS antenna gain 18dB
RS transmit power 35dBm
RS antenna height 10m
MS noise figure 8dB
RS antenna gain 6dB
MS antenna height 2m
MS antenna gain 0dB
Other loss L0 Random
Path loss model Suburban COST 231 Hata model
Coverage range 1,5km

Table 4.1: Simulation parameters

and the BS height is 30m. The coverage range of the BS (1,5km) is much bigger than
the coverage of RS (0,3km) due to the limited transmission power at the RS. The link
condition between the BS and the RS is reliable (using 64-QAM) because of the impor-
tant antenna gain at the RS and the height of the RS. COST 231 Hata path loss model
is used in our simulation with path loss exponent of 3.5. A number of the MSs are
randomly deployed in the cell and request different services from the BS. We remind
that our system is centralized at the BS and the RS is in a decode and forward mode.
The simulation parameters are given in Table.5.1.

4.5.2 Performance evaluation

4.5.2.1 SINR evaluation

We have calculated the SINR for various position of the MS in the cell. Figure.4.3
shows the SINR of all of the positions of the MS in the sectoring relay model. The
SINR is very high when the MS is near the RSs or the BS and decreases with exponent
factor 3.5 (COST231 Hata path loss model) when the distance between the MS and
the BS/RS increases. This result is almost the same when we evaluate the SINR in
non cooperative an cooperative relay model. In the coverage zone of the RS or the BS,
the numerical result shows that the received power from other stations is always much
smaller than that from the main station. In the worst case (edge of coverage zone),
SINR decreases to most 2dB when we take into account the interferences from other
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Figure 4.3: SINR of mobile station at all the positions in the cell

stations. We can conclude that the impact of interferences in our model is the same as
in the other relay models.

4.5.2.2 Spectrum efficiency evaluation

In this section we discuss about the spectrum efficiency at the base station for all of
the possible positions of MSs in the cell. We remind that BS is not used in the second
phase in the cooperative relay station and the BS only helps the RS to transmit data to
the MS in the second phase. The resource at the BS is not used efficiently in these two
cases. If the link between the BS and the RS is reliable (using the best coding scheme
64-QAM), the BS spends at least twice time to transmit the same amount of data to
the MS than it spends on the direct connection. This correlates with the result obtained
in the simulation (c.f Figure.4.4). Even if the MS is near to RS, the spectrum efficiency
of BS is always smaller than 2.5 bits/Hz/s. In the sectoring relay model, the RS uses a
different frequency band to transmit data in the second phase so that the BS is free to
transmit data to the other MSs without being interfered by the RS in the same sector.
To transmit an amount of data to the MS via the RS, the BS spends only a fraction
of its communication resources (time and frequency channel) to transmit this data to
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(a) Non cooperative relay (b) Cooperative relay

(c) Sectoring relay

Figure 4.4: Spectrum efficiency of base station at all the point in the cell (three difference
cases)

the RS. That is why even if the coding scheme from the RS to the MS is weak, the
spectrum efficiency at the BS is still the best because the link between BS and RS is
always reliable. Figure.4.4(b) shows that the BS achieves the best spectrum efficiency
at the coverage range of the RS. This result proves the superiority of our proposed
sectoring relay model in term of spectrum efficiency vs other models.

The average spectrum efficiency is also evaluated in different models and in different
deployments of the MS in the cell. The “Static sectoring” model was proposed in
our previous work [71] where the entire frequency band is equally divided among the
different sectors of the cell. In the worst case, all the MSs are allocated in only one
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Figure 4.5: Spectrum efficiency Bit/Hz/s in different relay model

sector, and therefore the resource at BS is wasted in the two other sectors. To solve
this problem, we propose a scheme called “Dynamic sectoring” where the frequency
band in each sector is adjusted based on the data demand in each sector. The result
of the simulation running over 10 000 experiences is illustrated in Figure.4.5. The
average spectrum efficiency with 2% variation is presented. The result shows that the
average capacity of the BS decreases significantly in “Static sectoring” model when all
fo the MSs are located in only one sector. In this case, the “Dynamic sectoring” model
becomes the “non cooperative relay”. Hence, the average spectrum efficiency in “Non
cooperative relay” model is the same as the one in “Dynamic sectoring” model. It is
slightly smaller than the average spectrum in “Cooperative relay” model. When the
MSs are deployed in two sector, the “Dynamic sectoring” model performs much better
than “Cooperative relay” and “Non cooperative relay” model while average capacity
of the BS in the “Static sectoring” model is slightly smaller than the one in the other
models. When the MSs are distributed uniformly in all the three sectors of the cell, the
“Static sectoring” model becomes the “Dynamic sectoring” model, the simulation shows
that the average spectrum efficiency is equivalent in the two models. Comparing to the
system non cooperative relay and cooperative relay in terms of spectrum efficiency
Bit/Hz/s, the sectoring relay model increases by 50%. We conclude that the proposed
sectoring technique significantly improve spectrum efficiency.
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4. IMPACT OF INTERFERENCE ON THE SYSTEM PERFORMANCE
OF WIMAX RELAY 802.16J WITH SECTORING

4.6 Summary

In this chapter, we studied the impact of interference in the sectoring relay 802.16j
model. We reviewed the non cooperative relay model, the cooperative relay model and
also the proposed sectoring relay model. We used the COST231 Hata path loss model to
evaluate the impact of interference in all of these three relay models. We also proposed
a new dynamic frequency band allocation among the sectors. The results show that the
average spectrum efficiency in our model is almost the same as the average spectrum
efficiency in the other models in the worst case where the MSs are located in one sector.
In the other deployment of the MSs, our solution introduces a significant increase in
terms of spectrum efficiency at the base station when the interference is taken into
account.
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Chapter 5

Radio Resource Management :
Algorithm and Optimization

5.1 Introduction

In the previous chapter, we described a new architecture of Wimax with Relays
standard and its frame structure in order to enhance the spectrum efficiency. We also
studied the impact of interference in this model. We showed an improvement of the
system throughput due to the capability of the architecture to mitigate interferences.
In this chapter we will study the radio resource management in our system. In section
II, III, the radio resource management(RRM) studies are presented in both Wimax and
Wimax with Relays. We then formulate the RRM optimization problem in section IV.
We also propose a heuristic algorithms with low complexity to solve the optimization
problem are given in this section. The simulation results are discussed in section V.
Finally, the conclusion of our study in this chapter is given in section VI.

5.2 Overview of Radio Resource Management in Wimax

5.2.1 Definitions

Radio Resource Management or scheduling is the essential component of Wimax
MAC layer that guarantees the Qos to various service classes. This scheduler allocates
the resources of the cell among MSs. In Wimax OFDMA, the smallest logical unit for
bandwidth is a slot which contains a number of subcarriers in one to three durations of
OFDM symbol. Therefore, the allocation resource must decide what power transmis-
sion to use (for MSs, RSs and BS) and how many slots (bits information) should be
assigned to each user. The goal of this decision is to maximize or minimize some desire
performances indicators such as system capacity ; total power consumption ; user’s fair-
ness ; . . . in the network. There are three distinct scheduling processes to specify : two
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at the BS in both downlink and uplink and on at the MS for uplink. In our study, we
focus on the resource allocation in downlink at the BS, but the results can be extended
to other process.

Depending on the output objectives or the processing requirements, RRM algorithms
are classified in different groups. In term of the output objectives, the RRM algorithms
can be “network-centric” which provides high system throughput from the perspective
of the service provider, or “user-centric” which provides reliable services and fair re-
source sharing to the MSs. If we consider the processing viewpoint, RRM algorithms
can be “centralized” or “distributed”. In centralized system, the resource allocation is
based on the global knowledge of interference and channel state information (CSI) for
all of the nodes (MSs and RSs) in the network. On the contrary, each node is able
to allocate resource based on local channel condition in distributed system. Although
the distributed scheme provides a lower signaling overhead and a lower complexity, it
may cause service delays to the MSs. We focus therefore the centralized scheme in this
thesis.

5.2.2 Design Factors

In this section, we describe the main factors that a scheduler needs to consider in
order to provide the best resource assignment to MSs. These factors are the follo-
wings :

• Throughput Optimization : One of the most important aspects to consider is how
to maximize the total system throughput while the resources in wireless networks
are limited. In some profound discussion, a better term called goodput is used
instead of throughput. Goodput represents the transmitted data not including the
overhead and lost packets.
• Fairness : The scheduler also needs to share the resources fairly among the MSs.

The time to converge to fairness can be defined as short term or long term.
• QoS Parameters : The objective here is to assure the QoS requirement for various

service classes. The minimum reserved traffic and the maximum allowable delay
are essential QoS parameters. Hence, the systems must allocate the resources in
order to meet the delay and to provide the minimum throughput requirement.
Earliest Deadline First (EDF) [5] and Largest Weighted Delay First (LWDF) [90]
are the techniques to guarantee the delay requirement and minimum throughput
respectively.
• Energy Consumption and Power Control : In each cell, the total power is also

limited thereby the scheduler must consider the maximum allowable power. The
scheduler may evaluate the suitable power allocated to each node depending upon
the Chanel State Information (CSI). For example, if one MS is close to BS and
the SINR of the link BS-MS is really high, BS can send data to MS in a good
modulation and coding scheme even with small transmission power.
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• Implementation Complexity : In the Wimax context, BS must handle many simul-
taneous connections and make a lot of decision within 5ms time frame. Hence, the
scheduling algorithms have to be simple at both BS and MS.
• Scalability : The algorithm should efficiently operate when the number of connec-

tions increase significantly.

5.2.3 Radio Resource Management in Wimax without relay

In Wimax without Relay, the resource allocation algorithms are classified into the ca-
tegory “centralized” and “network centric”. Most of the recent scheduler proposals for
Wimax focus on the downlink BS scheduler. Channel unaware schedulers and channel
aware schedulers are the two main categories of scheduling techniques. In channel una-
ware scheduler, the resource allocation is decided without the feedback of the channel
state information. In the other words, the channel condition is supposed to be perfect
without loss and they assume an unlimited power source, thereby the QoS is perfectly
guaranteed. Round Robin (RR), Weighted Faire Queuing (WFQ), Delay-based and
Priority based [16] are some examples of channel unaware algorithms. Nevertheless,
these hypotheses are too strong due to the nature of wireless medium and the user
mobility. In wireless environment, the radio link such as fading, interference, noise and
signal attenuation may vary strongly, the channel aware scheduler must be considered.
The scheduler should take into account the channel condition in order to optimally and
efficiently take the appropriate allocation decision.

In [103], the author proposed a resource allocation algorithm that maximizes the
total throughput system. In this study, Wimax scheduler is used to opportunistically
assign resource to the MS with the highest SINR (or CINR). Some modifications in this
approach is possible to allocate the minimum number of slots to the connection with
low modulation and coding scheme. However, the MS with better channel conditions
receive always a higher bandwidth.

The Proportional Fairness Scheme (PFS) is studied in [49]. The objective of PFS
scheme is the long term user fairness. In this scheme, the scheduler is designed to take
advantage of multiuser diversity while maintaining comparable long term throughput
for all MSs. The system allocates the resource to the MS with the highest instantaneous
rate to mean rate ratio. If we denote Rk(t) the instantaneous data rate that user k can
achieve at time t and Wk(t) the average throughput for user k up to time slot t. The

PFS will allocate the bandwidth for the user with the highest Rk(t)
Wk(t)

.

For QoS guarantee purpose, a Modified Largest Weighted Delay First (M-LWDF)
algorithm was proposed in [7]. This algorithm ensures a minimum throughput guaran-
tee and also maintains delays smaller than a predefined threshold value with a given

67



5. RADIO RESOURCE MANAGEMENT : ALGORITHM AND
OPTIMIZATION

probability of each user.

In general, the total transmission power over an area is predefined and limited.
In addition, the MS operates using its battery which is also limited in power. Least
amount of transmission power is preferred for MSs due to their limited battery to reduce
the radio interference. As a result, the maximum power allowable is the constraint in
wireless communication. In [104], the authors proposed Link Adaptive Largest Weighted
Throuhgput for OFDM systems. The purpose of this algorithm is not only to optimize
the throughput but also to satisfy the power constraint.

5.2.4 Radio Resource Management in Wimax with relays

Although the RRM algorithms were well investigated in Wimax without relay, these
algorithms can not apply directly to Wimax system in which low cost relays are de-
ployed. In Wimax with relay, the path selection form BS to MS must be considered
in RRM algorithms. The RRM scheme can be “centralized” or “centralized”. We will
present here some recent researches on centralized and distributed system.

In [47], centralized RRM was studied in downlink single-cell network with a single
fixed RS. The authors proposed two algorithms (fixed time division and adaptive time
division) to improve the cell throughput and coverage while minimizing complexity
and overhead requirements. In both algorithms, the path selection is decoupled from
resource allocation to reduce the overhead. The frame is divided into two subframes
reserved for BS-RS transmission and for RS-MS transmission. The duration of two
subframes are equal in the first algorithm and are flexible in the second algorithm in
order to provide more throughput gain. The throughput within the frame defined as the
average of the BS-RS throughput and RS-MS throughput. In [67], the authors inves-
tigated the RRM in downlink single cell with multiple fixed RSs. Two low complexity
algorithms were proposed to improve the overall cell throughput. The power alloca-
tion of each subcarrier is equal and predetermined in the first algorithm. The second
algorithm presented an adaptive power scheme in which power is allocated to each
subcarrier depend on its SINR. The simulation results show that the second algorithm
performs better and provides better total throughput than the first algorithm as the
number of RSs increases.

The RRM in multihop downlink system was studied in an isolated cell [10, 11]. The
authors proposed a fairness aware resource allocation scheme which performs adaptive
subchannel, path and power allocation. The scheme first allocated a minimum band-
width to each MSs to satisfy the fairness condition then allocated the rest bandwidth
to the MSs with higher modulation and coding scheme in order to maximize the total
throughput. In [55], a centralized downlink OFDMA scenario in a muticellular topology
was studied with six relays per cell. The RSs are located at the edge of BS coverage in
order to extend the cell coverage. The RSs may also reuse the frequency band of BS
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to serve the MSs in extension area. The objective of this scheme is to provide the QoS
guarantee. However, the frequency reuse may cause the high level of interference in BS
coverage zone.

Beside the studies on centralized RRM scheme which better guarantees the QoS, few
articles also focus on the distributed RRM scheme in order to reduce the signal ove-
rhead and computational complexity. In [50], the author proposed two radio resource
control (RRC) schemes where both BS and RSs perform dynamic resource allocation.
These schemes showed a comparable performance to the centralized RRM schemes. Ho-
wever, these schemes fail to exploit the interference avoidance and traffic diversity gains.

The studies, presented above, showed the important of the RRM research in Wimax
with relay. Nevertheless, there is no RRM research on our approach where sectoring
technique and frequency reuse technique are presented. In the rest of the chapter, we
will investigate the RRM problem in our model.

5.3 System description and Assumptions

This section describes the radio resource management problem in the downlink of
multicellular Wimax with relay network that is considered in this research. In each cell,
one BS and a number of low cost RSs are deployed to provide the services to the MSs.
The system is considered in half duplex mode. Hence, each terminal (BS, RS or MS)
with single antenna can not transmit and receive simultaneously. Each cell is divided
into some equal area sectors and each sector is allocated a portion of the total cell
frequency band. The RSs in each sector reuse the frequency band of the other sectors
in the transmission to MSs as we concretely describe in the chapter 3. Since the RSs
power is predefined, much smaller than the BS, to serve a determined area, thereby
the impact of interference due to frequency reuse can be negligible as we highlighted
in chapter 4. The objectives of RRM in our research are total throughput, fairness and
QoS guarantee. Transmission power of each subcarrier is supposed to be equal and the
total transmission power of all subcarrier is predetermined at each BS and each RS.
The RRM with total power constraint will be further investigated.

The RRM problem is studied in only two hop relay system. The RSs are in mode
decode and forward to guarantee the best QoS. For the connection via RS, the RS
receives and decodes the information from the BS then forwards the information to
MSs in a different frequency band. The downlink subframe period is divided into two
equal zones. In the first zone, the BS can transmit data to either the MS directly or to
the RSs. In the second zone, the BS and the RSs transmit data to the MSs. We assume
that the channel condition does not change within the frame duration. In addition, the
BS has the knowledge of all channel state information (CSI) in the network to perform
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the centralized RRM algorithms. From overall system CSI, the SINR of all the links is
also estimated to provide a suitable modulation and coding scheme on each link. The
modulation and coding schemes can vary from BPSK, QPSK to 64QAM in the Wimax
system.

5.4 RRM formulations and heuristic algorithms

In the previous section, the RRM studies in Wimax and Wimax with relays were
introduced but there is still no RRM investigation on sectoring based Wimax with re-
lays. In this section, our analytical RRM formulations in sectoring based Wimax with
relays will be presented. The first objective of RRM formulation is to maximize the
cell throughput while ensuring a minimum bandwidth amount for each user. If the
minimum bandwidth for each user is equal to zero, the objective of RRM formulation
is to maximum the total throughput. The second formulation is given for Proportional
Fairness Scheduling (PFS). Here, the resource is allocated for the user with high ins-
tantaneous data rate but low average throughput in the past. Finally, the data queue
is introduced in the MSs and the RRM mathematical formulation is given in order to
empty the queue data and maximize the cell capacity.

Let N and k represent the number of users within the cell and number of sectors
respectively. Ni denotes the number of users in sector i. F is the total frequency band
and Fi is the frequency band of BS in sector i, so F =

∑k
i=1 Fi. L is the total number

of sub-channels of frequency band F and Li is the number of sub-channels of frequency
band Fi so L =

∑k
i=1 Li. Rij denotes the relay in sector i and using the frequency

band Fi (i 6= j).Uil denotes the user l in sector i. XBS,Rij ,h(h ∈ Fi);XBS,Uil,h(h ∈
Fi);XRSij ,Uil,h(h ∈ Fj) represent the link between the BS, the RS and the MS on the
sub-channel h. Let βBS,Rij ,h, βBS,Uil,h and βRSij ,Uil,h denote the signal-to-interference-
plus-noise ratio (SINR) in the corresponding links.

5.4.1 Maximum total throughput formulation and algorithm

max(A+B) (5.1)

where : A =

k∑
i=1

k∑
j=1(j 6=i)

∑
∀h∈Fi

XBS,Rij ,h.log(1 + βBS,Rij ,hPBS)

B =
n∑
i=1

Ni∑
l=1

∑
∀h∈Fi

XBS,Uil,h.log(1 + βBS,Uil,hPBS)
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k∑
i=1

k∑
j=1,j 6=i

XBS,Rij ,h +

k∑
i=1

Ni∑
l=1

XBS,Uil,h ≤ 1, ∀h ∈ F (5.2)

where : XBS,Rij ,h and XBS,Uil,h ∈ {0, 1}∀i, j, l, h

Ni∑
l=1

XRSij ,Uil,h ≤ 1∀h ∈ Fj (5.3)

where : XRSij ,Uil,h(h ∈ Fj) ∈ {0, 1}∀i, j, l, h

F =

k∑
i=1

Fi (5.4)

∑
h∈Fj

Ni∑
l=1

XRSij ,Uil,h.log(1 + βRSij ,Uil,h.PRS) =
∑
h∈Fi

XBS,Rij ,h.log(1 + βBS,Rij ,h.PBS)

(5.5)

∑
h∈Fi

XBS,Uil,h +
k∑

j=1,j 6=i

∑
h∈Fij

.XRSij ,Uil,h ≥ α (5.6)

In equation 5.1, B represents the total throughput of the users that connects directly
to BS and A represents the throughput of the users that connects to BS via RS. The
constraints in (5.2) & (5.3) assure that each sub-channel of BS or RS serves only one
destination. In (5.4), the frequency band of the cell is the sum of frequency band of
each sector. The data flow from the MSs to the BS via relay is described in (5.5), the
data transmission from the BS to the RS is equal to the data transmission from the
RS to MSs. The last constraint guarantees a minimum number of sub-channels α for
all users. α is an integer between 0 and L/N . As α approaches L/N , the optimization
problem guarantees the strictly user fairness, and as α approaches zero, the optimisation
problem becomes one of capacity maximization.

It is difficult to determine the optimal solution for the RRM formulation that we have
just presented, because there is no general algorithm for solving a mixed nonlinear in-
teger programming problem efficiently. To reduce the high complexity, we propose to
predefine the frequency band in each sector proportional to the number of each sector.
Each sector will be considered as a “cell” with frequency band Fi available for BS and
frequency band F − Fi available for RSs. An heuristic algorithms with low complexity
is given in order to solve the RRM optimization problems.
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Algorithm 5.4.1 Maximum throughput while ensuring a minimum bandwidth for
each user
Input Multicellular Wimax system with one base station, M relay station and N mobile

stations in each cell. The cell is divided into k sectors.
Output Maximum overall cell throughput while each user is allocated at least α sub-

channel.
Initial the parameters for BS, RSs and MSs
for Each duration Frame do

Predefine frequency band for BS in each sector Fi = Ni
N .B.

Frequency band for RSs in sector i is F − Fi
Initial all subchannel from BS and RSs equal to zeros.
for Each sector i do

while (Remained bandwidth of RSs in sector i >0) and (∃Uil may be connec-
ted via RSs) do

RUil,h
(t) = log(1 + βBS,Rij ,h.PBS) for Uil may be connected via RSs

RUil,h
(t) = log(1 + βBS,Uil,hPBS) for Uil has only direct connection to BS.

l∗, h∗ = argmaxl,hRUil,h
(t) ∀Uil that does not have enough α subchannel.

Assign subchannel h∗ of BS to user l∗ in sector i.
end while
RUil,h

(t) = log(1 + βBS,Uil,hPBS) for Uil
Sort RUil,h

(t) of each user on each subchannel in descending order.
Assign subchannels to each user according to the sorted order. If an user

receives α subchannel, stop allocating subchannel to that user.
The remained subchannels are assigned to the user who has the best instan-

taneous data rate.
end for

end for

5.4.2 Proportional Fairness Scheduling formulation and algorithm

max(A+B) (5.7)

where : A =
k∑
i=1

k∑
j=1(j 6=i)

∑
h∈Fj

Ni∑
l=1

XRSij ,Uil,h.
log(1 + βBS,Rij ,hPBS)

WUil
(t)

B =

n∑
i=1

Ni∑
l=1

∑
∀h∈Fi

XBS,Uil,h.
log(1 + βBS,Uil,hPBS)

WUil
(t)

k∑
i=1

k∑
j=1,j 6=i

XBS,Rij ,h +
k∑
i=1

Ni∑
l=1

XBS,Uil,h ≤ 1, ∀h ∈ F (5.8)
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where : XBS,Rij ,h and XBS,Uil,h ∈ {0, 1}∀i, j, l, h

Ni∑
l=1

XRSij ,Uil,h ≤ 1∀h ∈ Fj (5.9)

where : XRSij ,Uil,h(h ∈ Fj) ∈ {0, 1}∀i, j, l, h

F =

k∑
i=1

Fi (5.10)

∑
h∈Fj

Ni∑
l=1

XRSij ,Uil,h.log(1 + βRSij ,Uil,h.PRS) =
∑
h∈Fi

XBS,Rij ,h.log(1 + βBS,Rij ,h.PBS)

(5.11)

The PFS scheme which is formulated above, has the same principle as the PFS
scheme in the literature. We define WUil

(t) as the average throughput until instant t of
the user l in sector i. We remind that B.log(1+β ∗P ) (in bit/s) represents the capacity
of the subchannel with frequency band B ; SINR = β and power transmission P . As
frequency band of the subchannels is fixed and equal we can reduce the factor B in the
optimization formulation. log(1 +β ∗P ) is the limit data rate in bit/Hz/s following the
Shanon theory but it can be replaced by Adaptive Modulation and Coding (AMC) such
as BPSK, QPSK, QAM in real Wimax system. If we define RUil

(t) as the instantaneous
AMC for the transmission to user l in sector i, RUil

(t) is equal to log(1 +βBS,Uil,hPBS)
for direct transmission or to log(1 + βBS,Rij ,h.PBS) for via relay transmission. In each
sector i and each subchannel h in the sector, PFS scheme will select an index l∗ such

as
RUil∗ (t)

WUil∗ (t)
= max

RUil
(t)

WUil
(t) and the subchannel h is allocated to user l. The objectives of

PFS scheme in long term are maximum total throughput : “priority for the user with
high instantaneous data rate R” while maintaining the fairness among users : “priority
for the user with low average data rate in the past”. The heuristic algorithm is given
as follows :

Algorithm 5.4.2 Proportional Fair Scheduling

Input Multicellular Wimax system with one base station, M relay station and N mobile
stations in each cell. The cell is divided into k sectors.

Output Fairness resource distribution among users depending on instantaneous data
rate R and average data rate W .
Initial the parameters for BS, RSs and MSs
for Each duration Frame do

Predefine frequency band for BS in each sector Fi = Ni
N .B.
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Frequency band for RSs in sector i is F − Fi
Initial all subchannel from BS and RSs equal to zeros.
for Each sector i do

for Each subchannel h ∈ Fi do
while (Remained bandwidth of RSs in sector i >0) and (∃Uil may be

connected via RSs) do
RUil,h

(t) = log(1 + βBS,Rij ,h.PBS) for Uil may be connected via RSs
RUil,h

(t) = log(1 + βBS,Uil,hPBS) for Uil has only direct connection to
BS.

l∗ = argmaxl
RUil,h

(t)

WUil

Assign subchannel h of BS to user l∗ in sector i.
end while
RUil,h

(t) = log(1 + βBS,Uil,hPBS) for Uil

l∗ = argmaxl
RUil,h

(t)

WUil

Assign subchannel h of BS to user l∗ in sector i.
end for

end for
end for

5.4.3 Queuing Fairness formulation

The PFS scheme takes benefit from the diversity gain of the transmission to maximize
the total throughput. In fact, if the Wimax system can provide high instantaneous
data rates to an user, this user has high priority. However, in the fairness aspect, PFS
scheme does not take into account the user’s demand. Hence, a user with low data rate
demand may be given too much data while a user with high data rate demand does not
receive enough data. We propose to introduce the notion queue demand Q to all MSs
in the cell. In a real network, each active user will send continuously the requests with
different data rate demand to the BS where the RRM is located. We note QUil

(t) as
the remained data demand that needs to be treated at the instant t of user l in sector
i. We propose a Queuing Fairness scheme which gives the advantage for the user with
high instantaneous data rate and high queue demand. Each subchannel of each sector
will be assigned to the user with highest combination of Q and R. This combination
may be R.Q or Rα.Q. If the maximum total throughput is more important, the network
provider may choose an important value α or a combination R.log(Q). In the contrary,
a small α close to 0 or a combination Q.log(R) is chosen to get a better fairness system.
The constraints in this formulation are the same as the constraints in PFS scheme. The
queuing optimization formulation is given as following :

max(A+B) (5.12)
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where : A =

k∑
i=1

k∑
j=1(j 6=i)

∑
h∈Fj

Ni∑
l=1

XRSij ,Uil,h.log(1 + βBS,Rij ,hPBS).QUil
(t)

B =

n∑
i=1

Ni∑
l=1

∑
∀h∈Fi

XBS,Uil,h.log(1 + βBS,Uil,hPBS).QUil
(t)

The corresponding heuristic algorithm is presented as following :

Algorithm 5.4.3 Queuing Fairness Scheduling

Input Multicellular Wimax system with one base station, M relay station and N mobile
stations in each cell. The cell is divided into k sectors.

Output Fairness resource distribution among users depending on instantaneous data
rate R and the queue demand Q.
Initial the parameters for BS, RSs and MSs
for Each duration Frame do

Predefine frequency band for BS in each sector Fi = Ni
N .B.

Frequency band for RSs in sector i is F − Fi
Initial all subchannel from BS and RSs equal to zeros.
for Each sector i do

for Each subchannel h ∈ Fi do
while (Remained bandwidth of RSs in sector i >0) and (∃Uil may be

connected via RSs) do
RUil,h

(t) = log(1 + βBS,Rij ,h.PBS) for Uil may be connected via RSs
RUil,h

(t) = log(1 + βBS,Uil,hPBS) for Uil has only direct connection to
BS.

l∗ = argmaxl(RUil,h
(t).QUil

(t)
Assign subchannel h of BS to user l∗ in sector i.

end while
RUil,h

(t) = log(1 + βBS,Uil,hPBS) for Uil
l∗ = argmaxl(RUil,h

(t).QUil
(t)

Assign subchannel h of BS to user l∗ in sector i.
end for

end for
end for

5.5 Simulated Network Performance

5.5.1 Simulation Model and Parameters

In order to evaluate and compare the performance of different RRM schemes and its
heuristic algorithms, a Wimax infrastructure of 19 cells is deployed with reuse factor
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3. The total frequency band of the cell is 10MHz which is shared among three sectors,
proportional to the number of user in each sector. In each sector, two RSs are deployed
to provide better services to users. As RS in each sector reuse the frequency band of
the other sectors, we consider the interference aware problem. A fixed number of MS
are deployed in each cell and request different services and the data rate of the services
follows Poisson law with a predefined parameter λ. Q represents the remained demand
data of the users. The signal propagation model used in our simulation is COST 231
Hata path loss model with path loss exponent of 3.5. The same simulation parameters
as the previous chapter are given in Table.5.1

Parameter Value

Number of cells 19
Number of sector in cell 3
Frequency reuse 1,3,3
Bandwidth 10Mhz
Carrier frequency 3500MHz
BS transmit power 43dBm
BS antenna height 30m
BS antenna gain 18dB
RS transmit power 35dBm
RS antenna height 10m
MS noise figure 8dB
RS antenna gain 6dB
MS antenna height 2m
MS antenna gain 0dB
Other loss L0 Random
Path loss model Suburban COST 231 Hata model
Coverage range 1,5km

Table 5.1: Simulation parameters

5.5.2 Simulation Result and Discussion

In this section, we propose to compare the system performance of different RRM
schemes. In the throughput optimization while ensuring a minimum bandwidth for each
user scheduling, we apply the heuristic algorithm to “maximize the total throughput” or
“distribute equal bandwidth among the users”. In the queuing fairness scheduling, three
combination of R and Q are considered : R.Q ; R.log(Q) and Q. We also investigate
the performance of Proportional Fair Scheduling. Two mains factors which will be
compared are “Total throughput” and “Fairness”.
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Figure 5.1: Total cell throughput in different resource allocation scenarios : N = 25 ;
λ = 2.106bit/s
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Figure 5.2: Spectrum efficiency (Bit/Hz/s) in different resource allocation scenarios :
N = 25 ; λ = 2.106bit/s

5.5.2.1 Throughput comparison

We performed several experiences to evaluate the total cell throughput in different
scenarios. The number of users and the Poisson parameters λ are varied in these ex-
periences. The results showed that the total throughput depends on the total demand
data rate from all users which can be represented by factor of number of users and λ.
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If the total demand data rate is small enough, all the scheduling schemes can satisfy
the requests from the users, hence the total throughput are the same in these cases.
For example, if 25 active users are deployed in the cell and parameter λ is 106bit/s,
the average arrival rate to the cell is about 25.106bit/s. This demand is quite small
and can be satisfy by all RRM algorithm proposed. To better compare the total cell
throughput, an extra average arrival rate must be considered. Figure.5.2 illustrated the
spectrum efficiency of different RRM schemes with 25 active user and λ = 2.106bit/s
over 10 000 experiences. The results shows that “Equal queue demand all user” scheme
and “Max Thoughput” scheme provide the lowest and the highest spectrum efficiency
respectively. The three others schemes : “Equal bandwidth for all user”, “Queuing
Fairness” and “Proportional Fair” have comparable spectrum efficiency levels. This ob-
servation is confirmed in the other experiences with different extra data rate demand.
Figure.5.1 illustrated the total cell throughput of different RRM schemes in 30 different
experiences. In each experience, the total cell throughput of “Equal queue demand all
user” scheme and “Max Throughput” scheme provide the lowest and the highest total
cell throughput levels and the other schemes have comparable total cell throughput
levels. This result is observed not only in 30 experiences that we have shown but in all
simulation experiences.

5.5.2.2 Fairness Discussion

Figure.5.3 shows the average throughput of the users depends on its position in the
cell while applying different RRM schemes. We notice that, MS could receive a high
data rate/ high spectrum efficiency in all schemes even if it position is close to edge of
the cell. Thank to the RSs deployment with frequency reuse, this better performance
is performed. However, in “max throughput” scheme or “max Rlog(Q) scheme, we
remark that there are many MSs receive the total data rate demand while some other
MSs get no service. Even these schemes perform high total cell throughput, the fairness
aware is ignored. On the contrary, the “equal queue demand” scheme seems to provide
almost the same average data rate to all of the MSs but the total throughput is too
low (Figure.5.1). The three other RRM schemes : “Queuing Fairness”, “Proportional
fair” and “equal bandwidth to all user” seem to take into account the “fairness aware”
among the user. All users have at least some amount of data rates even its have the bad
link condition to BS. In addition, the total cell throughput of these schemes is quite
high.

To better compare the fairness among different RRM scheme, Jain’s fairness index
was proposed to measure the “fairness” in the literature, the formulation is the follo-
wing :

J(x1, x2, . . . xn) =
(
∑n

1 xi)
2

n.
∑n

1 x
2
i

Jain’s fairness index is varied from 0 to 1, the higher of the index the better fairness
of the RRM scheme. In our system, xi takes the value of the remained queue data
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(d) Proportional Fairness
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Figure 5.3: Scatter of average throughput distribution at different position in the cell
with different RRM schemes N = 25 ; λ = 2.106bit/s

demand of each MSs. We will establish the “Cumulative Distribution Function” (CDF)
of Jain’s index in different schemes. Figure.5.4 illustrates the CDF of Jain’s index over
400 experiences and the system performs over 10s in each experience. The simulation
result show that, the “max throughput” scheduling has the worst fairness index which
is smaller than 0.8 in about 50% experience. Although, the total throughput is really
low, the “equal queue demand” scheduling has the best fairness index which is higher
than 0.95 in more than 80% experience. In the three schemes “Equal bandwidth to all
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Figure 5.4: Jain’s fairness index CDF function of different RRM schemes N = 25 ; λ =
2.106bit/s

user”, “Proportional fair ‘’ and “Queuing Fairness” which have the comparative high
total throughput, “Queuing Fairness” provide the better fairness index which is higher
than 0.9 in more than 90% experience. We recommend the “Queuing Fairness” scheme
to allocate the resource in sectoring based Wimax with relay. This scheme provides a
high total cell throughput while maintaining a high fairness index.

5.6 Summary

In this chapter, the radio resource management has been investigated in Wimax and
Wimax with relay. In the recent works, the authors show that the RRM scheduling
is more complicated in Wimax with relay. We studied RRM optimization in sectoring
based wimax with relay system. Three RRM optimization scheme were formulated. The
first scheme is to maximize total throughput while guaranteeing a minimum amount
bandwidth to each user. The second scheme is “Proportional Fairness Scheduling”.
These two first schemes uses the same approach as the literature RRM in Wimax. We
proposed our approach by introducing the queue data demand of each user, the resource
is allocated to the user with highest R.Q, where R is the instantaneous data rate and
Q is the queue data demand of the users. We also created the heuristic algorithm
to reduce the complexity of these three RRM scheme. The simulation results showed
that our scheme proposed the better performance in term of total throughput and
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fairness.
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Conclusion

Nowadays, many wireless broadband technologies allow us to get access to high data
services such as video streaming, multimedia conferencing and interactive gaming wi-
thout any cables, wires or telephone connection. Built on different wireless standards,
the technologies have been developed to support better services to users. However, these
wireless standards provide their services independently and are not compatible with one
another. That is why ITU-R defined the IMT-Advanced requirements for 4G systems,
in which the wireless broadband standard must be compatible with and able to support
a very high data rate up to 1Gbps in downstream. Wimax is one of the most important
candidates for 4G system. The advantage of Wimax comparing to the other candidates
is the lightweight IP architecture which reduces the operating expenses. Wimax has
been the subject of our thesis and more particularly the deployment and scheduling
optimization in Wimax with relays networks.

In the first part of this work, we have assessed the performance in Wimax networks.
For this, measurement study on fixed and mobile Wimax performance was presented in
chapter 2. These experiments showed that the users do not experience an appropriate
QoS “everywhere” in the Wimax cell. Due to the obstacles and channel conditions bet-
ween the mobile station and the base station, high attenuations are adjusted in the link
BS-MS and that makes the connections impossible with good QoS. Therefore, Wimax
system performs with low efficiency spectrum. This measurement study indicates the
necessity of an improvement in fixed and mobile wimax performance. One solution is to
deploy low cost relay stations in Wimax cell in addition to the BS in order to enhance
the cell capacity and the cell coverage. The amendment IEEE 802.16j Wimax with
relay proposing this approach was finalized in 2009.

Recent researches on Wimax with relay have indicated that the cell throughput im-
provement is not as high as the expectation of the amendment IEEE802.16j. The raison
is the silent state of the base station when the frequency band is occupied by the relay
stations in multihop connection. In some cooperative relay works, the base stations
are supposed to cooperate with the relay station to transmit data to the mobile sta-
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tions. A higher QoS have been shown for some users in the cell, nevertheless the overall
throughput enhancement is still relatively low. This problem has been the focus of this
thesis. We first proposed a new deployment architecture in which the BS and the RSs
can transmit simultaneously data to different users in the cell. This new architecture
of Wimax relay uses sectoring technique and frequency reused technique to eventually
improve the overall cell throughput. In this architecture, the cell is divided into several
sectors and a portion of the cell frequency band is allocated to each user. The RSs
in each sector reuse the frequency band of the other sectors to transmit data to the
users. In each sector, the BS and the RSs employ different frequency band which allow
them to transmit simultaneously. The adaptive frame structure was also created for
the BS and the RS. Finally, simulations were conducted in order to evaluate the total
throughput in our new approach. The result showed an important throughput increase
in the new architecture. This contribution is describe in chapter 3 and was published
in International Workshop on Broadband Convergence Networks (BCN) 2010[71].

In chapter 3, we have made strong assumptions regarding the non existence of inter-
ference among the BSs and the RSs. In addition, the total frequency band was proposed
to divide equally among the sectors. In some particular deployment of user in the cell,
this may significantly decrease the throughput of the cell. We want to relax these strong
assumptions and study the impact of interference in Wimax with relay using sectoring.
In the study presented in chapter 4, we evaluated the interference level in multicellular
network and we took into account the interference from all the terminals using the
same frequency band. Moreover the frequency band is proportionally allocated to each
sector depending on the number of users in each sector. The results indicated that the
impact of interference in the system is low and it can be negligible. A high throughput
augmentation was provided with all deployment scenarios of the users in the cell. This
study was published in International Conference on Communication (ICC) 2011[70].

Our last contribution focused on the radio resource management problem. Recent
research showed that the RRM problem in Wimax with relay is complex because it’s
not only a scheduling problem but also a routing problem from BS to MSs. To the
best of our knowledge, there is still no work on RRM optimization on Wimax with
relay network using relay. In chapter 5, we reformulated resource allocation optimiza-
tion scheme similarly to Wimax study. Two main schemes were presented : “Maximum
throughput while ensuring a minimum bandwidth to each user” and “Proportional
Fair Scheduling”. We proposed a new scheme that takes into account the parameter
Q, which represents the remained data demand of the users, in RRM problem. In this
scheme, the resource is allocated to the user with the highest R.Q, where R is the
instantaneous data rate. The heuristic algorithms with low complexity are given for
each scheme. The result shows that our approach performed a comparable throughput
to the other schemes while the fairness index is better.
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Wimax with relay networks has a quite complex architecture comprising of a large
number of challenging issues. Regarding the aspects addressed in this thesis, there are
still many possible research areas that the future works may take.

The transmission power of relay stations is supposed to be fixed and much smaller
than that of base stations. Due to this assumption, the coverage area of relay station is
small and the impact of interference can be negligible. In fact, the higher transmission
power of RS results in the larger RS coverage. This may increase the total throughput
of the cell. However, the impact of interference will also be stronger. We would like to
find out the optimal transmission power of RSs in order to maximize the throughput
improvement with interference aware.

In this thesis, we proposed a new deployment architecture Wimax with relays with
sectoring and frequency reuse technique. Nevertheless, we assumed that BS can reach
MS in maximum two hops. This architecture cannot apply directly to Wimax multihop
relay networks. In addition, we studied only on the downlink transmission. We aim to
extend our research on Wimax multihop relay networks in both the uplink and the
downlink transmission.

In our RRM study, we did not take into account the limited transmission power over
an area which is important for the community health. Moreover, the power transmis-
sion is equally divided among the subcarriers. Therefore the system cannot fully benefit
the diversity gain. If the power control is considered, the system can provide less power
to the subcarrier with good link condition while guaranteeing the spectrum efficiency
and more power to the subcarrier with bad link condition to enhance the spectrum
efficiency. A RRM investigation with transmission power constraint and flexible power
control is a very interesting issue.

The centralized RRM in downlink transmission was studied in the proposed sectoring
Wimax with relays. The centralized algorithms provide the benchmark performance.
However, the high complexity of scheduling algorithms may make the centralized RRM
scheme less attractive than the distributed RRM scheme. Distributed RRM or a hybrid
centralized and distributed RRM study in both downlink and uplink transmission is a
challenging problem in our proposed architecture.
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