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Abstract

Wireless communication networks have experienced remarkable growth in recent years
and are becoming attractive alternative to cable and DSL in providing last mile network
access. Candidate wireless technologies should be cost-competitive, offer broadband
wireless access, support portable and mobile operations with integrated voice, video and
data services. Worldwide Interoperability for Microwave Access (WiMAX) is emerging
as the leading wireless access technology that provides cost-competitive, ubiquitous

broadband wireless access and Quality of Service (QoS) capabilities.

WiMAX refers to the interoperable implementations of the IEEE 802.16 family of
wireless networks standards ratified by the WiMAX Forum. The IEEE 802.16 standard
provides specifications for the Medium Access Control (MAC) and Physical (PHY)
layers. WIMAX uses Orthogonal Frequency Division Multiple Access (OFDMA) at the
Physical level to achieve multiple access. The presence of multiple users means that
uplink resources in the form of slots have to be shared among the users. Slots are the
minimum data allocation unit in OFDMA and are defined in two dimensions: one in
time (OFDMA symbol number) and one in frequency (subcarrier). Since users share the
uplink resources, this can result in collision of data signals originating from different

subscriber stations.

We have developed two centralized bandwidth allocation algorithms for the uplink
traffic to resolve contention for bandwidth and determine the transmission order of
users, while maintaining fairness and QoS capabilities. We have developed an in-house
simulation program in C++ to evaluate the performance of the proposed algorithms in

terms of network throughput, packet delay and packet loss ratio.

The first algorithm, called Fairness Assured Scheduling Algorithm (FASA), employs
a credit pooling technique to allocate slots among subscriber stations in a fair manner

according to channel conditions. Based on channel conditions, WiMAX standard defines



seven Signal to Noise Ratio (SNR) levels resulting in seven different transmission rates
at which subscriber stations can transmit data. We assign a zone to each of the seven
different transmission rates. Allocating equal number of slots to subscriber stations
irrespective of channel conditions, results in unequal data transmission rates among
subscriber stations. This is due to the fact that different subscriber stations located in
different zones experience dissimilar transmission bit rates per slot. To ensure
approximately equal transmission rates among subscriber stations we introduce a
normalization parameter to assign slots to subscriber stations based on channel
conditions. In this way, FASA distributes unequal number of slots to subscriber stations,
but guarantees approximately equal subscriber station transmission rates to satisfy
service level agreements. Simulation results will show that FASA guarantees almost
identical subscriber stations throughput. When the network is fully loaded, FASA
overall throughput is approximately 50% of the WiMAX maximum theoretical
throughout. This is attributed to the fact that users experience different channel
conditions, which limits the achievable transmission rate. However, under best channel
conditions, FASA achieves an overall throughput of about 93% of the maximum
WiMAX theoretical throughput. The slight difference can be attributed to the slot
packing problem. The slot packing problem is concerned with packing variable size
data packets into fixed size slots. If the data packets are not exact multiple of the slot

size then some slots may not be full, resulting in waste of bandwidth.

The second algorithm, called Fairness Assured with Quality of Service (FASAQ),
employs a credit pooling technique to allocate slots among subscriber stations’ classes
of service in a fair manner. Various classes of service are transmitted based on their QoS
requirements, transmission history and their channel conditions. A weighted round robin
arbitration mechanism is employed in FASAQ to determine the priority of users by their
long term transmission records. In FASAQ, we also employ the concept of zoning to
assign slots to subscriber stations based on their channel conditions. Similar to FASA, a
zone is assigned to each of the seven different transmission rates corresponding to the

seven WiMAX defined Signal to Noise Ratio levels.
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To ensure approximately equal transmission rates among subscriber stations, we used
the normalization parameter introduced in FASA to assign slots to subscriber stations
based on channel conditions. In this way, FASAQ distributes unequal number of slots to
subscriber stations, but guarantees approximately equal subscriber station transmission
rates to satisfy service level agreements. When the normalization parameter is not
employed, subscriber stations receive equal number of slots, which does not translate
into equal share of bandwidth among subscriber stations as promised. This is due to the
fact that based on channel conditions, slots have different transmission bit rates, and so
an equal distribution of slots results in an unequal transmission rate among subscriber
stations. We used the name Quality of Service Assured Algorithm (QASA) to describe

the case in which the normalization parameter is not employed.

Simulation results will show that FASAQ is able to satisfy QoS requirements and
guarantees almost identical throughput among subscriber stations regardless of channel
conditions experienced by the subscriber stations. Simulation results will also show that
when zoning is not employed, subscriber stations will not receive their fair share of
bandwidth as promised. Subscriber stations with poor channel conditions will
experience lower throughput than subscriber stations experiencing good channel
conditions. Simulation results will evaluate and compare the performance of FASAQ

and QASA in terms of network throughput, packet delay and packet loss ratio.
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Chapter 1  Introduction

1.1 Motivation of Research

The motivation behind this master thesis stems from the need to address the technical
challenges faced by network operators as they try to cope with ever increasing user
demands for high data rates, mobility and connectivity. The 21* century technologically
savvy users expect to access information anytime, anywhere and on any device. One
solution to satisfy high data rates and mobility is the deployment of wireless
technologies. New wireless technologies have enabled the development of a large
number of applications which changed the way we work, live and play. As the number
and versatility of wireless applications is increasing, so is the number of people using

wireless devices on a daily basis.

According to the International Communication Union [1}, the number of worldwide
mobile users has increased significantly in the past decade, reaching 5.3 billion mobile
subscriptions at the end of 2010, with much of the growth coming from the developing
countries. With the proliferation of laptops and introduction of new mobile devices, such
as smart phones and tablets, the number of people accessing the mobile internet is also
growing rapidly. It is expected that within five years, the mobile Web access will
overtake the PC as the most popular way to get on the Web. At the current growth rate,

in just over two years there will be over 1 billion mobile internet users worldwide [1].

These remarkable growth statistics, combined with future bandwidth-intensive
applications, will definitely overwhelm the wireless communication networks and will
send wireless network operators scrambling to create new technical solutions. There
have been continued efforts to deliver ubiquitous broadband wireless access by

developing and deploying new broadband wireless access technologies.
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Figure 1.1: Illustration of Network Types (Source: [11])

Figure 1.1 illustrates wireless network categories and the most well-known technologies
for each type of network. Wireless access technologies can be broadly characterized by

coverage area, mobility, complexity and data rates supported as follows:

e Personal Area Network (PAN) is used for communication among data devices
close to one person. An example of PAN technology is Bluetooth [2], whose

coverage area is limited to a few meters with no mobility.

e Local Area Network (LAN) is a wireless or wired communication network
which covers a small area such as a house or office, with limited mobility. Wi-Fi
is a wireless local area network (WLAN) based on the Institute of Electrical and

Electronics Engineers (IEEE) 802.11 standards [3].



e Metropolitan Area Network (MAN) is a data network that connects a number of
LANSs or a group of stationary/mobile users distributed over a large area, such as
an airport terminal or a neighbourhood. An example of a MAN is Worldwide
Interoperability for Microwave Access (WiMAX) based on the IEEE 802.16
standards [4].

e Wide Area Network (WAN) is a data network covering a relatively large
geographical area by interconnecting a set of nodes, hosts, or LANs. Examples
of WANS include the Internet [5], cellular networks, and mobile WiMAX.

In this thesis we are interested in wireless access technologies developed to address
the last-mile bottleneck by providing an alternative to cable and DSL. The last-mile is
the final leg of delivering connectivity from the service provider to the customer.
Candidate technologies should be cost-competitive, offer broadband wireless access
(BWA), support fixed, portable and mobile operations with integrated voice, video and
data services. Worldwide Interoperability for Microwave Access (WiMAX) is emerging
as the leading wireless access technology that provides cost-competitive, ubiquitous
broadband wireless access and Quality of Service (QoS) capabilities. WIMAX is a
family of telecommunications protocols ratified by the WiMAX Forum®, which is an
industry-led, not-for-profit organization that certifies and promotes the compatibility and
interoperability of broadband wireless products based upon IEEE 802.16 family of
broadband wireless networks standard [6]. The IEEE 802.16 Air Interface for
Broadband Wireless Access Systems provides specifications for the Physical (PHY) and
Medium Access Control (MAC) layers.

WIiMAX is providing fixed, nomadic, portable and eventually, mobile wireless
broadband connectivity without the need for direct line-of-sight (LOS) communication
with a base station. WiMAX forum has published three licensed spectrum bands
(2.3GHz, 2.5 GHz and 3.5 GHz) that can offer theoretical rates of up to 75 Mbps with

coverage from a single tower of up to 50 km. However, practical considerations such as



terrain, weather, and buildings limit the range to about 10 km. WiMAX supports a large
number of channel bandwidths ranging from SMHz to 20MHz and radio frame size of

Sms [7].

IEEE 802.16 standard can support a variety of multiple access schemes such as
WirelessMAN-SC, Orthogonal Frequency Division Multiplexing (OFDM) and
Orthogonal Frequency Division Multiple Access (OFDMA), which allow the users to
share the radio resources. However, OFDMA is the most widely used WiMAX access
scheme and will be the only scheme discussed in detail in this thesis. OFDMA is a
technique for transmitting large amounts of digital data over a radio wave. The
technology works by splitting the radio signal into multiple smaller sub-signals or
subcarriers, which are then transmitted simultaneously at different frequencies to the
receiver. User generated digital data modulates the subcarriers using any of the four
digital modulating techniques: BPSK, QPSK, 16-QAM and 64-QAM. In an OFDMA
system, resources are available in the time domain by means of OFDMA symbols and in
the frequency domain by means of subcarriers. This two dimensional partition of
resources creates a resource matrix with time as the horizontal axis and frequency as the

vertical axis.

WiIiMAX defines a slot as the smallest unit of Physical layer resource and hence the
smallest element of the resource matrix. A slot is also represented in two dimensions:
one in time (time symbols) and one in frequency (subcarriers). WiMAX users
experience variable channel conditions. As such, besides carrying data, slots also carry
reference signals called pilots that convey information about the channel conditions. The
pilots carry information such as carrier to interference and noise ratio (CINR) or
Received Signal Strength Indicator (RSSI), which is used by the base station and users

to determine modulation and coding rates employed during transmission.



Consumer Broadband Access Hotspot Backhaul

Figure 1.2: Typical WiMAX Architecture (Source: [39])

WIiMAX is a broadband wireless access network that delivers data between a base
station (BS) and Subscriber Stations (SS) located at customer premises as shown in
Figure 1.2. Communication occurs in two directions: from BS to SS is called downlink
and from SS to BS is called uplink. With respect to duplexing, which refers to bi-
directional communication between two devices, WiMAX supports both Time Division
Duplex (TDD) and Frequency Division Duplex (FDD). In TDD systems, a common
carrier is shared between the uplink and downlink, the resource being switched in time.
In FDD systems, one frequency band is allocated for the uplink and another for the
downlink.

WIMAX is a point-to-multipoint (PMP) architecture in the downlink, meaning that
the BS broadcasts identical data to all subscribers. Each subscriber is responsible for
determining which data is intended for it, while ignoring all other data. In the uplink,
WIiMAX employs a multipoint-to-point architecture, meaning that the subscriber

stations share the wireless capacity and resources, which can result in collisions of data



signals from different subscriber stations. There is no direct communication between
subscriber stations, and as such they cannot detect possible uplink collisions. As a result,
a Medium Access Control (MAC) mechanism is required to mediate access between
contending subscriber stations. This process involves allocating bandwidth among users
and determining their transmission order and is usually performed by a scheduler

located at the base station.

WiMAX supports a multitude of applications such as video and audio streaming,
online gaming, Voice over IP (VoIP) and video conferencing, which demand different
Quality of Service (QoS) requirements. Quality of Service means different things to
different end users, but in general is defined as the ability to provide different priority to
different applications, users, or data flows, or to guarantee a certain level of performance
to a data flow. Some commonly used QoS parameters are bandwidth, latency, jitter and
reliability. It is crucial that the QoS requirements of the users are satisfied when
designing any uplink scheduling algorithms. WiMAX specifies a suite of QoS options
and a limited number of techniques for users to request bandwidth resources in the
uplink. However, WiMAX forum left the details of the implementation of the uplink
scheduling algorithms open to vendors and network providers. It is our belief that
proprietary solutions are expected to start growing soon, and scheduling algorithms are

going to make the difference among the competitors.
1.2 Objectives and contribution

Designing a centralized WiMAX scheduling algorithm for uplink traffic is a challenging
task. The goal of this thesis is to design uplink traffic algorithms that partition the uplink
bandwidth among users in a fair, efficient and cost effective way, regardless of the
user’s position and channel conditions. Any scheduling algorithm must possess a
number of desirable qualities and should be evaluated based on a number of criteria as

follows:



Fairness: The algorithm should ensure that a reasonable level of fairness is
maintained among users. Users should be prevented from monopolizing the
available resources and the scheduler should maintain a balance with respect to
resources allocated to users. In a wireless network such as the one presented in this
thesis, fairness is even more important since users experience different channel

conditions depending on their spatial location.

Complexity: The algorithm should be simple both conceptually and at the
component level. A simple algorithm will require fewer components and will allow
for cost efficient implementation on a large scale. Conceptually, the algorithm
should be easy to understand, debug and reconfigure by network operators whenever

changes need to be made in response to any network state variations.

Flexibility: The algorithm should be able to accommodate users with different QoS
requirements and meet the minimum requirements of those users. The algorithm
should be able to respond to any unpredictable traffic fluctuations in the network and

to changes in user channel quality.

Scalability: The algorithm should continue to work efficiently even as the number

of scheduled users varies.

In this thesis, we design two dynamic bandwidth allocation algorithms for the uplink

traffic in WiMAX to distribute the slots among users, while satisfying the above

mentioned criteria. In the first algorithm, called Fairness Assured Scheduling Algorithm

(FASA), the slots are distributed to the users employing priority based scheduling and

using a credit pooling technique with request and grant method of arbitration. Based on
the channel conditions, the algorithm will grant slots to users such that each user will
transmit information at comparable transmission rates. This prevents users with good
channel quality from monopolizing the network resources at the expense of users who
experience poor channel conditions. The second algorithm, called Fairness Assured

Scheduling Algorithm with Quality of Service (FASAQ), also addresses the issue of

7



channel variability by normalizing the user’s transmission rates to predefined values. In
addition, the algorithm will introduce Quality of Service capabilities to better reflect the
classes of traffic supported by WiMAX. A weighted round robin arbitration mechanism
is employed in FASAQ to determine the priority in which users can send information
based on their long-term transmission records. We assess the performance of the
algorithms using an in-house built simulation, implemented in C++, which analyzes

network throughput, average delay and average packet loss ratio.

1.3 Thesis Outline

The rest of this thesis is organized as follows. In Chapter 2, we provide a description of
WiMAX, with focus on the Physical Layer (PHY) and Medium Access Control (MAC)
layer protocols. We give background information on the digital modulation and
multiplexing schemes supported by WiMAX. Emphasis will be placed on Orthogonal
Frequency Division Multiple Access (OFDMA), which is the scheme used in this thesis.
Following the theoretical background, Chapter 3 provides an overview of the scheduling
algorithms that exist in the literature. We look at scheduling algorithms designed
specifically for WiMAX and algorithms employed in wired systems which can be
employed in the wireless world. Chapter 4 details the system model, transmission cycle,
architecture of the scheduling algorithm and the uplink channel model. In Chapter 5 we
provide a detail description of our algorithms. Chapter 6 will detail the simulation setup
and analyze the simulation results. We conclude with Chapter 7, which summarizes this

thesis and provides any recommendation for future work.



Chapter 2 WiIMAX Theoretical Background

In this chapter we examine the characteristics of the Physical (PHY) and Medium
Access Control (MAC) Layers as specified in the IEEE 802.16-2009 standard, which are
also applicable to WiMAX protocol as defined by WiMAX Forum. More specifically,
we will provide background on PHY layer concepts such as channel coding and
modulation techniques, uplink access schemes, subchannelization and uplink physical
resources. With regards to the MAC layer we will introduce the reader to the three
sublayers of the MAC layer, the concept of Quality of Service (QoS) and bandwidth

allocation.

2.1 WiMAX Physical Layer

WiMAX Physical Layer (PHY) covers a wide array of concepts and technologies. Some
of those concepts such as downlink access schemes and multi-antenna transmission
schemes are not applicable to the work presented in this thesis and as such were not
discussed. The aim of this section is to introduce the basic concepts used in this thesis

that are needed for a minimum understanding of WiMAX.

The WiMAX Physical Layer has several roles: establishes the physical connection
between receiver and transmitter; it is responsible for the transfer of data; it defines the
types of signal used, the type of modulation and demodulation employed; and the
transmission power. WiMAX is a broadband wireless access technology, meaning that
data is transmitted at high speed on the air interface through radio electromagnetic
waves using a given frequency. The IEEE 802.16 Physical layer covers a frequency
spectrum ranging from 2 GHz to 66 GHz. This large spectrum range is divided into Line
of Sight (LOS) environments for frequency bands greater than 11 GHz and non-Line of
Sight (NLOS) environments for 2-11 GHz frequency range [4]. Table 2.1 outlines the
various air interface variants supported by the IEEE 802.16 standard.



Designation Applicability Duplexing

WirelessMAN-SC 10-66 GHz TDD, FDD

Fixed WirelessMAN-OFDM Below 11 GHz licensed bands TDD, FDD

Fixed WirelessMAN-OFDMA Below 11 GHz licensed bands TDD, FDD

WirelessHUMANT™ Below 11 GHz license-exempt bands TDD

Table 2.1: Air Interface Nomenclature (Source: [4])

Wirel