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Abstract

Development of the Fourth Generation of mobile communication systems, or 4G, has al-

ready begun in various organizations and research institutions worldwide. There is currently

no single conclusive definition for 4G systems, and the process of 4G standardization will

only begin after the World Radiocommunication Conference in 2007. The purpose of this

report is to provide an objective definition of 4G systems based on user requirements, and

to use this definition to determine an appropriate 4G access network architecture.

By examining the current trends in user requirements, and the methodologies proposed by

different researchers, an objective definition of 4G systems was developed. The definition

states that the purpose of 4G systems is to provide users with the capacity to access any

service at any time at a reasonable cost and at the required levels of quality. There are

two developmental methodologies which are currently being considered to achieve this ob-

jective: first the evolution and convergence of existing systems, including cellular, IT and

broadcasting communication systems, and second, the development of a new 4G access

network capable of providing users with access to advanced services. The primary specifi-

cation for this new access network is that it must provide a throughput of 1 Mbps for mobile

users and 1 Gbps for users that are stationary. Other requirements include high spectral

efficiency and high capacity and coverage.

The primary focus of this report is the examination of the second of the above method-

ologies by evaluating the performance of candidate 4G air-interface architectures so that a

recommendation could be made as to which of the architectures is the preferred choice as the

core component in a new 4G access network. Orthogonal Frequency Division Multiplexing

(OFDM) modulation is a high performance modulation technique capable of achieving high

levels of spectral efficiency and is widely accepted as the technique most capable of meeting

4G access network requirements. There are two primary access network architectures that

make use of OFDM modulation and could form the core components of a 4G air-interface,

the physical component of a 4G access network. To determine which architecture is the

appropriate choice for 4G systems, a series of simulations were run using realistic mod-

els of a wireless environment. The results of those simulations were analyzed, and it was

determined that, due to the absence of multiple access interference found in MC-CDMA,
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OFDMA systems better met the defined requirements for a 4G air-interface. The use of

additional techniques such as radio resource management, multi-antennae technologies and

software defined radios are cited as potential methods for improving both OFDMA and

MC-CDMA performance.
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Chapter 1

Introduction

Twenty five years ago access to mobile telecommunications systems was limited to a priv-

ileged few. Those systems were unreliable, cumbersome and provided their users with a

poor quality of service. Today almost one third of the World’s population owns a mobile

communication device, and this number is steadily increasing [5].

Telecommunications users have become accustomed to always being able to communicate

with one another, regardless of their location. This has resulted in consumers expecting

ever increasing levels of quality of service (QoS) together with access to new and advanced

multimedia and data services.

The recent growing deployment of Third Generation (3G) mobile communications systems

has resulted in mixed reactions from mobile operators and users. In some countries, such

as Japan, 3G services have been a resounding success, while in other countries, primarily in

Europe, mobile operators continue to struggle to make returns on their 3G capital investment

[6].

It is in response to these developments that researchers have begun to focus their attention

towards a new generation of mobile communications services known as the Fourth Gener-

ation, or simply 4G. Currently there is a global debate surrounding the definition of 4G, as

various researchers attempt to ensure that their interpretation becomes central to the stan-

dardization of 4G systems. The consequence of this is that there is currently no single

conclusive definition of 4G.

In order to completely understand the current state of mobile communications technology,

and from that to predict its future, it is necessary to examine the evolution of these systems

over the past twenty five years.
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1.1 The Evolution of Wireless Communications

Traditionally the world of wireless communications systems has been divided into two sec-

tions; the first contains those systems based on cellular telephony and the second consists

of those systems that provide wireless Internet access [6]. Recently mobile operators have

begun to attempt to converge the two categories of systems in an effort to satisfy users’

ever increasing demands for high quality multimedia and data services. This convergence

of existing access network systems is cited as one potential evolutionary path towards the

development of 4G [5, 6].

To completely understand the concept of wireless convergence, it is necessary to discuss the

history of both cellular and wireless Internet based communications systems. The following

two subsections will examine the evolution of these communications systems, and Figure

1.1 illustrates the developmental timeline.

AMPS

NTT

NMT

1G

IS-95

PDC

GSM

2G

GPRS

EDGE

2.5G

W-CDMA

CDMA2000

3G

HSDPA

HSUPA

3.5G

Mobile Cellular Communications Evolution

Wireless Internet Access Communications Evolution

Wi-Fi

(802.11)

WiMAX

(802.16)

Bluetooth

(802.15)

4G

1980s Early-mid 1990s Late 1990s Early 2000s Mid-late 2000s 2010-2015

Figure 1.1: A timeline showing the evolution of mobile cellular and wireless Internet access

communications systems

1.1.1 Evolution of Cellular Mobile Systems

Cellular mobile communications systems have to date evolved through three distinct gen-

erations of technology. Each generation has been marked by a significant increase in both
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the quality and the complexity of the services offered to users. The First Generation (1G)

was launched during the 1980s and provided users with basic mobile telephony services.

The systems were all based on analogue modulation and offered a low quality of service.

Examples of such systems are the Nordic Mobile Telephone System (NMT) from Europe,

the NTT group of systems from Japan and the Advanced Mobile Phone Systems (AMPS)

of the United States. [5, 6]

During the early 1990s a Second Generation (2G) of mobile systems was developed. These

systems replaced analogue modulation with digital modulation, thereby enhancing the qual-

ity of service offered to users at a reasonable cost [7]. 2G systems were, and still are, ex-

tremely popular with consumers worldwide, and it is primarily due to the popularity of this

generation of systems that mobile communications have become as widespread and per-

vasive as they are today. Examples of such systems include the IS-95 system from North

America, the Global System for Mobile Communications (GSM) which started in Europe

but has become much more widespread, and the Personal Digital Cellular (PDC) System in

Japan [5, 6, 7].

The commercial advent of the Internet occurred during the early to mid 1990s and over

time mobile communications users began to demand access to Internet based communica-

tions services via their mobile terminal devices. In response to this demand several mobile

communications standards were developed which specified how packet-switched networks

could be overlayed on top of existing 2G systems [6, 7]. While these new systems did not

fundamentally change or enhance the nature of the underlying technology, they did provide

much needed additional functionality and rapidly became the stepping stone between 2G

and the next generation of systems, 3G - they thus became known as 2.5G systems. Exam-

ples of such systems are the General Packet Radio Service (GPRS) and the Enhanced Data

Rates for GSM (EDGE) systems [6, 7].

The most recent generation of mobile communications systems, the Third Generation (3G),

was introduced during the early 2000s. The standards for the 3G systems were devel-

oped in terms of the International Telecommunication Unions’s (ITU) International Mo-

bile Telecommunications vision (IMT-2000) [5, 6, 7]. The objectives of 3G systems are to

satisfy users’ need for advanced multimedia and data services by making use of a packet-

switched core network and providing high speed data rates. Two widely deployed standards

for 3G systems exist, namely W-CDMA which was developed according to the Universal

Mobile Telephone Service (UMTS) standard and CDMA2000 [5, 7].

Unfortunately the deployment of 3G systems has only been significantly successful in some

countries such as Japan and South Korea [6]. A large number of mobile operators, primarily

3



located in Europe, are experiencing difficulties making a return on their 3G capital invest-

ment. The primary reason for their struggle can usually be traced back to the high cost of

the original spectrum licensing fees coupled with the additional costs involved in actually

setting up a new 3G cellular network [5, 6]. Consumers have also in general been dissatis-

fied with the quality and variety of the services delivered via 3G systems, thereby resulting

in a further loss of revenue for mobile operators [5].

Over the past few years several new standards have been ratified in an attempt to improve

the performance of 3G systems. These systems are built on top of existing 3G systems and

have therefore become known as 3.5G systems. Examples of such systems include High-

Speed Downlink Packet Access (HSDPA) and High-Speed Uplink Packet Access (HSUPA)

[5]. Table 1.1 summarises the characteristics of each of the various generations of mobile

communications systems.

Generation Major Standards Estimated
Throughput

Core Type Characteristic
Services

1G AMPS, NTT, NMT - Circuit-Switched Voice Only

2G GSM, PDC, IS-95 9.6kbps Circuit-Switched Voice Only

2.5G GPRS, EDGE 64kbps Packet-Overlay Voice and

Data

3G W-CDMA, 384kbps to Packet-Switched Voice, Data

CDMA2000 2Mbps and

Multimedia

3.5G HSDPA, HSUPA 1.8Mbps to Packet-Switched Voice, Data

3.6Mbps and

Multimedia

Table 1.1: Summary of cellular mobile systems’ characteristics

1.1.2 Evolution of Wireless Internet based Systems

During the 1990s, in response to public demand for cheap, reliable and high speed wireless

Internet access, the IEEE’s 802 working group developed the 802.11 group of standards.

These standards, popularly known as WiFi, provided low cost high speed wireless Internet

access in a Local Area Network (LAN) environment. WiFi systems provided a ‘last mile’

connection from a fixed Internet access system such as ADSL to a user’s portable terminal.

[6]
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During the same period, the IEEE also developed another popular standard known as Blue-

tooth. These systems, developed under the 802.15 group of standards, allow users to con-

nect terminal devices to one another in small pico sized areas (typical between 1m and 10m

apart). Such systems have become popular in peer-to-peer based applications such as the

connection of a cellular terminal to a wireless ‘hands-free’ kit. [7]

The early to mid 2000s saw the ratification of the IEEE’s Metropolitan Area Network

(MAN) based standards, known as 802.16. WiMAX systems, as these systems have be-

come colloquially known, provide users with similar speeds to WiFi, but cover a much

larger area (typically several kilometres). Due to the similarity in coverage size, some

researchers believe that WiMAX systems will be in direct competition with 3G cellular

mobile systems. Unlike other wireless Internet access systems, which are characterized as

nomadic, the WiMAX 802.16e standard has the capacity to provide users with full hand-off

capability, thereby enabling high levels of full mobility. [6]

Each of these three wireless standards has addressed a niche in the mobile communications

industry, allowing users cheap and easy access to multimedia and data based services. The

convergence of these wireless Internet access systems with cellular mobile systems should

enable 4G networks to provide consumers with low cost services, using the optimum access

network connection, wherever they are located [5, 6]. Table 1.2 summarises the character-

istics of each of the three wireless Internet access systems discussed above.

System Standard Coverage Estimated
Throughput

Typical Applications

Bluetooth 802.15 1m - 10m 3Mbps Peer-to-Peer Services

(Nomadic)

WiFi 802.11 10m - 100m 54Mbps Data, VoIP, Multimedia

(Nomadic)

WiMAX 802.16 Several km 54Mbps Data, VoIP, Multimedia

(Mobile)

Table 1.2: Summary of wireless Internet access systems’ characteristics

1.2 Visions of a Mobile Future

Convergence of existing wireless communications systems is a potential methodology which

could be used to develop 4G systems [1]. Most researchers envisage a 4G future in which

users will have access to high performance multimedia and data services using any termi-

nal device, regardless of the user’s location [5]. The primary point of contention amongst
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researchers is how this dream will become a reality.

Researchers worldwide can be divided into two principal schools of thought. The first be-

lieve that 4G systems should be the result of the evolution and convergence of existing

access network systems [5, 6, 1]. According to this group, the core of a 4G network will

be packet-switched and may make use of the IP Multimedia Subsystem’s (IMS) architec-

ture. By evolving current systems and integrating them into a single homogeneous network,

users will be able to connect to the most appropriate access network based on the level of re-

sources required to run their application. This methodology has the advantage that telecom-

munications network operators will only need to upgrade their existing systems; however

critics of this methodology question whether upgraded versions of legacy technology will

ever be able to effectively and sustainably meet customers’ needs.

A second group of researchers believes that 4G systems should continue along the same

developmental route that cellular systems have followed until now [1, 5, 6]. This means that

a new 4G based access network will be developed and deployed, resulting in current systems

becoming legacy technologies. The obvious risk of this methodology is that operators may

be unwilling to spend huge amounts of capital investment on a new access network system

based on what happened during the deployment of 3G systems.

The ITU has attempted to adopt a middle path when addressing the issue and has com-

menced the development of Recommendation M.1645 [1] in which it outlines a belief that

4G systems should be a result of the convergence and evolution of existing wireless com-

munications systems, as well as the development of a new 4G access network standard in

order to meet the demands of users for advanced services. The projected deadline for the

rollout of 4G systems varies between regions, however it is believed that the first 4G system

are likely to be deployed between 2010 and 2015.

Clearly there are a substantial number of challenges which need to be addressed before a

single global 4G standard can be drafted and ratified. The following section examines these

challenges in more depth and explains how this report will make a contribution towards

addressing and resolving these challenges.

1.3 Problem Statement

Development of 4G systems faces a number of challenges; the first of which is the develop-

ment and agreement of a single conclusive definition of 4G, together with its objectives and

specifications. The second challenge to be tackled covers the means by which researchers

will converge and evolve existing communications systems into a single heterogeneous 4G
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network or develop a new 4G access network system. Several commercial telecommunica-

tions operators have already shown that it is possible to converge and integrate their existing

telecommunications systems; however the development of a new 4G access network raises

a number of challenges that have yet to be tackled in reasonable depth.

These challenges can be formulated into two separate yet interlinked problems, namely:

• The development of a single conclusive definition of 4G systems

• Determining which candidate air-interface architecture could meet the required per-

formance criteria if it were to be used in a new 4G access network

The creation of a conclusive definition for 4G systems in turn provides a framework for

the evaluation of the candidate air-interface architectures for a new 4G access network. The

focus of this report is the evaluation of two primary candidate air-interface architectures and

their underlying technologies. A detailed comparison of these systems has yet to be per-

formed in any of the current literature and the resulting contribution is therefore valuable as

it provides an early recommendation as to which of the evaluated air-interface architectures

would perform favorably within a new 4G access network.

1.4 Guide to the Report

This report consists of eight chapters which discuss various aspects of 4G communications

systems and a new 4G air-interface:

• Chapter 2: Addresses the issue of the definition of 4G communications systems and

attempts to provide a single conclusive definition of 4G and its requirements.

• Chapter 3: Discusses some of the basics of Orthogonal Frequency Division Mul-

tiplexing (OFDM) and how spread spectrum techniques can be used in conjunction

with OFDM.

• Chapter 4: Examines two potential 4G air-interface architectures, known as Orthog-

onal Frequency Division Multiple Access (OFDMA) and Multi-carrier Code Division

Multiple Access (MC-CDMA).

• Chapter 5: Provides an outline of the methodology involved in testing the two can-

didate 4G air-interfaces and the parameters used.
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• Chapter 6: Analyzes the testing data of each of the air-interface candidates and

makes a recommendation as to which one would provide optimum performance if

used in a new 4G access network.

• Chapter 7: Reviews and summarizes the work covered in previous chapters, as well

as confirming that the contribution has met the objectives outlined in the problem

statement. It furthermore examines several new technologies that could increase the

performance of 4G access networks and which should be the subject of future re-

search efforts in this field.
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Chapter 2

What is 4G?

Development of the first and second generation of mobile communication systems was con-

ducted by numerous organizations and companies from different regions. Each of these

groups created their own sets of standards with different characteristics and performance

values, and interoperability between standards was extremely difficult [7]. The development

of the third generation of mobile communications was the first time that a single organiza-

tion steered the standardization process of an entire generation of mobile communications

systems. The ITU guided the development of 3G systems through its IMT-2000 vision, with

the purpose of creating a single global mobile communications standard [5]. The advantage

of this centralized standardization process is that equipment from different manufacturers

can be used within the same network. This creates supplier competition while still main-

taining consistent levels of quality. Unfortunately due to the differences in legacy networks

from different regions and other more political issues, the ITU had to agree to standardize

two separate 3G systems, namely UMTS and CDMA2000 [5].

The deployment of 3G systems has been met with mixed reactions. In general users have

been slow to adopt 3G services on offer, and mobile network operators are struggling to

make a return on their capital investment. It is only in certain regions such as Japan that

the uptake of 3G services has been a success [6]. The problems that 3G mobile operators

are facing are being further compounded by the introduction of newer competing technolo-

gies such as WiMAX and WLAN systems [8]. With these issues in mind, researchers have

begun to focus their attentions on the next generation of mobile systems as a means of re-

solving their problems. This next generation, known as the Fourth Generation or simply 4G,

is expected to resolve current limitations within 3G systems such as high cost of deploy-

ment, insufficient throughput to support high performance services and lack of flexibility to

develop new services demanded by users, which should in turn allow mobile operators to

generate a reasonable return on their investments [9, 10].
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The chief difficulty facing 4G system development lies in the numerous opinions being

offered by different standards bodies which are all vying for their systems and ideas to be

incorporated into a single global 4G standard. In a sense, this approach of decentralised and

fragmented development is similar to the situation which faced the mobile communications

industry during the development of the first and second generations of mobile systems. The

ITU has initiated attempts to try to bring all the relevant parties together and will host a

discussion regarding 4G standardization and spectrum allocation during next year’s WRC

(World Radiocommunications Conference) 2007 [1], however this may already be too late.

Certain organizations, notably Japan’s NTT DoCoMo and the 4G Samsung Forum, have

already begun to develop 4G systems of their own and it is unlikely that they will be willing

to simply drop their newly developed systems in favor of standards developed via the ITU

[5]. Hence there is a significant danger that unless a concrete objective definition of 4G

systems is developed quickly and agreed upon, fragmented and incompatible 4G systems

will be developed which will in turn result in higher costs due to users not benefiting from

the economies of scale which have to date helped to drive the rapid expansion of mobile

telephony on a global scale. The purpose of this chapter is to provide a clear objective

definition of 4G systems by first examining the requirements and specifications of such

systems and then examining the different developmental methodologies being proposed to

meet those requirements.

2.1 A user-orientated specification for 4G systems

Previous generations of mobile systems have been developed using a benchmark service

methodology. This approach involves choosing a set of benchmark services and then de-

veloping systems to deliver these services. An inherent weakness with this process is that

if the chosen benchmark services do not meet users’ expectations, mobile operators will be

unable to sell these services when they are deployed [5, 11]. This is precisely the situa-

tion that 3G mobile network operators find themselves in today, where users accustomed to

broadband Internet based services have been disillusioned by the limitations of multimedia

services provided over 3G. This implies that a paradigm shift in the methodology used to

develop the fourth generation of mobile communications systems is required.

The Internet is an example of an extremely successful communications network. This level

of success can be primarily attributed to the fact that it has always been user driven [6]. This

means that the technology has been merely the means by which users are provided with ser-

vices while the services have been identified and selected by the users. This methodology

is drastically different from the benchmark methodology used to develop cellular systems

and is considered by many researchers to be the only means by which 4G systems should
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be developed in order to successfully attract user support. Figure 2.1 illustrates the differ-

ences in the development process of a new communications system, when using either the

benchmark services methodology or the user-orientated services methodology.

Determine Requirements using a 

set of Benchmark Services

Determine Requirements based on 

users’ desires and needs

New services are limited by the 

requirements of the benchmark 

services

New services are capable of 

meeting users’ requirements

Benchmark Approach to 

Communication System 

Development

User-orientated Approach to 

Communication System 

Development

Develop a communications standard based on the requirements

Figure 2.1: The differences in the development of communication systems when using the

benchmark services methodology or the user-orientated services methodology

Implementing a user-orientated process to develop the specifications for 4G systems in-

volves examining current user trends and predicting what users will want for several years

to come. Based on extensive surveys and analysis of market research, various organiza-

tions and influential researchers have created a list of user trends around which 4G systems

should be designed. They are as follows [5, 11, 12, 13, 14, 15]:

• High Levels of Connectivity - Perhaps the most dominant of all requirements is the

ability of users to be able to access mobile services any time and any place. This

form of ubiquitous networking will allow users to connect to the most appropriate

access network available in order to be able to make use of any service they desire.

This presents researchers with a number of challenges including how different types

11



of access networks should be interconnected, how these networks will interface with

a multitude of different terminals, and how to achieve a seamless hand-off between

different access networks.

• Personalization - Users are individuals and as individuals they prefer to be treated

as such. A rather new concept in mobile communications is the use of personalized

services. By making use of information unobtrusively obtained about each user, mo-

bile operators can tailor their services to each user’s individual needs. This creates

a number of issues that developers will need to address including privacy, security,

and the increased bandwidth that will be needed to support these new personalized

services.

• High Performance Access Systems - It is a safe bet that current mobile networks will

be unable to support the resource demands of new high performance services in the

years to come. This implies that a new 4G system will be needed to provide users with

a high performance access network. It is important to note that high throughput alone

will not guarantee the success of a system, as new high performance services will

also be needed to exploit the potential of the increased performance characteristics.

Together with increased throughput, a number of other criteria are important when

seeking to increase the performance of an access network. These include higher

capacity, larger coverage areas, increased spectral efficiency and the capability to

seamlessly hand over users’ terminals between different access networks.

• User Friendliness - Key characteristics of a successful service are simplicity and

user friendliness. If a service is devised that is extremely difficult to use, users will

be more likely to search for alternative systems to deliver the services they require.

This concept of user friendliness extends to terminal devices as well as to all legacy

equipment.

• Cost Effectiveness - Users are more likely to make use of a service if it is deemed to

be more cost effective than an alternative service offering. A classic example of this

is the Skype VoIP service, where users can make ‘free’ on-net phone calls using their

Internet connections.

• Efficient Service Development - As previously mentioned, a key factor in the suc-

cess of the Internet has been that users are able to choose which services they wish

to avail of. Another key factor has been the involvement of users in the creation of

such services. The open source community is a rather unique social phenomenon

whereby users volunteer their time and knowledge to create applications for other In-

ternet users. This process has led to the development of a number of extremely user

friendly and highly successful Internet applications, examples of which include the

Internet browser Firefox, various distributions of the operating system Linux and so

12



on. This efficient process of service development could become a useful component

of 4G systems if functionality is provided to allow users to develop their own 4G

services and applications.

These trends are a combination of all the characteristics that users most desire to see in

the next mobile communications system. It is also interesting to note that most of these

trends overlap in a number of areas. Figure 2.2 provides an illustration of these trends and

their overlapping characteristics. Now that a set of requirements have been established, it

is possible to examine the developmental methodologies which could be used to create the

4G standard.

4G

User

Trends

User Friendliness

Cost

Effectiveness

Efficient

Service

Development

High Performance

Access Systems

Efficient Service 

Development

Figure 2.2: Current user service trends which form the requirements for the user-orientated

development of 4G systems
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2.2 Developmental methodologies for 4G Systems

The development of a new universally agreed 4G standard is not going to be an easy task.

Even if all parties can agree on the methodology to be used in developing 4G systems,

there are numerous technical challenges that must be resolved. As was mentioned in the

introductory chapter, there are two different schools of thought as to which methodology

provides the superior developmental path. The first group of organizations and individuals

are primarily located in Europe and believe that 4G systems should be based on the inte-

gration and convergence of existing systems into a new heterogeneous 4G network [5]. The

primary reason for their support of this methodology may lie in the large amount of capital

that European mobile operators have invested in 3G equipment and spectrum licenses, in-

vestments which for many have yet to generate a return, and which some may never be able

to recover. A problem with this methodology is that there are a number of inherent lim-

itations in current 3G systems which may not be resolved merely by evolving the current

standards.

A group of organizations and individuals, primarily located in the American and Asian

regions, believe that due to the current limitations of current systems, a totally new 4G

system must be developed [5]. By adopting this approach they believe that they will be

able to start from a ‘clean-slate’ and be able to create a new standard which will best satisfy

users’ needs. Examples of organizations following this approach are the IEEE’s 802.20

working group, the 4G Samsung Forum and Japan’s NTT DoCoMo mobile operator.

The ITU has tried to take a middle path regarding these two methodologies and has outlined

its initial vision for 4G systems via Recommendation M.1645 [1]. According to the ITU the

development of 4G systems should be addressed via a combination of both evolution and

revolution, where evolution will involve the convergence and enhancement of existing mo-

bile systems, while revolution refers to the development of a revolutionary new 4G access

network to provide users with access to services which enhanced versions of current mobile

systems will simply not be able to provide. This vision pays tribute to both the European

and the American and Asian visions, and addresses the needs of both regions. Figure 2.3

illustrates the concept of a converged 4G network, with existing, evolved and new access

network systems all connected with an IP based core network. Each of these developmental

methodologies requires researchers to tackle a large range of issues, many of which will be

discussed in the following two subsections.
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Figure 2.3: Converged 4G Network Architecture

2.2.1 Evolution of Current Mobile Communication Systems

Satisfying users’ demands for access to high performance services at any time and from any

place is a daunting task for developers. The only realistic solution is to converge existing

access network systems, thereby providing users with access to different types of access

networks depending on their service requirements, geographical location and terminal ca-

pabilities. It is also important to continue evolving the capabilities of current systems in

an attempt to provide more advanced services. The evolution and integration of mobile

communications systems will involve the convergence of cellular mobile systems, access

networks such as WiFi and WiMAX, broadcasting, satellite and even fixed access networks

[5, 12].

This convergence of different types of access networks will allow mobile operators to pro-

vide new advanced types of services that make use of the capabilities provided by more than

one access network, a fact which will decrease costs for both users and mobile network op-

erators. As has previously been explained, 3G systems cannot supply users with access to

new high performance multimedia services, and while these systems could be upgraded us-

ing technologies such as HSDPA or HSUPA, convergence introduces the possibility of also

making use of a WiFi or WiMAX based overlay network instead. This approach has the

advantage of reducing additional infrastructure costs and as many users will already have

access to WiFi or WiMAX terminals, it will also cost the user less overall.

In order to properly integrate different types of access networks, a structured approach is

needed. According to the ITU the optimal architecture for a converged 4G heterogeneous

network involves the deployment of a layered access network system based on coverage,
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mobility, and performance [1]. It will be the responsibility of mobility management soft-

ware to determine the optimum access network which will fulfill each user’s specific needs.

This decision could be based on the QoS requirements of a service, taken in combination

with a user’s location and the available access networks. For example, if a user is located

in a remote area and wants to make a phone call, the optimum access network may be a

satellite based system if no other access networks are available. In contrast if a user wants

to view a streaming multimedia service and is located in a urban area, the network may

offer several alternatives including access via a WiFi hotspot, a WiMAX cell or an HSDPA

connection. Figure 2.4 illustrates the concept of a converged layered network structure, by

categorizing systems based on their throughput and mobility. The figure also indicates the

roles of existing, evolved and new communications systems and is based on a diagram from

the ITU in [1].
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Figure 2.4: The integration of the evolution and convergence and the revolution develop-

mental methodologies, based on the ‘VAN’ diagram from the ITU in [1]

The various access networks will be interconnected via an IP based core network, possibly

based on the IMS architecture. The choice of an IP based core network is motivated by the

increasing use of data services which are more efficiently provided using packet-switched

networks [1]. Obviously as circuit-switched legacy systems are unlikely to be phased out

in the near term, it will be necessary to provide interface systems to bridge the old and the

new.

This convergence of existing systems also presents a number of additional challenges, in-

cluding how to interface the various networks into a single system, how vertical handover
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between different types of access networks will occur, how to ensure end-to-end security

of a connection, and the methods which will be used to provide users with an itemized bill

when numerous service providers have been involved during the billing period [5, 12].

A relatively new concept known as Personal Area Networks (PANs) could also be incorpo-

rated into a converged 4G system. This concept involves the use of low coverage systems,

such as Bluetooth, to provide new and interesting short-range services. Examples of this

could include peer-to-peer communications, connections to fixed access networks for more

reliable communications and many others [5].

2.2.2 A Revolutionary New Access Network

While the evolution and integration of existing access networks will provide users with

adequate resources for the short term, new and advanced services will be developed which

current or evolved versions of current systems will be unable to support [1]. Based on

this fact developers have begun to research the types of access network technologies which

would be the optimum choice for a new advanced 4G access network.

In Recommendation M.1645 [1] the ITU provided a set of guidelines for the technical spec-

ifications of a new 4G access network. These guidelines are only temporary as the official

specifications will be determined after WRC 2007 when the issues regarding spectrum al-

location for a new air-interface will be discussed. Presently the specifications state that the

new access network must provide a throughput of 100 Mbps shared between all mobile

users in a cell and 1 Gbps shared between all nomadic users. Due to the current spectrum

allocations for various access networks, it is likely that any new spectrum for a 4G system

will be in a higher frequency band compared to current 3G systems, which will have the ef-

fect of decreasing the size of the coverage area of each cell. As spectrum is a scarce resource

is also important that any new access network have a high spectral efficiency value.

These primitive technical specifications have already been accepted by most developers

as the initial requirements for a new 4G access network. Based on a detailed literature

survey of the most recent 4G research, it is almost universally agreed that there is only one

access network technology that will enable a new system to meet these specifications. This

technology, known as Orthogonal Frequency Division Multiplexing (OFDM), is a highly

spectrally efficient form of multicarrier transmission and has been extensively researched

and used in a number of access networks such as DVB-T, WiFi, Hiperlan, and WiMAX

[2]. The experience gained during the development of these systems will aid researchers

when designing the new 4G access network, allowing them to meet the specifications and

expectations discussed above.
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There are a number of organizations that have already begun to develop access networks

for 4G based on OFDM; these include Japan’s NTT DoCoMo, Samsung’s 4G Forum, and

Flarion which has developed Flash-OFDM [5]. Although there are a vast number of or-

ganizations and researchers designing 4G access networks, there are very few objective

comparisons between the various 4G access network architectures and it is for this reason

that the second part of this report will examine potential 4G access network air-interfaces.

2.3 An Objective Definition of 4G Systems

The requirements for a 4G system and the methodologies needed for developing a system

to meet those requirements were discussed in the previous two sections. Making use of this

information it is now possible to develop an objective definition of 4G systems:

Fourth Generation Mobile Systems represent the evolution and convergence of existing and

new access networks, connected via an IP-based core network, with the purpose of provid-

ing users with the ability to access any type of service from any location (fixed or mobile) at

any time at the required QoS with a high degree of security using any type of terminal. Such

networks will be cost efficient and will require that users only require one subscription in

order to be capable of availing of all services. Users will also be able to personalize each

service to meet their individual needs and circumstances.

This definition incorporates all of the aspects of 4G systems discussed thus far and provides

an objective view of which aspects the standard should incorporate. Unfortunately this

definition, while complete in its description of a superior 4G system, may also prove to be

unrealistic to implement. History has shown that independent standards organizations are

unlikely to work together towards a single standard unless it enables them to meet their own

objectives. This fact was clearly evident during the standardization process for 3G systems,

when the ITU was forced to recognize two separate access networks to meet the competing

demands of two separate groups of standards bodies.

A more realistic vision of the 4G standardization process involves the creation of two sep-

arate but complementary sets of standards. The first set of standards will involve the evo-

lution and integration of existing communications systems. This will allow the standards

bodies that developed their access networks to evolve them to meet the needs of users and to

work together in a united effort to provide interoperable functionality between the different

types of access networks. The second set of standards will involve the specification of new

4G access networks that will meet the future needs of users and will be developed to be

interoperable with evolved legacy systems.
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The advantage of this strategy is that it will allow all interested parties to continue and

build on the research and development they have already conducted on their own and new

access networks, while still moving towards the vision of a united 4G system. It will be the

responsibility of the ITU to develop a set of guidelines in line with which interested parties

can develop interoperable access networks. This approach is not dissimilar to that of the

open source community where voluntary groups develop different systems, but they are all

capable of interoperating as they all run over the Internet.

Now that a realistic and objective vision of 4G systems has been outlined, the next section

will begin examining the basic concepts needed to develop a new 4G air-interface.
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Chapter 3

Orthogonal Multicarrier Systems

The specifications outlined in the previous chapter require an access network architecture

capable of providing a high throughput for all users while also delivering a high spectral

efficiency. The only realistic option when selecting such an architecture is to make use of

multicarrier systems, as they are capable of achieving a high spectral efficiency while also

being highly resilient to the effects of frequency selective channels [2].

Perhaps the most advanced multicarrier technique at present is Orthogonal Frequency Divi-

sion Multiplexing, or OFDM. OFDM is by far the most spectrally efficient of all multicarrier

schemes and has already been used in the development of a number of well-known stan-

dards, including WiFi (802.11), DVB-T, WiMAX (802.16) and even ADSL [2, 16]. This

represents a key advantage for OFDM as the vast amount of research already conducted

into this scheme should provide sufficient knowledge to enable an advanced system to be

developed to meet 4G specifications.

The use of spread spectrum technology in multicarrier systems has been the subject of a

large amount of research over the last few years. Such schemes combine the advantages of

OFDM with standard spreading schemes such as those found in DS-CDMA. These archi-

tectures could also present developers with an alternative to consider when determining the

technologies that could be used to provide the optimal 4G access network system [2, 16].

The following two sections will discuss the basic concepts involved in the development of

an OFDM system and how spread spectrum systems can be used in conjunction with basic

OFDM to form a multicarrier spread spectrum system (MC-SS).
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3.1 Orthogonal Frequency Division Multiplexing

Orthogonal Frequency Division Multiplexing can be viewed as both a modulation scheme

and a multiple access scheme [5]. Chapter 4 examines the use of OFDM as an access

architecture, however the purpose of the following subsections is to outline the concepts

involved in using OFDM as a modulation scheme.

3.1.1 Basics of OFDM

The basic principle underlying OFDM is that a high-rate serial data stream can be multi-

plexed onto a number of lower-rate parallel substreams. These substreams are then modu-

lated onto a number of frequency subcarriers, which are in turn then combined to form the

bandwidth of the system and transformed into a discrete time based signal [16, 17]. Figure

3.1 illustrates the concept of OFDM modulation.
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Figure 3.1: Orthogonal Frequency Division Multiplexing Modulation

Initially this principle may appear to be no different to conventional Frequency Division

Multiplexing (FDM); however while FDM requires the use of guard bands between the

subcarriers in order to avoid Intercarrier Interference (ICI), OFDM creates an orthogonal

relationship between the subcarriers such that the spectral components of other subcarriers

are null at the peaks of each individual subcarrier. OFDM also has the additional benefit

that as there are no guard bands, the spectral efficiency of the system and its performance is

vastly superior to that of conventional FDM [16, 17]. Conventional FDM differentiates each

subcarrier’s amplitude through the detection of the guard bands placed between subcarriers.

OFDM on the other hand relies on the orthogonal relationship between subcarriers which

ensures that each subcarrier signal is located at a specific frequency, and if a rectangular time
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window filter is used, ICI can be minimized or even eliminated altogether. This concept is

illustrated in Figure 3.2.
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Figure 3.2: Comparison between the subcarrier construction in OFDM and FDM

A key advantage of OFDM systems is that if sufficient subcarriers are used the symbol pe-

riod increases to the point at which it exceeds the duration of the multipath delay spread,

thereby providing a high level of resilience to Intersymbol Interference (ISI) [16]. A dis-

advantage of this approach is that due to the high data rate requirements of new advanced

services, fewer subcarriers may be required, generating increased ISI. To completely elimi-

nate ISI, a process known as Guard Interval insertion is used in modern OFDM systems and

the underlying principles of this are covered in Section 3.1.3.

Mathematically an OFDM system can be represented by Equation 3.1 [16]

x(t) = 1
Nc

Nc−1∑
n=0

Snej2πfnt, 0 ≤ t ≤ Ts

where :

Nc − Number of subcarriers

Sn − Data symbol to be modulated onto subcarrier n

fn − Frequency of subcarrier n

Ts − Duration of symbols after multiplexing to substreams

(3.1)

and the subcarrier frequency and symbol duration are related by Equation 3.2 [16].

fn = n
Ts

, n = 0, . . . , Nc − 1 (3.2)
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3.1.2 The Discrete Fourier Transform in OFDM Systems

When OFDM systems were initially conceived in 1966, it was considered unfeasible to

develop a commercially available high performance OFDM system due to the fact that ex-

tremely accurate oscillators and bandpass filters were required for each subcarrier. The

discovery that the Discrete Fourier Transform (DFT) could be used to perform the same

function using digital signal processing allowed researchers to overcome this obstacle [17].

Modern systems make use of the more computationally efficient Fast Fourier Transform

(FFT) allowing developers to implement systems with several thousand subcarriers using

modern digital electronics. An illustration of where the FFT is inserted into the OFDM

modulation process can be seen in Figure 3.3.
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Figure 3.3: OFDM Modulation by means of the Fast Fourier Transform

The use of the DFT (or the more computationally efficient FFT) has become essential to the

development and implementation of modern OFDM based systems. In contrast to outdated

methods which make use of analog oscillators and filters, the DFT enables the use of high

speed analog-to-digital converters (ADC) and digital-to-analog converters (DAC), allowing

all signal processing to be performed using high performance digital processing systems.

Modern OFDM systems make use of complex modulation, more commonly referred to as

IQ modulation. IQ modulation is the process whereby the Real and Imaginary discrete val-

ues generated by the DFT are combined into a single analog waveform, using two oscillators

90 degrees out of phase, for the purposes of transmission. IQ modulation has the benefit

that complex forms of digital modulation, such as Quadrature Amplitude Modulation, can

be used prior to the calculation DFT, thereby increasing the data transmission rate of the

system.

For the purposes of clarity, it should be noted that throughout the rest of this text, any

discussion revolving around the term symbol refers to the discrete complex values generated
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by the DFT (also referred to as the OFDM symbol) with the prepended Guard Interval

values which will be examined in the next section. All other data symbols will make use of

a prefix to indicate their position within the air-interface process, e.g. binary symbol, digital

modulation symbol and so on.

3.1.3 Insertion of the Guard Interval

Whilst OFDM systems naturally exhibit a high degree of resilience to the effects of mul-

tipath propagation, it is necessary to insert a guard interval before each OFDM symbol to

completely eliminate ISI. The guard interval is a cyclic extension of the OFDM symbol

and is acquired by copying the last few digital samples of the symbol and then prepending

them to the existing OFDM symbol [17]. The guard interval is placed at the front of the

OFDM symbol so that the ISI generated from a delayed version of the previous symbol

will not corrupt the main OFDM symbol. It is important to note that the guard interval is

constructed using a cyclic extension of the existing system and in so doing it removes any

residual out-of-band noise that would have been generated had the guard interval simply

been a null signal [2]. Figure 3.4 illustrates the construction of the guard interval and its

ability to eliminate the effects of ISI.

Guard 

Interval OFDM Symbol
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A
m
p
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d
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Copy last few samples to generate a cyclic extension

Time

Figure 3.4: Construction of the OFDM Guard Interval

Mathematically, the construction of the Guard Interval is represented by Equation 3.3, and

the manner in which the Guard Interval is prepended to an OFDM symbol, is illustrated in

Equation 3.4.
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G(tg) = S(ts),

Ts − Tg ≤ ts < Ts

0 ≤ tg < Tg

where :

G(tg)− Waveform in Guard Interval

S(ts)− OFDM Symbol Waveform

ts − time index for Guard Interval

tg − time index for OFDM Symbol

Ts − Period of OFDM Symbol

Tg − Period of Guard Interval

(3.3)

R(t) =

 G(t), 0 ≤ t < Tg

S(t), Tg ≤ t < Ts

where :

R(t)− OFDM Symbol Waveform with Guard Interval Prefix

G(t)− Waveform in Guard Interval

S(t)− OFDM Symbol Waveform

Ts − Period of OFDM Symbol

Tg − Period of Guard Interval

t− time

(3.4)

Upon receipt of the symbol, the receiver will remove the guard interval from the front of

the symbol, thereby eliminating the part of the signal that would have been corrupted by

multipath propagation. An additional benefit of this action is that the effects of multipath

propagation which cause ICI are also eliminated. The addition of the Guard Interval takes

place after the serial-to-parallel operation depicted in Figure 3.3.

A disadvantage of the use of the guard interval is that, while it improves the system’s re-

silience to the wireless channel, it decreases its spectral efficiency. It is therefore necessary

to reach a compromise when determining the length of the guard interval. If the guard in-

terval is too long it will decrease the spectral efficiency of the system and thereby decrease

the throughput; if it is too short the effects of the wireless channel will degrade the per-

formance of the system and this will result in a decrease in throughput [2]. The decision

regarding this parameter needs to be made based on the characteristics of the environment

within which the system will operate, and on the requirements of the services which the

system will provide.
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3.1.4 Performance of OFDM Systems

The performance of an OFDM system is determined by a number of factors which affect

its ability to cope with errors and its data throughput. The following sections outline these

factors and the effects they have on OFDM systems.

Digital Modulation

Digital modulation refers to the process by which the binary serial stream is assigned to

complex-valued data symbols before being modulated onto subcarriers using OFDM. Due

to the fact that OFDM systems effectively eliminate ISI and ICI, the performance of the

system is primarily determined by the level of noise in the wireless channel. As OFDM

does not contain any form of digital compression or symbol mapping, the type of digital

modulation used primarily determines the system’s performance in terms of throughput and

resilience to noise [17].

Common choices of digital modulation for OFDM systems are Phase-shift Keying (PSK)

and Quadrature Amplitude Modulation (QAM) [17]. To further improve the performance of

OFDM systems in a noisy environment it is necessary to make use of channel coding tech-

niques and interleaving. Chapter 4 provides a detailed examination of digital modulation as

it is employed in access architectures.

Frequency Selective Channels

Multicarrier systems are inherently resistant to the effects of frequency selective channels.

In contrast to single carrier systems, the effect of frequency selective fading does not cause

a decrease in the performance of the entire system. Only a few subcarriers are affected by

the fading and as a result the system’s overall performance is only slightly reduced. OFDM

systems however make use of a far more tightly clustered array of subcarriers and so whilst

they exhibit a much greater resilience to frequency selective channels than single carrier

systems, far larger numbers of subcarriers are affected than would occur in conventional

FDM systems. Figure 3.5 illustrates multicarrier systems’ resilience to frequency selective

fading compared to singlecarrier systems and was constructed using material from [2].

In comparison to single carrier systems, multicarrier systems adopt a significantly simpler

approach when correcting the effects of frequency selective channels. Single carrier systems

require the use of complex adaptive equalizers to estimate the channel transfer function

and make corrections; however in multicarrier systems each subcarrier can be corrected
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Figure 3.5: Comparison between the Multicarrier and Singlecarrier Modulation in Fre-

quency Selective Channels (constructed from material in [2])

separately using a simple one-tap equalizer [5]. Chapter 4 will examine the methods used

to estimate the channel transfer function and the equalizers that are then employed to make

corrections.

Doppler Shift

The effect of the Doppler spread on OFDM systems is to cause a shift in the frequency

domain [16]. As discussed in the next section on synchronization, any effect that causes

an adjustment in the synchronization of the system can have a detrimental affect on the

system’s performance. To eliminate the effect of the Doppler shift on OFDM systems, the

subcarrier bandwidth must be adjusted such that it exceeds the maximum Doppler shift and

accurate synchronization techniques must be employed [16].

In order to illustrate the effect that the Doppler spread has on OFDM systems, the frequency

shift generated when an OFDM mobile terminal is moving towards the base station at 120

km/h was considered, using the following example: If the bandwidth of the system is 102.4

MHz, the subcarrier spacing is 100 kHz, the carrier frequency is 2.8 GHz and the speed

of light is approximated to 3x108 m/s, then the frequency of the transmitted signal can

be calculated as follows (Where Fc is the frequency of the carrier signal and Fo is the

bandwidth of the symbol):
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FTx = Fc + Fo

FTx = 2.8 GHz + 102.4 MHz

FTx = 2.9024 GHz

After transmission through the mobile wireless channel the received signal’s frequency is

shifted based on the Doppler spread. This frequency shift can be calculated as follows

(where v is the mobile terminal’s velocity and c is the approximated speed of light):

FRx = FTx.
(
1 + v

c

)
FRx = 2.9024 GHz.

(
1 + 33.3̇ m/s

3x108 m/s

)
FRx ≈ 2.9024 GHz

Initially it may appear from the above calculation that the Doppler spread had no effect;

however if the received signal is demodulated from its carrier signal, and a comparison

between the transmitted signal bandwidth and received signal bandwidth is performed, it is

observed that a slight frequency shift of approximately 322.5 Hz did occur:

Fr = FRx − Fc

Fshift = Fr − Fo

⇒ Fshift = FRx − Fc − Fo

Fshift = 2.9024 . . . GHz− 2.8 GHz− 102.4 MHz

Fshift = 322.489 Hz

While the magnitude of this frequency shift may appear to be little cause for concern, it

should be noted that any shift in the frequency domain causes ICI and therefore if the veloc-

ity of the vehicle were to increase the frequency shift would also increase proportionately.

The creation of ICI as a result of Doppler spread is shown in Figure 3.6, which illustrates

the inaccuracy of the discrete sampling introduced by the frequency shift. In Figure 3.6, the

black dotted lines indicate where an OFDM system should sample the received signal, while

the red dotted lines indicate where an OFDM system without proper correction algorithms

would sample the received signal.

Synchronization

Perhaps the greatest disadvantage of OFDM systems is their sensitivity to synchronization

errors. There are two forms of synchronization errors which occur in OFDM systems; those
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Figure 3.6: The effect of Doppler spread on the sampling of a received OFDM signal
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caused by time offsets and those caused by frequency offsets [16]. Timing synchronization

errors are a result of the receiver inaccurately detecting the start of a symbol or even an

entire frame. The result of such an error is that it causes massive ISI as data from one symbol

‘spills’ over into another symbol’s data. In order to correct this problem, synchronization

symbols are prepended to frames which allows the receiver to detect the start of a frame and

to accurately separate the symbols [16, 17].

Any shift in the frequency domain will cause a frequency synchronization error; this can

occur as a result of an offset in the receiver’s oscillator or as a result of Doppler shift (as

discussed in the previous section). The impact of a frequency shift is that when the FFT is

calculated, the data on the subcarriers interfere with each other causing ICI [16]. Correction

of frequency synchronization errors can be performed by placing pilot symbols on a special

symbol at the start of the frame and calculating the length of the offset [17]. This infor-

mation can then be used to perform a correction by altering the frequency of the receiver’s

oscillator.

Chapter 4 examines the algorithms used to correct synchronization errors in more detail;

however as discussed in Chapter 5, the simulations which have been conducted to deter-

mine the optimum access network for 4G systems ignored synchronization errors due to the

excessive complexity involved in their estimation and correction.

Phase Noise

The use of digital modulation in OFDM systems requires that OFDM transceivers are capa-

ble of generating complex-valued analog signals. These signals are generated after the DFT

using two sinusoidal oscillators that are 90◦ out of phase, representing the real and imagi-

nary components of the digital signal. This process of complex digital to analog conversion

is referred to as IQ modulation [17]. Figure 3.7 illustrates the process of IQ modulation,

where the discrete complex-valued symbols generated by the DFT are combined into a sin-

gle analog waveform for transmission.

Phase noise is generated when an IQ imbalance occurs, i.e. whenever the two oscillators

are not perfectly synchronized a phase offset occurs between the two analog signals [17].

This results in an inaccurate interpretation of the symbols and can be viewed as having a

similar effect to a synchronization error. The process to correct this problem involves the

use of pilot tones and the adjustment of the phases of the IQ generator oscillators.
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Figure 3.7: The use of IQ Modulation in an OFDM System

Non-linear Amplification

Signals generated using OFDM fluctuate heavily and usually have a high peak-to-average

power ratio (PAPR). This can cause significant distortion if the signal is passed through

an amplifier exhibiting non-linear amplification properties. In the event that non-linear

amplification occurs, out-of-band noise is introduced which generates ICI and potentially

ISI, the effect of which severely degrades the performance of the system [2, 17]. In order

to reduce the effect of non-linear amplification, most commercial OFDM systems operate

with a back-off on the amplification of the signal; in other words the signal is amplified such

that the highest possible power of the signal is much less than the highest output power of

the amplifier.

3.1.5 Advantages and Disadvantages of OFDM Modulation

To summarize this discussion of OFDM and its use as a modulation scheme in communi-

cations systems, Table 3.1 illustrates the advantages and disadvantages of OFDM based on

the information presented above.

3.2 OFDM in Spread Spectrum Systems

The use of spread spectrum techniques in 3G systems and the use of OFDM in WiFi systems

has prompted many researchers to investigate how these two techniques can be combined
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Advantages Disadvantages

High Spectral Efficiency Loss of Spectral Efficiency due to Guard In-

terval

Low complexity receivers that are resilient to

ISI and ICI

Sensitivity to synchronization errors, phase

noise and doppler spread

Each subcarrier can be modulated using a dif-

ferent scheme

Sensitive to Non-linear Amplification

Resilient to the effects of Frequency Selective

Channels

Simple realization of subcarrier modulation

using the FFT

Table 3.1: The advantages and disadvantages of OFDM as a modulation scheme

and if there is any benefit in their combination. The following subsection will examine the

concept of spread spectrum and its use as a modulation scheme. Subsequent subsections

will examine the means by which OFDM and spread spectrum systems can be combined

and the performance increases which result.

3.2.1 Direct Sequence Spread Spectrum

Direct Sequence Spread Spectrum (DSSS) is a modulation technique whereby a signal is

transmitted over a much wider bandwidth than is actually necessary. In order to spread the

initial signal over a wider bandwidth, DSSS systems make use of special code sequences

which are independent of the signal being transmitted [16]. An illustration of the basic

concept of spread spectrum can be seen in Figure 3.8.

f

Spreading Code

f

Figure 3.8: The effect of spreading codes on a narrow band signal
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Spread spectrum codes are specifically chosen such that they exhibit low cross-correlation

and high auto-correlation characteristics [17]. By making use of multiple codes, numerous

data symbols can be spread and transmitted at the same time. Upon receipt of a signal, the

matching code sequence must be correlated with the signal to acquire the transmitted data

symbol. The process of using DSSS as modulation scheme to separate different users’ data

is DS-CDMA and is represented mathematically by Equation 3.5. The process illustrated by

this equation is the normal method used to spread data symbols. The method used in MC-

CDMA, which will be discussed in the next section, uses a slightly different methodology.

x(t) =
K−1∑
k=0

dk
L−1∑
l=0

ck
l pTc(t− lTc), 0 ≤ t < Tc

where :

x(t) − Transmitted signal

K − Maximum Number of Users

dk − Data Symbol of User k at t (0 ≤ t < Tc)

L− Length of the Spreading Code

ck
l − Chip l of User k Spreading Code

pTc − Rectangular Pulse

Tc − Chip Period

(3.5)

The performance of the DSSS modulation scheme is measured by means of a ratio known

as the processing gain. Equation 3.6 illustrates the method for calculating the processing

gain [16].

PG = Borg

Bss

where :

PG − Processing Gain

Borg − Original Signal Bandwidth

Bss − Spread Signal Bandwidth

(3.6)

The higher the value of the processing gain, the more noise-like the spread signal will appear

to be and it will require less power to transmit [16]. However, if the processing gain is too

high, the signal will be more prone to interference thereby decreasing the performance of

the system.

DSSS systems suffer from a number of problems due to the noise-like nature of the sig-

nals they produce and the correlation between the codes used. As these problems affect

both conventional and OFDM based spread spectrum systems, they will be discussed in a

following section on the performance of DSSS when used in conjunction with OFDM.
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3.2.2 OFDM and Spread Spectrum

In 1993 several groups of researchers each proposed a methodology to combine DSSS and

OFDM and they named this form of modulation OFDM-SS [2]. Instead of spreading the

transmitted data symbols in the time domain, which is the method used in conventional

DSSS systems, OFDM-SS spreads the data symbols in the frequency domain prior to the

modulation of the data onto the OFDM subcarriers.

The exact methodology used to spread the symbols and map them to subcarriers varies

between different implementations, however the most common practice is to spread all of

the data symbols across all the subcarriers by means of a code sequence equal to the length

of the number of subcarriers. This technique forms the core of the most popular OFDM-

SS system known as MC-CDMA [2]. The process of OFDM-SS modulation, as used in

MC-CDMA systems, is illustrated in Figure 3.9. It should be noted that the period of the

spreading codes and each data symbol in the parallel data stream are identical due to the

serial to parallel conversion that takes place immediately prior to the multiplication of the

codes with the data symbols.
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Figure 3.9: OFDM-SS Modulation as used in MC-CDMA systems

By making use of all of the available subcarriers to transmit data symbols, OFDM-SS sys-

tems can take full advantage of the frequency diversity across the entire bandwidth of the

system thereby improving the performance of OFDM-SS systems over standard OFDM

systems [16].

There are a variety of options as to which spreading codes should be used in OFDM-SS sys-

tems; however due to their zero cross-correlation properties, Orthogonal Walsh-Hadamard

codes are usually used. Due to their properties these codes exhibit a much higher resilience
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to multiple access interference (MAI) than pseudo-random codes; however they are far more

sensitive to the effects of synchronization errors [17]. The concept of MAI is discussed in

the following section.

3.2.3 Performance of OFDM-SS Modulation

The performance of OFDM in combination with DSSS is determined by a number of factors

which affect its ability to cope with errors and its data throughput. The following sections

will examine the effects of these factors on the performance of the system.

Effect of OFDM Modulation

Due to the influence of OFDM as a core component of OFDM-SS systems, certain similar

factors have an effect on the performance of both systems. OFDM-SS systems are highly

spectrally efficient and are resilient to the effects of ISI and ICI [16]. Unlike OFDM sys-

tems, OFDM-SS systems require the use of far more complex equalization schemes due to

the effect of the frequency selective fading channels on the noise-like spread signals [17].

The equalizers used in OFDM-SS systems will be discussed in more detail in Chapter 4.

In contrast to OFDM systems, and as has already been discussed in the previous section,

OFDM-SS modulation takes full advantage of the frequency diversity offered by the use

of all of the available subcarriers within the system’s bandwidth thereby improving on the

performance of the system at low signal levels [16].

Multiple Access Interference

Perhaps the most significant detrimental factor encountered when making use of any spread

spectrum modulation is multiple access interference (MAI). The basic underlying principle

of MAI is that as more codes are used to spread data symbols, the signal to noise ratio of the

system decreases. At a certain point, the ratio falls below the threshold at which data can

be coherently detected, thereby effectively destroying the communications capability of the

system [7].

In an attempt to eliminate the effects of MAI, researchers have developed a number of equal-

ization schemes specifically for spread spectrum systems which make use of all available

data to improve the performance when a high number of codes are used. As a high number

of codes usually corresponds to a large number of users, these equalization schemes are
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known colloquially as user detection algorithms [17]. As was stated above, Chapter 4 will

examine equalization schemes in more detail.

The Near-Far Problem

Due to the noise-like nature of spread signals, users who transmit over a large distance to

the base station may suffer from performance degradation due to interference from a much

higher power signal transmitted by a user much closer to the base station [7]. This problem,

known as the Near-Far problem, is an inherent weakness in spread spectrum systems when

used in a cellular environment and must be corrected by the use of highly accurate terminal

power control methods which adjust the output power of each user’s transmitted signal

based on his or her distance from the receiver.

Walsh-Hadamard Spreading Codes

As was discussed in the previous section, it is common practice to use Orthogonal Walsh-

Hadamard spreading codes in modern OFDM-SS systems due to their zero cross-correlation

properties. Unfortunately the negative consequence of using these codes is an increased

sensitivity to synchronization errors.

OFDM systems are inherently sensitive to synchronization errors and as a result so are

OFDM-SS systems, but as Walsh-Hadamard codes suffer from high cross-correlation val-

ues when they are not synchronized, OFDM-SS systems are even more sensitive to syn-

chronization errors than conventional OFDM systems.

While Walsh-Hadamard codes decrease the performance of OFDM-SS systems compared

to OFDM systems (in terms of synchronization sensitivity), the use of these codes also im-

proves the systems’ performance in terms of non-linear amplification sensitivity [16]. The

use of different types of spreading codes naturally decrease the PAPR of the transmitted sig-

nal and use of Walsh-Hadamard codes can decrease the ratio to less than twice the spreading

code length.

3.2.4 Advantages and Disadvantages of OFDM-SS Modulation

To summarize this discussion of OFDM-SS and its use as a modulation scheme in com-

munications systems, Table 3.2 illustrates the advantages and disadvantages of OFDM-SS

based on the information discussed above.
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Advantages Disadvantages

High Spectral Efficiency Loss of Spectral Efficiency due to Guard In-

terval

Low complexity receivers that are resilient to

ISI and ICI

Extremely sensitive to synchronization errors,

phase noise and Doppler spread

Each substream can be modulated using a dif-

ferent scheme before spreading

Requires the use of user detection algorithms

to eliminate MAI and the effects of Frequency

Selective Fading Channels

Resilient to Non-linear Amplification Requires the use of high performance power

control algorithms

Simple realization of subcarrier modulation

using the FFT

Makes better use of Frequency Diversity

Table 3.2: The advantages and disadvantages of OFDM-SS as a modulation scheme
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Chapter 4

Candidate 4G Air-Interface Architectures

When designing a new access network, perhaps the most important single component is the

air-interface. The air-interface contains the physical layer of the access network as specified

in the OSI Reference Model. Multiple access schemes are the most important component of

the physical layer of the access network, as they divide the available physical communica-

tions resources between subscribers, or users, so that they are able to simultaneously access

their requested services. Currently, there are four basic forms of multiple access schemes,

each based on the division of one physical resource [7, 17]:

• Time Division Multiple Access (TDMA): Each user is allocated a period of time

during which they may transmit or receive data.

• Frequency Division Multiple Access (FDMA): Each user is allocated a frequency

band or channel which they may use to transmit or receive data.

• Code Division Multiple Access (CDMA): Each user is allocated a unique code word

which is used to modulate their data such that all users can transmit over the same

frequency band at the same time, without experiencing excessive of interference.

• Spatial Division Multiple Access (SDMA): Each user’s signal experiences different

levels of interference from environment effects. SDMA models the interference that

each user’s signal experiences and uses this information to identify users. This is

usually achieved through the use of multiple antennae.

These basic multiple access schemes can be combined to form hybrid schemes, thereby

increasing the performance and capacity of the access network system. Based on the mod-

ulation schemes discussed in the previous chapter, two primary types of hybrid multiple

access schemes can be implemented. These architectures provide the functionality to trans-

mit and receive data for any number of users and could form the core of a 4G air-interface.
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The following two sections examine these two multiple access schemes, namely OFDMA

and MC-CDMA, and the following section discusses how these schemes could be integrated

with various forms of encoding, digital modulation and other communication components

to create a high performance air-interface architecture for a new 4G access network system.

4.1 OFDMA

Orthogonal Frequency Division Multiple Access (OFDMA) is a multiple access scheme

which makes use of OFDM modulation to allocate one or more subcarriers to each user

depending on the number of available subcarriers and the demands of the services being

provided [2, 16, 17]. Figure 4.1 provides a diagram of the OFDMA transceiver architecture

for a base station and Figure 4.2 provides a diagram of the OFDMA transceiver architecture

for a mobile terminal.
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Figure 4.1: The architecture of an OFDMA transmitter and receiver for a base station

The allocation of subcarriers can be performed using one of two methods; the first and

simplest is to allocate specific subcarriers to users for the duration of their transmission.

This method has the disadvantage that if frequency selective fading consistently distorts the

same set of subcarriers, the group of users allocated to those subcarriers will suffer from a
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Figure 4.2: The architecture of an OFDMA transmitter and receiver for a mobile terminal

severe degradation in performance. The alternative subcarrier allocation method involves

the use of dynamic allocation whereby the subcarriers are reallocated to different users

after a specified period of time. This method has the advantage that it makes full use of

the frequency diversity and averages out the performance decreases of specific subcarriers

across all users.

Dynamic subcarrier allocation can be performed by randomly interleaving the data assigned

to specific subcarriers after each set of data symbols are transmitted. This approach is far

more computationally efficient than actually assigning user data to subcarriers dynamically

and is the methodology used during the simulations described in Chapter 5.

4.2 MC-CDMA

Multicarrier Code Division Multiple Access (MC-CDMA) is a multiple access scheme that

makes use of OFDM-SS modulation to spread users’ data symbols and assign the combined

signal to all of the available subcarriers [2, 16, 17]. In contrast to OFDMA, where the

number of subcarriers allocated to a specific user can be manipulated based on the require-

ments of services, conventional MC-CDMA only transmits one symbol from each user per
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OFDM frame. Theoretically, users could be assigned more than one spreading code; how-

ever this may result in increased MAI. Figure 4.3 provides a diagram of the MC-CDMA

transceiver architecture for a base station and Figure 4.4 provides a diagram of the MC-

CDMA transceiver architecture for a mobile terminal.
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Figure 4.3: The architecture of an MC-CDMA transmitter and receiver for a base station

M-Modification is a methodology used by many developers to increase the amount of data

each user can transmit in a single OFDM symbol [16]. By decreasing the length of the

spreading code to a fraction of the number of available subcarriers, an MC-CDMA system

can transmit multiple groups of spread signals from all users at the expense of decreased

frequency diversity. Figure 4.5 illustrates the concept of M-Modification and its use in an

MC-CDMA base station.

In a sense M-Modification is similar to the subcarrier interleaving used in OFDMA as these

techniques provide some of the benefits of both the code and frequency domains while still

maintaining their multiple access nature. Due to the increased performance gained from

M-Modification, it was used during the simulations carried out in Chapter 5.
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Figure 4.4: The architecture of an MC-CDMA transmitter and receiver for a mobile terminal
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4.3 A Generic 4G Air-Interface Architecture

By examining the similarities between OFDMA and MC-CDMA it is possible to develop

a generic air-interface architecture that can be adjusted to assign users’ data based on ei-

ther of these two multiple access schemes. The architecture also contains components that

are present in any mobile communications system, including channel coding, interleaving,

constellation mapping for digital modulation, synchronization and channel estimation and

equalization. A diagram of this architecture can be seen in Figure 4.6.
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Figure 4.6: A Generic 4G Air-Interface Architecture

This generic architecture, based on OFDMA and MC-CDMA, is a candidate air-interface

for a new 4G access network system. Chapter 5 examines the suitability of each of the

multiple access schemes within this architecture in order to determine which will perform

more favorably in a new 4G access network. The components chosen to create this archi-

tecture are the basic set of algorithms required to transmit and receive a user’s data within

a realistic wireless environment. There are many additional techniques that could be imple-

mented to enhance the performance of the system, however they are outside the scope of

this report and their exclusion will not affect the performance comparison of OFDMA and

MC-CDMA based air-interface systems. Chapter 7 briefly examines some of these addi-

tional techniques, as an introduction to potential future research that could be conducted in

this field.
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The following subsections examine the various components contained in the generic air-

interface architecture and outline the effects they have on the system’s performance.

4.3.1 Channel Coding

Channel coding is a form of forward error correction (FEC) which increases the resilience

of the communications system to random errors generated in the wireless channel [2]. There

are many forms of channel coding which could be used in the 4G air-interface architecture;

however numerous researchers have shown that high performance results can be achieved in

multicarrier systems with punctured convolutional coding [16]. Whilst more sophisticated

forms of coding such as turbo coding could be used, punctured convolutional coding has

the advantage that it provides a high level of resilience to random errors and is relatively

simple to implement.

Convolutional coding involves the use of a finite-state shift register to hold all the data bits

currently being encoded. The register contains K stages and n linear algebraic function

generators which are attached to every stage in the register. As bits are placed onto the

input stage of the register, the succeeding bits are shifted into the following stages of the

register. The algebraic function generators sample each stage of the register according to

a pre-specified set of generator polynomials and produce the output bits of the encoder. A

diagram of a convolutional encoder can be seen in Figure 4.7. [2]

Stage 1 Stage 2 Stage 4 Stage 5

Linear Algebraic Generator 2

Input Bit

Linear Algebraic Generator 1

Output Bit
De-MUX

Figure 4.7: Convolutional Encoder with a 4-Stage Shift Register, 2 Linear Algebraic Func-

tion Generators, 1 Input Bit and 1 Output Bit

The coding rate of a convolutional encoder refers to the ratio between the number of input

bits and output bits. This ratio, in combination with various other parameters, determines

the ‘free distance’ value encoder. The ‘free distance’ is a measure of the Hamming distance

of the encoded data and determines the number of errors the encoder can correct within a

specified period of time [2]. By manipulating the parameters of a coding algorithm, the
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code rate can be modified, thereby increasing or decreasing the resilience of the encoded

data against transmission errors and the number of data bits transmitted per frame.

Decoding an encoded sequence is performed by means of the state-driven Viterbi algo-

rithm. As there are a set number of finite-states for the encoding of a sequence, the Viterbi

algorithm calculates the probability that an error occurred during transmission and makes a

decision as to the correct value based on this probability [16].

The use of punctured codes in convolutional coding creates a bit-mask over the output of

the encoder, thereby only allowing certain bits to be transmitted [16]. If the mask is chosen

correctly, a punctured convolutional encoder can achieve much higher coding rates than

would ordinarily be possible which improves the performance of the system.

4.3.2 Interleaving

The use of channel coding in communications systems delivers benefits only if the errors

generated by the wireless channel are of a random nature. Bursty errors, which are common

in burst based transmission schemes, will decrease the performance of the channel coding

algorithm and the system as a whole. In order to alleviate this problem, it is common

practice to randomly interleave each user’s data stream after channel coding such that if

a burst error were to occur during transmission, it would appear to be a set of random

errors after de-interleaving [2]. The method used to interleave the data bit stream is largely

irrelevant; however a popular choice is the use of random block interleavers as they can

be easily adjusted such that the size of the interleaving block exceeds the period of the

maximum burst error period.

4.3.3 Constellation Mapping

Constellation mapping refers to the digital modulation of bit streams into complex-valued

data symbols. This process, which was briefly discussed in Chapter 3, largely determines

the data throughput of the system [17]. In multicarrier systems there are only two primary

choices of digital modulation schemes, namely phase-shift keying (PSK) and quadrature

amplitude modulation (QAM). In order to meet the high performance throughput require-

ments of 4G systems, QAM is the more appropriate choice as it can achieve much higher

levels of modulation than PSK [17].

The complex-valued data symbols produced through digital modulation must be converted

into analog signals before they are able to be transmitted through the radio channel. This
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process is known as IQ mapping and was briefly discussed in a previous chapter. Figure

4.8 illustrates the position of 16-QAM symbols in a scatterplot and how these points are

mapped to sine and cosine waves so they can be transmitted. The sine and cosine waves

represent the real and imaginary components of the complex-valued digital symbols, and

their amplitude directly corresponds to the position of the complex-valued symbol in the

scatterplot. The period of each wave depends entirely on the bandwidth of the system and

the sampling rate of the ADC. In the simulations described in the following chapter, digital

models of the wireless propagation environment were constructed and as such the modeling

of the analog sine and cosine waveforms was unnecessary.

-3 -2 -1 0 1 2 3

-3

-2

-1

0

1

2

3

Q
u

ad
ra

tu
re

In-Phase

16-QAM

-3

-2

-1

0

1

2

3

Figure 4.8: A Constellation Map showing 16-QAM digital modulation symbols and how

these are mapped to sine and cosine signals.

A disadvantage of QAM in multicarrier systems is that it is highly vulnerable to the effects

of frequency selective fading channels. While it is true that as a whole multicarrier systems

are far more resilient to frequency selective fading than single carrier systems, the use of

QAM as a digital modulation scheme requires that multicarrier systems make use of channel

estimation and equalization schemes to enhance the performance of those subcarriers cor-

rupted by interference. The use of channel estimation and correction is discussed in Section

4.3.6.

As with any modulation scheme the greater the size of the modulation alphabet, the more

vulnerable it will become to the effects of the wireless channel. This is a logical fact as a

single error will result in far more data being corrupted than if a smaller modulation alphabet

were to be used. To counter this effect, larger modulation schemes require the use of far

more power when transmitted. This concept is illustrated in Figure 4.9 for several different

modulation cardinalities, where the throughput remains constant and the rate at which errors

are generated depends on each signal’s power to noise ratio.
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Figure 4.9: Effect of AWGN on different cardinalities of QAM

4.3.4 Virtual Subcarriers

When performing OFDM modulation, the majority of the subcarriers are used to carry

data; however due to interference from systems using frequency spectrum neighbouring

the OFDM system and to eliminate out-of-band interference resulting from insufficiently

steep roll-offs in analogue anti-aliasing filters, a useful design technique is to place several

null subcarriers on either side of the system’s core bandwidth [16]. These null subcarriers

contain no data and act as guard bands, protecting the data subcarriers from interference.

4.3.5 Synchronization

The sensitivity of OFDM based systems to synchronization errors makes it imperative that

these errors be corrected before the received data is evaluated; however due to the extremely

complex signal processing involved, it was considered impractical to implement a synchro-

nization scheme in the simulations to be discussed in Chapter 5 and therefore during these

simulations it was assumed that these systems are automatically synchronized.

Due to the importance of the concept of synchronization in OFDM systems, it would be
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inappropriate if the basic concepts were not discussed in this report. Therefore the follow-

ing section will examine a form of synchronization based on reference symbols in OFDM

frames.

Reference Symbol Synchronization

There are numerous synchronization algorithms that could be used in an OFDM system;

these make use of reference symbols, pilot tones, and some exploit the nature of the data

being transmitted. The Reference Symbol Synchronization algorithm is based on material

from [17], and makes use of a specific Reference Symbol placed at the start of an OFDM

frame, preceded by a null symbol containing no data.

The reference symbol is specially constructed using consecutive copies of randomly gener-

ated signals known as synchronization patterns. The length of the reference symbol must

equal that of all other OFDM symbols within the frame, but the number of consecutive syn-

chronization patterns used is irrelevant. Figure 4.10 illustrates the construction of an OFDM

Frame containing a null and reference symbols.

Null Symbol OFDM Data SymbolSP SP SP SP
Rest of OFDM 

Frame

Figure 4.10: An OFDM Frame containing null and reference symbols. The reference sym-

bol makes use of 4 synchronization patterns (SP).

The synchronization algorithm is responsible for determining the start of the OFDM frame

and each OFDM symbol. The algorithm must also determine if a frequency error exists and

must determine the size of the correction. To perform these measurements, the reference

symbol synchronization algorithm makes use of two correlation functions which evaluate

the data stream as it is received. These correlation functions can be seen in Equations 4.1

and 4.2.

G(t) =
Ng∑

m=0
r(t−m).r(t−m−N)∗

where :

N − Length of the Symbol

Ng − Length of the Guard Interval

r − Receiver buffer containing the last several receiver values

t− Index of the last received value in r

(4.1)
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R(t) =
N+Ng−Ns−1∑

m=0
r(t−m).r(t−m−Ns)∗

where :

N −Number of Subcarriers per OFDM Symbol

Ng − Length of the Guard Interval

Ns − Length of the Synchronization Pattern

r − Receiver buffer containing the last several receiver values

t− Index of the last received value in r

(4.2)

Each of the two correlation functions are evaluated whenever a new data value is received

and stored in the receiver buffer. The results from the functions over a period of time de-

termine the start of each frame and OFDM symbol. Equation 4.2 provides the information

needed to estimate the start of an OFDM frame and provides an initial timing estimate.

Equation 4.1 provides information that indicates the start of each OFDM symbol, thereby

allowing fine tuning of the initial timing estimate. Once the timing estimate has been used to

synchronize the OFDM frames and symbols, the information from the two correlation func-

tions can be used to determine if there is a frequency offset. Equations 4.3 and 4.4 generate

an initial (δfa) and fine (δft) estimate of the frequency offset. After the frequency offset has

been estimated, a correction can be made and the resulting symbols can be demodulated to

subcarriers using the IDFT or IFFT.

δfa = N
Ns

∆f
2π .6 R(tmax)

where :

N −Number of Subcarriers per OFDM Symbol

Ns − Length of the Synchronization Pattern

∆f − Length of Subcarrier Spacing

R(tmax)− Start of each OFDM Frame
6 − The angle value of a complex number

(4.3)

δft = ∆f
2π .6 G(tmax)

where :

∆f − Length of Subcarrier Spacing

G(tmax)− Start of each OFDM Symbol

(4.4)

4.3.6 Channel Estimation and Equalization

The principle of channel estimation and equalization involves attempting to compensate for

the effects of the wireless channel by manipulating the received data symbols based on an
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estimate of the channel transfer function. There are numerous algorithms that can be used

to perform channel estimation and equalization and different methods are more appropriate

for OFDMA or MC-CDMA systems. The following sections will examine the algorithm

that will be used in the simulations in Chapter 5 to estimate the channel transfer function

and the equalization schemes which will be used for OFDMA and MC-CDMA systems.

Pilot Symbol-Assisted Channel Estimation

The effect of a frequency selective fading channel on an OFDM system is to attenuate

certain subcarriers, thereby corrupting the information modulated onto those subcarriers. If

an OFDM system has been designed correctly, it will eliminate the effects of all multipath

interference and the only factors which will negatively influence the system’s performance

will be the frequency selective channel transfer function and noise. This fact is modeled in

Equation 4.5 and describes some of the basic mathematics involved in channel estimation

and correction [16].

Rx(f) = Tx(f).H + n

where :

Rx(f)− Spectrum of the Received Data Symbols

Tx(f)− Spectrum of the Transmitted Data Symbols

H − Channel Transfer Function

n−Noise

(4.5)

Most channel estimation schemes make use of pilot symbols that are placed at specific lo-

cations in the time or frequency domain [2, 17]. By examining the effect of the wireless

channel on each pilot symbol, the receiver can generate an estimate of the channel transfer

function. The channel estimation algorithm selected for use in the simulations in Chapter

5 makes use of frequency domain pilot-symbols that are evenly interspersed amongst data

bearing subcarriers. As the values of these pilot symbols are known to the receiver, the val-

ues of the received signals can be divided by the transmitted symbols thereby generating an

initial estimate of the channel transfer function. The values of the channel transfer function

between the pilot symbols are then determined using a linear interpolation algorithm.

While there are far more advanced channel estimation techniques available, this algorithm

provides sufficient accuracy provided that enough pilot symbols are used. It also has the

advantage of being highly computationally efficient and simple to implement. The disad-

vantage of this method is that it makes use of subcarriers that could otherwise have been

50



used to carry data; however this tradeoff is acceptable due to the fact that if channel estima-

tion were not performed, the data on the subcarriers would suffer from interference.

Equalization in OFDMA Systems

Due to the fact that the effect of the channel transfer function on subcarriers carrying data

can be represented by a simple multiplication (as seen in Equation 4.5), equalization in

OFDMA systems is performed by means of a one-tap equalizer [2]. In other words each

subcarrier is multiplied by the inverse of the estimated channel transfer function. This

concept is represented by Equation 4.6.

Tx(f) ≈ Rx(f)E = Rx(f)
H

where :

Tx(f)− Spectrum of the Transmitted Data Symbols

Rx(f)E − Spectrum of the Received Data Symbols after Equalization

Rx(f)− Spectrum of the Received Data Symbols

H − Channel Transfer Function

(4.6)

For a one tap equalizer the formula for the Channel Transfer Function can be generalized

according to Equation 4.7.

H = 1−Aej2πft

where :

H − Channel Transfer Function

A−Amplitude of the interference

f − Frequency of the Transmitted Signal

t−Delay Difference

(4.7)

User Detection Schemes for MC-CDMA Systems

Channel equalization in MC-CDMA systems is far more complex than that which is used

in OFDMA systems. Such forms of equalization are referred to as user detection schemes

as they not only compensate for the effects of the frequency selective fading channel, but

they also aid in reducing the effect of MAI [17]. There are two forms of user detection,

namely single user detection (SUD) and multiple user detection (MUD). SUD schemes

only make use of the information pertaining to a single user and are thus less accurate than
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MUD schemes which examine the effect of MAI and the channel on all users’ data. For the

purposes of the simulations in Chapter 5, an advanced form of SUD known as Zero Forcing

(ZF) equalization or Orthogonality Restoring Combining (ORC) was used. While the use of

a MUD scheme might provide increased performance gains, the complex implementation

required made it unfeasible to implement within the simulation.

The purpose of ZF Equalization is to restore the orthogonality of the subcarriers and the

spreading codes which was destroyed by frequency selective fading [17]. Other SUD algo-

rithms, such as Equal Gain Combining (EGC), can counter the effects of frequency selective

channels but introduce additional MAI in the process. Equation 4.8 is used to generate a

ZF Equalizer matrix which is multiplied with the received data symbols thereby eliminating

the negative effects of the wireless channel.

qg = H∗
g

|Hg |2

where :

qg − Equalization Coefficient for Data Symbol g

Hg − Channel Transfer Function Symbol g

(4.8)

4.4 OFDMA and MC-CDMA as Candidate 4G Air-Interfaces

The development of a new 4G access network will require the design and implementation of

a new air-interface architecture capable of meeting the 4G system requirements described

in Chapter 3. Of all the available architectures proposed by researchers, it is commonly

agreed that a new 4G air-interface architecture will probably be based on OFDM. Currently

there are two primary multiple access schemes which make use of OFDM, namely OFDMA

and MC-CDMA, and these can be combined with additional communications components

such as coding, interleaving, digital modulation, synchronization and channel estimation

and equalization.

The following chapter models each of these concepts, using specific parameters, so that

their performance can be evaluated using computer simulations in order to determine which

would be the most appropriate choice for a new 4G air-interface architecture.
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Chapter 5

Simulation of Candidate Air-Interfaces

The air-interface comprises the physical layer of an access network and is largely respon-

sible for the performance capabilities of the access network. To design a new 4G access

network system based on the specifications outlined in Chapter 2, it is necessary to deter-

mine which of the two candidate air-interface architectures discussed in Chapter 4 performs

best. The purpose of this chapter is to measure the performance of each of the architec-

tures by means of computer simulations, using realistic models of the wireless channel and

cellular environment.

The following sections will discuss the methodology used to measure the performance of

each architecture, the assumptions made during the simulations, and the parameters used

for the two sets of simulations employed to determine the relative performance of OFDMA

and MC-CDMA as candidate 4G air-interface architectures.

5.1 Evaluating the Performance of Candidate 4G Air-Interfaces

Determining which of the two candidate air-interfaces is the best performing and there-

fore most appropriate choice for 4G systems requires that a series of simulations be con-

ducted to ascertain their performance under realistic conditions. It is important that the two

air-interfaces are compared using the same set of parameters so that an unbiased result is

achieved.

The performance criteria used to evaluate OFDMA and MC-CDMA were chosen based on

the core requirements for 4G systems and are listed below:

• Data Throughput: The average data throughput of a system will determine the types

of services a user can access. Whilst the simulations of OFDMA and MC-CDMA are
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not capable of providing the full throughput as specified by the 4G specifications,

the measurements taken give an accurate indication of the potential throughput of

each system. To increase the throughput of each system such that they meet the

4G access network system requirements, more advanced techniques such as multi-

antennae technologies and adaptive modulation need to be used. These are discussed

in greater detail in Chapter 7.

• Spectral Efficiency: Frequency spectrum is a limited resource and it is a require-

ment that 4G systems make more efficient use of the available spectrum than current

systems do. Higher levels of spectral efficiency increase the capacity and throughput

of access systems and are therefore a key indicator of system performance.

• Coverage: The amount of power needed to accurately transmit data determines the

maximum possible coverage of an access system in a cellular environment. If a sys-

tem is required to output high levels of power to transmit data at a specified through-

put, then its cell size will be decreased, thereby introducing additional costs for mo-

bile operators deploying 4G access networks.

The simulations were constructed in MATLAB due to the ease with which accurate mathe-

matical models can be developed and simulated. Two simulations were constructed which

measured the performance of OFDMA and MC-CDMA in a wireless channel and in a

cellular environment. The following sections will examine the assumptions made for the

simulations, the radio propagation environment and the parameters used for OFDMA and

MC-CDMA for each of the two simulations.

5.2 Assumptions

When designing a simulation of a communications system, it is usually impractical to model

every aspect of the physical implementation of the system due to the complexities involved

and the computational processing power that would be required to run the simulations.

Therefore, it is common practice to make assumptions when designing a simulation model

in order to simplify the implementation and decrease the execution time. It is important

to note that the use of these assumptions neither affect the accuracy nor the outcome of

the simulations, which are designed to ascertain which of the two candidate air-interface

architectures, OFDMA and MC-CDMA, represents the appropriate choice for 4G systems.

The following is a list of the assumptions made during the simulations:

• Perfect Synchronization: No frequency or timing synchronization errors occur and
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synchronization detection and correction do not need to be performed. This assump-

tion is made to decrease the execution time of each simulation which would otherwise

have been impractical.

• Static Wireless Channel: The transmitter and receiver are stationary and therefore

no Doppler spread is generated. The primary reason for this assumption is that

Doppler spread generates a frequency offset and as no synchronization algorithms

are used, it would severely decrease the performance of the system.

• Non Line of Sight Propagation: The deployment of a new high performance 4G

system would likely occur in major urban environments where users would make

use of the increased throughput capabilities. Such environments introduce extremely

hostile channel conditions, where line of sight between the transmitter and receiver is

highly unlikely. Therefore it is appropriate to test both architectures in this form of

environment.

• Linear Amplification: The use of linear amplification eliminates the presence of

clipping and interference resulting from non-linear amplification of signals with high

PAPR.

• Perfect Power Control: Spread spectrum systems suffer from the effect of the near-

far problem where signals from users close to the base station interfere with users’

signals transmitted from far away from the base station. Perfect power control cor-

rects this problem by regulating the power of each user’s transmitter.

5.3 Radio Propagation

The purpose of any wireless communications system is to eliminate the effects of the wire-

less channel so that data transmitted through the channel can be received with minimal

or no errors. Modeling the behavior of wireless channels is extremely complex, however

models have been developed which approximate specific components. The wireless channel

model used for the simulations takes into account the effects of noise, multipath fading (also

known as fast fading), path loss propagation and shadowing (also known as slow fading).

The following sections will examine each of these components and will explain how they

are used in the simulations.
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5.3.1 Noise

Noise in communications channels refers to the addition of white noise resulting from vari-

ous sources within the natural environment. Noise is typically modeled as white noise with

a constant power and a Gaussian amplitude distribution. This model is referred to as Addi-

tive White Gaussian Noise (AWGN) and, provided that an OFDM based system is designed

correctly, will constitute the main source of interference in the wireless channel [17].

5.3.2 Multipath Fading Channels

Multipath fading, also known as fast fading, is the result of the reflection, scattering and

refraction of transmitted signals against objects located within the wireless channel envi-

ronment [16]. The result of multipath fading is that several copies of the transmitted wave,

each with its own attenuations and delays, are received and viewed by the receiving sys-

tem as a single signal. The effects of multipath propagation have already been discussed at

length during the past few chapters, including its capacity to induce attenuations at specific

frequencies and to introduce ICI and ISI if not compensated for correctly.

Modeling multipath fading in non-line of sight wireless channels is achieved by means of

a channel impulse response representing the delays of each of the copies of the transmitted

signal and a Rayleigh distribution function which models the random nature of the changes

in attenuation and phase changes of each transmitted signal [16]. The model selected for

use in the simulation consists of 10 impulses, spaced 10 ns apart and an exponential power

distribution with a 1 dB decrease per impulse. This model’s parameters are similar to those

defined in the Cost 231 Bad Urban model, but represent a far harsher indoor environment

where the effects of multipath fading are maximized [16].

5.3.3 Path Loss

Path Loss refers to the attenuation of a transmitted signal as it moves away from the base

station. Path Loss is usually modeled as a power law function, where the power of the

function is dependent on the environment being modeled [7]. In outdoor environments the

power can be as low as 2 and in indoor environments it can vary between 4 and 6.
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5.3.4 Shadowing

Shadowing, also referred to as slow fading, is the result of the transmitted signal being

attenuated due to the presence over long distances of large objects such as buildings or

mountains. The difference between shadowing and fast fading is that the signal must travel

larger distance for any major levels of attenuation to occur. Shadowing is modeled with

a random variable generated by means of a log-normal distribution, a zero mean and a

standard deviation specified by the transmission environment [7].

5.4 Comparison of OFDMA and MC-CDMA systems in a real-
istic wireless channel

This first simulation compares the performance of OFDMA and MC-CDMA in the presence

of AWGN after passing through a multipath fading channel. The purpose of the simulation

is to measure the performance of each system without taking into account path loss or

shadowing. The simulation gives a preliminary indication as to the relative performance of

the systems, the number of users they could support and the total system throughput. Figure

5.1 provides an illustration of the simulation architecture.
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Figure 5.1: Architecture of the simulation to compare OFDMA and MC-CDMA systems in

a realistic wireless channel

The parameters used during the simulation can be divided into static parameters and dy-

namic parameters. Static parameters define the architecture of the system and remain fixed

for all simulations; these can be seen in Table 5.1.

The air-interface static parameters for these simulations were chosen based on the design

for general purpose OFDMA and MC-CDMA air-interface systems, capable of operating

favorably in most wireless environments. To aid in understanding how OFDM Frames were

constructed, Figure 5.2 illustrates how each of the relevant static parameters were combined

to form an OFDM Frame. The wireless environment static parameters were selected based

on an indoor non-line of sight wireless propagation model, which is considered to be one of

the harshest forms of radio channels and was therefore considered to represent a worst case

scenario for simulation purposes.
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Static Parameters Values

Channel Coding Convolutional Coding

Coding Rate 1
2

Modulation Scheme QAM

No. Data Subcarriers 256

No. Pilot Subcarriers 64

No. Virtual Subcarriers 64

Size of the FFT 384

Guard Length Samples 226

No. OFDM Symbols per Frame 64

Subcarrier Spacing 100 kHz

Bandwidth 38.4 MHz

OFDM Symbol Period 10 µs

OFDM Frame Period 1 ms

No. Impulses for Multipath Fading 10

Path Delays for Multipath Fading 10 ns

Power Decrease per Delay for Multipath Fading 1 dB

Table 5.1: Static parameters for the simulation comparing OFDMA and MC-CDMA per-

formance in a realistic wireless channel

The purpose of these simulations was to determine which of the two architectures is the

more appropriate choice as a 4G air-interface architecture and therefore parameters which

have the same effect on the performance of both systems were not varied as they could not

affect the outcomes of this investigation. Examples of such parameters include: the channel

coding rate, the physical construction of the OFDM frame, the length of the Guard Inter-

val (which was made longer than absolutely necessary in order to accommodate multiple

environments in future simulations) and various wireless propagation properties.

Dynamic parameters were adjusted after each simulation and were used to determine the

performance of the systems under different operating conditions; these can be seen in Table

5.2. The choice of dynamic parameter values were motivated by the need to test both

systems under extreme operating conditions.

After each simulation was executed, a series of performance measurements were taken using

the list from section 5.1 as a guide. These measurements assist in determining which system

will become the appropriate choice for the air-interface in a new 4G access network. The

analysis of these measurements is performed in the following chapter.
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Dynamic Parameters Values

Modulation Alphabet 16 or 64

No. of Users 1 or 8

Spreading Code Length 8 or 32

No. Substreams per User: OFDMA always 32

No. Substreams per User: MC-CDMA 32 or 8

(depends on code length)

Signal to Noise Ratio 0 to 20 dB

Table 5.2: Dynamic parameters for the simulation comparing OFDMA and MC-CDMA

performance in a realistic wireless channel

5.5 Comparison of OFDMA and MC-CDMA Systems in a cel-
lular environment

The results of the first simulation provide a preliminary indication of the performance of

each of the air-interface candidate systems. To accurately compare their behaviour, it is

necessary to test their capabilities in a cellular structure similar to the environment within

which the new 4G access network will operate. The cellular propagation model is based on

material from [3, 4] and contains seven cells. Each cell is modeled using a hexagon with

the primary base station at the center and six base stations surrounding it. A normalized

cell radius of one is assumed. The available bandwidth is split using a re-use pattern of

three, and the performance measurements are based on the transmission between the pri-

mary base station and a mobile terminal located somewhere within the primary cell. Figure

5.3 provides an example of the cellular environment.

This simulation is different from the initial one as it takes into account the effects of path

loss, shadowing and interference generated by neighboring cells’ base stations. The simu-

lation methodology is as follows:

1. Each base station generates a signal, based on randomly generated user data and

modulated using one of the air-interface architectures according to a set of static and

dynamic parameters.

2. Each signal is passed through a Rayleigh Fading Channel based on static parameters

as discussed below

3. The energy of each signal received by the mobile terminal is calculated based on

Equation 5.1.
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Figure 5.3: The cellular environment used to conduct simulations to compare OFDMA and

MC-CDMA

Er,j = Et,j .d
−γ
j .10

nj
10

where :

Er,j − Received Energy from Base Station j

Et,j − Transmitted Energy from Base Station j

dj −Distance between Base Station j and Mobile Terminal

γ − Path Loss Decay Factor

nj − Log − normal Randomly Generated Shadowing Factor

(5.1)

While the equation does require that the transmission energy for each base station is

specified, provided that all base stations transmit with the same power; this parameter

will cancel out and become irrelevant.

4. The ratio between the energy received from each of the interfering base stations and

the primary base station is calculated. This ratio can then be used to attenuate the

interfering signals based on their relative distance from the mobile terminal and the

effect of shadowing. Equation 5.2 is used to attenuate each of the interfering signals

before they are combined with each other and the primary base station signal.
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Ta = Ti.

√
Er,j

Er,p

where :

Ta −Attenuated Transmitted Signal

Ti − Initial Transmitted Signal

Er,j − Received Energy from Interfering BaseStation j

Er,p − Received Energy from the Primary BaseStation

(5.2)

5. Lastly, AWGN is added to the combined signal and the receiver air-interface archi-

tecture attempts to demodulate the transmitted data accurately. A diagram illustrating

this process is shown in Figure 5.4.
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Figure 5.4: Architecture of the simulation to compare OFDMA and MC-CDMA systems in

a cellular environment, based on material found in [3, 4]

As was the case in the first simulation, the parameters used in the cellular simulation can

be divided into static and dynamic parameters. The static parameters used in the simulation

can be seen in Table 5.3 and the dynamic parameters can be seen in Table 5.4. It should

be noted that the allocation of spectrum between different cells is performed by allocating

certain subcarriers to each cell for transmission. This increases the system’s bandwidth by

the size of the reuse factor, in this case three, increasing the total number of subcarriers to

1024. The method of construction of OFDM Frames used in the first simulation is identical

to the method used here.
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Static Parameters Values

Channel Coding Convolutional Coding

Coding Rate 1
2

Modulation Scheme QAM

Modulation Alphabet 16

No. Data Subcarriers (per cell) 256

No. Pilot Subcarriers (per cell) 64

No. Virtual Subcarriers 64

Size of the FFT 1024

Guard Length Samples 226

No. OFDM Symbols per Frame 64

Subcarrier Spacing 100 kHz

Bandwidth 102.4 MHz

OFDM Symbol Period 10 µs

OFDM Frame Period 1 ms

No. Impulses for Multipath Fading 10

Path Delays for Multipath Fading 10 ns

Power Decrease per Delay for Multipath Fading 1 dB

Cellular Re-use pattern 3

Angle of Mobile Terminal Relative to Primary Base Station 30o

Standard Distribution of Log-normal Shadowing 8

Path Loss Decay Factor 4

Table 5.3: Static parameters for the simulation comparing OFDMA and MC-CDMA per-

formance in a cellular environment

Dynamic Parameters Values

No. of Users 1 or 8

Spreading Code Length 8

No. Substreams per User: OFDMA always 32

No. Substreams per User: MC-CDMA always 32

Signal to Noise Ratio 0 to 20 dB

Distance from Primary Base Station to Mobile Terminal 0.1 or 1 units

Table 5.4: Dynamic parameters for the simulation comparing OFDMA and MC-CDMA

performance in a cellular environment
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After each simulation was executed, the same set of performance measurements that were

taken for the first simulation were repeated and is analyzed in the following chapter, in order

to determine the appropriate choice for the air-interface in a new 4G access network.
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Chapter 6

Determining the Most Appropriate 4G
Air-Interface Architecture

The new 4G access network will require a high performance air-interface capable of meeting

the requirements discussed in Chapter 2. The previous chapter outlined two sets of simula-

tions designed to determine which of the two candidate air-interface architectures, namely

OFDMA or MC-CDMA, will be most appropriate for a new 4G system. The following

sections analyze the results of each of those simulations and make a recommendation as to

which air-interface would be an appropriate choice as a 4G air-interface architecture.

6.1 Analysis of OFDMA and MC-CDMA Systems in a realistic
wireless channel

The purpose of the first simulation was to test the performance of OFDMA and MC-CDMA

in a realistic wireless environment. The simulation made use of AWGN and Rayleigh mul-

tipath fading as the primary sources of interference. Several sets of simulations were run

and various parameters were changed each time in order to test the performance of the

architectures under different operating conditions.

The first set of measurements taken was used to determine each architecture’s performance

based on the cardinality of the digital modulation scheme. The number of users transmitting

data was 1 and each system could accommodate up to 8 users. The number of available sub-

carriers for each system was fixed at 256, which meant that each user could generate enough

data to fill 32 substreams per OFDM symbol. Figure 6.1 illustrates the bit error ratio (BER)

versus signal to noise ratio (SNR) performance of each system, when 16-QAM and 64-

QAM digital modulation were used. As can be seen, the higher the modulation cardinality,

the greater the power of the transmitted signal required to achieve a higher resilience to
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errors. Due to the various error correction schemes incorporated in both architectures, the

primary source of interference is AWGN, and in order to decrease the interference gener-

ated by the AWGN the power of the transmitted signal must be increased. These initial

measurements also prove each system’s resilience to other forms of interference such as

multipath fading, and show that each of the components, such as channel estimation and

correction, channel coding, interleaving and so on are working correctly.
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Figure 6.1: Performance comparison of OFDMA and MC-CDMA systems in a realistic

wireless environment, with 1 user, a code length of 8 and using 16-QAM and 64-QAM

The results of these first measurements can be used to perform initial calculations which

aid in determining the performance of each system. The maximum attainable total through-

put and the throughput per individual user can be calculated based on the cardinality of

the modulation schemes used. The spectral efficiency of each system is calculated based

on the subcarrier spacing and the number of subcarriers used to carry data. Both of these

performance calculations are displayed in Table 6.1. Due to the limitations of the simula-

tion environment these performance measurements do not fully meet the requirements of 4G

systems; however they do provide an indication of the performance of each system. Increas-

ing the number of subcarriers, increasing the cardinality of the modulation schemes and the

accuracy of the interference cancellation algorithms are all potential ways of increasing the

performance of each system.
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Performance Modulation OFDMA MC-CDMA
Measurements Cardinality

Total Throughput 16-QAM 32.23 Mbps 32.23 Mbps

Total Throughput 64-QAM 48.84 Mbps 48.84 Mbps

Throughput per User 16-QAM 4.03 Mbps 4.03 Mbps

Throughput per User 64-QAM 6.04 Mbps 6.04 Mbps

Spectral Efficiency 16-QAM 0.84 bits/s/Hz 0.84 bits/s/Hz

Spectral Efficiency 64-QAM 1.26 bits/s/Hz 1.26 bits/s/Hz

Table 6.1: Performance measurements of OFDMA and MC-CDMA systems in a realistic

wireless environment, with 1 user and a code length of 8

Determining the throughput performance measurements seen in Table 6.1 was performed

using Equation 6.1. As both simulations made use of the same number of data subcarriers,

the throughput of both systems is identical. The results were calculated for a “best case

scenario”, in other words these performance levels would only be achieved in an optimum

scenario.

Total Throughput = Ns. log2(α).FCode

TSymbol

Where :

Ns −Number of Data Subcarriers

α− Cardinality of the Digital Modulation

FCode − Code Rate of Channel Coding

TSymbol − Period of the Symbol

(6.1)

Calculation of the throughput received by each user, is achieved by dividing the total through-

put by the number of users; in this case eight. To determine the spectral efficiency of each

system, the total throughput is divided by the bandwidth of the system, this is illustrated in

Equation 6.2.

Spectral Efficiency = TotalThroughput
FB

Where :

FB − System Bandwidth

(6.2)

An interesting observation when viewing the initial results in Figure 6.1 is that the trans-

mitted signal power required to achieve maximum throughput for OFDMA is far lower than

the signal power required for MC-CDMA. This discrepancy can be explained by examining

the resource allocation scheme for each of the simulations. The maximum number of users

an MC-CDMA system can accommodate is equal to the length of its spreading code. All
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spread spectrum systems suffer from a form of self-interference known as Multiple Access

Interference (MAI). This fact and its implications have already been discussed in previous

chapters; however it is relevant in the context of these simulation results as it appears that in

the absence of any additional interference compared to the OFDMA system, MAI provides

the only possible reason for the discrepancy in the expected performance of the system. To

prove this theory a second set of measurements were taken from simulations conducted on

both OFDMA and MC-CDMA; as described below, these measurements served to support

this hypothesis.

To prove that MAI is the cause of the decrease in the MC-CDMA system’s performance

compared to OFDMA, the length of the spreading code was increased to 32. Figure 6.2

illustrates the performance of the OFDMA and MC-CDMA systems under these new con-

ditions. The second set of measurements prove that the performance of MC-CDMA can be

decreased due to the presence of MAI, as the MC-CDMA system easily outperforms the

OFDMA system. Unfortunately, due to the architecture of the MC-CDMA system, increas-

ing the length of the spreading code also decreases the number of substreams available to

each user, resulting in reduced throughput per user. This concept is illustrated in Table 6.2

which relates the throughput per user with the length of the spreading code and compares it

to the performance of OFDMA systems.

System Parameters Performance Parameters

Spreading Code Length Substreams per User Throughput per User

MC-CDMA OFDMA MC-CDMA OFDMA MC-CDMA

8 32 32 7.86 Mbps 7.86 Mbps

32 32 8 7.86 Mbps 1.97 Mbps

Table 6.2: Performance measurements of OFDMA and MC-CDMA systems in a realistic

wireless environment, with 1 user and a variable code length

A potential solution to this reduction in user throughput is to assign each user more than

one spreading code. Figure 6.3 illustrates the performance of OFDMA and MC-CDMA

where the number of users is increased to 8 and the spreading code length is 32. The per-

formance of this system is similar to that of Figure 6.1, where the ratio between the number

of users and the spreading code is much larger. This effectively proves that the MC-CDMA

system suffers from MAI which is dependent on the ratio between the number of users and

the spreading code length. It also proves that increasing the number of spreading codes

available to users does not resolve the problem of reduced user throughput created by the

spreading code length having to be increased to avoid MAI. These last set of measurements

also prove that an OFDMA system is capable of supporting more users and at a higher

throughput per user than an MC-CDMA system.
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Figure 6.2: Performance comparison of OFDMA and MC-CDMA systems in a realistic

wireless environment, with 1 user, a code length of 32 using 64-QAM

6.2 Analysis of OFDMA and MC-CDMA Systems in a cellular
environment

The previous simulation tested the performance of OFDMA and MC-CDMA in a wireless

environment, but did not take into account the effect of path loss, shadowing or interference

generated by neighboring cells. As a new 4G access network will be expected to cope

with these sources of interference in addition to those used in the previous simulation, the

measurements taken for the second simulation provide a more accurate and complete picture

of the performance of OFDMA and MC-CDMA under different operating conditions. As

with the first simulation, a set of simulations were performed and after each simulation

certain parameters were changed to determine their effect on the two systems.

The first set of measurements taken for this simulation were used to determine each archi-

tecture’s performance based on the cardinality of the digital modulation scheme within a

cellular environment. The parameters used were the same as those from the first set of mea-

surements conducted in the previous simulation, namely, the number of users transmitting

data was 1, the maximum number of users was 8 users, the number of available subcarriers
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Figure 6.3: Performance comparison of OFDMA and MC-CDMA systems in a realistic

wireless environment, with 8 users, a code length of 32 using 64-QAM

per cell was 256, and the number of substreams per user was 32. Figure 6.4 illustrates the

bit error ratio (BER) versus signal to noise ratio (SNR) performance of each system when

64-QAM is used and the mobile terminal is positioned close to the primary base station.

The results displayed in the diagram are similar to the performance of the systems during

the first set of measurements taken during the previous simulation. This indicates that the

conclusions reached based on the first measurements from the previous simulation are cor-

rect, i.e. the systems are operating correctly as AWGN is the only form of interference and

MC-CDMA outperforms OFDMA due to the presence of MAI.

It is also apparent that the effects of path loss, shadowing and inter-cell interference have a

slight detrimental effect on both systems, but as both systems make use of OFDM modu-

lation and other interference canceling schemes, interference generated by subcarriers used

by other cells appears to be largely eliminated. To determine if this theory is correct, a

second set of measurements were taken, with the mobile terminal repositioned at the edge

of the cell where maximum inter-cell interference occurs. Figure 6.5 illustrates the perfor-

mance of both systems under these conditions and indicates that while their performance

has deteriorated, the effect is most likely to be attributable to path loss and shadowing rather

than inter-cell interference which would generate a much larger decrease in performance as

ICI.

70



0 2 4 6 8 10 12
10-4

10-3

10-2

10-1

100

SNR

B
E

R

 

 
OFDMA - 64-QAM
MC-CDMA - 64-QAM

Figure 6.4: Performance comparison of OFDMA and MC-CDMA systems in a cellular

environment, with 1 user, a code length of 8 using 64-QAM, where the mobile terminal is

positioned close to the primary base station

The final measurements taken were used to determine the performance of both systems un-

der extremely hostile channel conditions. The number of users transmitting data was 8, the

length of the spreading code was 8 and the mobile terminal was positioned at the edge of

the cell where the effects of inter-cell interference and path loss are maximized. Figure

6.6 provides the performance analysis of these measurements, where OFDMA significantly

outperforms MC-CDMA due to its resistance to the effects of MAI. The maximum attain-

able throughput and spectral efficiency were exactly the same as the values stated in the first

simulation, as all static parameters were maintained throughout both simulations.

6.3 The Most Appropriate 4G Air-Interface Architecture

The results from the two simulations show conclusively that OFDMA is superior to MC-

CDMA and of the two considered it would be best suited as the optimum air-interface

architecture for a new 4G access network. Whilst certain aspects of the OFDMA system’s

superior performance were discussed in the previous two sections, it is useful to summarize
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Figure 6.5: Performance comparison of OFDMA and MC-CDMA systems in a cellular

environment, with 1 user, a code length of 8 using 64-QAM, where the mobile terminal is

positioned at the edge of the primary cell

the strengths of OFDMA, in comparison to MC-CDMA, based on the performance criteria

outlined in the previous chapter:

• Throughput: OFDMA can achieve much higher bit rates within a specific band-

width than MC-CDMA. Due to the effects of MAI, MC-CDMA cannot allocate all

spreading codes for use; therefore OFDMA is able to accommodate far more users

than MC-CDMA. OFDMA systems also have the added benefit that the amount of

throughput allocated to each user can be manipulated subject to the resource demands

of the services provided.

• Spectral Efficiency: OFDMA make full use of the spectrum allocated and assign ev-

ery subcarrier to a user. MC-CDMA systems are unable to transmit the same amount

of data as they are limited by MAI. Therefore OFDMA systems are more spectrally

efficient.

• Coverage: OFDMA systems require less power to provide high throughput rates.

Only in instances where the code length is dramatically increased does MC-CDMA
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Figure 6.6: Performance comparison of OFDMA and MC-CDMA systems in a cellular

environment, with 8 users, a code length of 8 using 64-QAM, where the mobile terminal is

positioned at the edge of the primary cell

require less power to transmit data coherently. Under these conditions OFDMA sys-

tems are the better choice as they require less power to transmit high throughput

services, indicating that they have the potential to cover a wider cell area. The spec-

trum for a new 4G access network has also not been allocated; however it is widely

believed that the carrier frequency spectrum range will be substantially higher than

existing systems. This will increase the amount of power required to transmit a sig-

nal and so any architecture which provides lower power transmission rates will be of

significant benefit.

It is impossible to determine the exact requirements for a new 4G access network, how-

ever the simulations conducted in this report prove the greater potential of OFDMA as a

candidate air-interface architecture due to its high throughput, high coverage, flexibility

in allocation of resources, simplicity to implement, and resilience to interference. Due to

practical limitations in the design of the simulation the results of the simulations do not pre-

cisely align with the design specifications initially outlined; however they do prove that as a

basic architecture OFDMA is vastly superior to MC-CDMA, and the simulations could be
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adapted to meet those requirements by adjusting certain system parameters, such as increas-

ing the number of subcarriers or the accuracy of the interference cancellation algorithms, or

decreasing the subcarrier spacing.
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Chapter 7

Conclusion

Currently there is no unified definition nor is there any united standardization movement

working towards the development of the next generation of mobile communications sys-

tems, to be known as the Fourth Generation or 4G. The purpose of this report was to aid

researchers through the consolidation of the various views and objectives regarding 4G sys-

tems into a single objective definition of 4G and through the evaluation of the two primary

candidate air-interface architectures, one of which could form the core component of a new

4G access network.

The following three sections examine the work covered in previous chapters, whether the

results of the simulations and the analysis thereof met the objectives outlined in the problem

statement, and proposals for future research within this field.

7.1 Summary of Report Material

In general, there are two separate schools of thought as to the method which should be used

to develop 4G systems. The first group of researchers and organizations believes that the

development of 4G systems should involve the evolution and convergence of existing cel-

lular, IT and broadcasting communications systems into a single monolithic heterogeneous

network capable of supporting both current and new services yet to be developed. The sec-

ond group of researchers believe that due to the limitations of current access systems, a new

4G access network must be developed to support the requirements of new advanced and as

yet undeveloped services.

A key objective of this report was to provide an objective definition of 4G systems based on

the requirements of users and types of services that are most likely to exist. This definition

combines the views of both groups of researchers and states that the new 4G network will
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consist of both evolved and converged access networks, coexisting with a new 4G access

network, and connected via an IP-based core network. The purpose of 4G systems will be

to enable users to connect to the most appropriate access network, which will provide their

requested service at the lowest possible cost and at the highest possible quality.

The development of a new 4G access network will require an air-interface capable of sup-

porting the requirements of future services. According to the ITU, which envisages that

such systems will be launched between 2010 and 2015, the appropriate air-interface spec-

ifications are that the throughput should be 100 Mbps for mobile connections and 1 Gbps

for nomadic connections, and spectral efficiency should be as high as possible.

Orthogonal Frequency Division Multiplexing (OFDM) modulation enables the development

of high performance air-interfaces capable of meeting the demanding requirements of new

4G access networks. There are two primary air-interface architectures which make use

of OFDM modulation, namely OFDMA and and MC-CDMA. OFDMA provides users’

access capabilities by allocating specific subcarriers to each user depending on their service

requirements. MC-CDMA is a spread spectrum technique which spreads the data from each

user over the number of available subcarriers.

7.2 Analysis of Solution

The purpose of this report was to advance 4G research via the development of an objective

definition of 4G systems and then using this definition to evaluate the performance of two

candidate 4G air-interface architectures, to enable a recommendation to be made as to which

of the two architectures is the most appropriate choice for a 4G access network.

Simulations were conducted using realistic models of a wireless environment. The results

of those simulations demonstrate that OFDMA is the best performing choice for a 4G air-

interface architecture as it does not suffer from the effects of multiple access interference,

which is a weakness of spread spectrum technologies. While the performance measure-

ments of both architectures did not fully meet the requirements of 4G systems, the simu-

lation results did indicate that with further development, both systems would be more than

capable of meeting the required performance criteria.

In conclusion, this report contributes to the field of 4G research by generating an objective

definition of 4G systems and by making a concrete recommendation as to which of the air-

interface architectures would be the preferred choice for a new 4G access network, namely

Orthogonal Frequency Division Multiple Access (OFDMA). It therefore meets all of the

objectives outlined in the Problem Statement.
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7.3 Complementary Technologies for Improving 4G Air-Interface
Performance

Due to the current status of 4G development, with different organizations and individual

researchers having formed their own opinions regarding the nature of 4G, numerous new

and advanced technologies have emerged which can be used to improve the performance

of existing air-interface systems. These technologies could become vital to improving the

performance of potential 4G air-interface architectures so that they meet the ever increasing

service expectations of users. While there are far too many emerging technologies to be

discussed here, the following sections briefly examine three new technologies which could

complement OFDMA and MC-CDMA systems and improve their performance. As these

techniques have not been employed in the simulations in the previous chapter, primarily due

to their complexity, research into the effects of these techniques on the performance of both

air-interface architectures could be the subject of future research.

7.3.1 Radio Resource Management

Mobile communication users are constantly demanding access to more resources so that

they can satisfy their requirements for new and advanced services. Increasingly this task is

becoming more difficult due to the limitations of existing communication systems and the

technologies they are based on. This was cited in Chapter 2 as a reason for the convergence

of existing access networks and the development of new systems for a new monolithic

heterogeneous 4G network. However, even if such a system is realized, management of the

available network resources must be performed such that the maximum numbers of users

have access to their desired services at the appropriate quality levels.

Radio Resource Management (RRM) systems refer to a new concept whereby algorithms

and software applications are developed to manage the allocation of network resources un-

der dynamic channel and traffic conditions such that the number of users receiving adequate

service provision is maximized [5]. There are numerous different types of algorithms de-

veloped by different researchers and organizations, and each uses different methodologies

and algorithms to measure and control the performance of communications systems.

The performance measurement of the two 4G air-interface candidate architectures discussed

in the previous chapter provided an insight into the potential capabilities of these systems.

However as stated already the systems did not perform fully to the specifications outlined

in Chapter 2. RRM algorithms could be used to increase the performance of both systems

through the control of different parameters, including the number of data subcarriers, the
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number of channel estimation pilots, the size of the subcarrier spacing (only if Software De-

fined Radios were used), the cardinality of specific subcarriers based on their performance

(also known as adaptive modulation), the allocation of specific subcarriers to neighboring

cells, the parameters of the detection schemes used to reduce MAI, and so on [5, 16, 17].

An interesting use of RRM algorithms in potential 4G systems is illustrated in the devel-

opment of NTT DoCoMo’s Orthogonal Variable Spreading Factor (OVSF) based 4G air-

interface. This candidate air-interface is based on both MC-CDMA and OFDMA architec-

tures, and modifies the behavior of the system by changing the length of the spreading code

depending on the nature of the wireless environment. If the code is shortened, the system’s

behavior tends towards that of an OFDMA air-interface; however if the code is lengthened,

it behaves like an MC-CDMA system [5, 6]. This technique is useful if the system is re-

quired to operate under hostile channel conditions and there is a need to adapt the system

depending on certain services. For example, if a user wants to make a VoIP based phone

call, an MC-CDMA based system may be more appropriate as it provides a lower BER at

lower data rates; however if the user wants to download a large data file, an OFDMA based

system would be the more appropriate choice.

It should be noted that NTT DoCoMo’s use of an MC-CDMA system to provide access

to low throughput services is contrary to the convergence and evolutionary approach to 4G

systems, where legacy technologies would be more appropriate for providing such services.

7.3.2 Multi-Antennae Technologies

The principle of multi-antennae technologies is to make use of multiple antennae at either

the transmitter, the receiver or both. There are several different architectures which can

be implemented depending on where multiple antennae are used. If multiple antennae are

used at the transmitter and not at the receiver it is known as a MISO (Multiple-Input-Single-

Output) system. If multiple antennae are only used at the receiver then it’s a SIMO (Single-

Input-Multiple-Output) system, and if multiple antennae are used on both the receiver and

transmitter this is a MIMO (Multiple-Input-Multiple-Output) system [5].

The advantages of using multi-antennae technologies depends on the application; however

there are three primary techniques that can be used [17]:

• Beamforming: This technique involves the use of antennae that are spaced at half

the length of a wavelength apart. Beamforming is used in line-of-sight applications

where a narrow and powerful radio wave can be transmitted and received with a high

degree of accuracy.
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• Spatial Diversity: The use of multiple antennae to obtain multiple versions of the

same transmitted signal, each with different attenuations and phases is proving to be

an extremely popular and effective multi-antennae technique. By employing multiple

antennae at both ends of the channel, the receiver can generate multiple channel esti-

mates based on each path between the antennae, and thereby improve the accuracy of

channel equalization techniques in hostile non-line of sight wireless channels. Spa-

tial diversity techniques have already been implemented in several proprietary WiFi

systems and the IEEE’s 802 Working Group has also taken note of this technique’s

advantages and is developing an addition to the 802.11 standard to exploit this tech-

nique.

• Spatial Division: Currently there are three forms of access division used in cellular

communications, based on time, frequency and code division. Spatial Division refers

to the use of multiple antennae to transmit different signals on each antennae set with

the objective of increasing the capacity of the system’s throughput. By using mul-

tiple antennae on both the antennae and receiver, the interference from neighboring

signals can be measured and minimized through channel estimation and equalization

techniques.

The use of spatial diversity or spatial division could increase a new 4G access network’s

resilience to interference and increase its throughput capacity. Some researchers are even

investigating methods to dynamically modify the multi-antennae architecture and technique,

depending on the service requirements of users and the nature of the channel.

7.3.3 Software Defined Radio

The development of converged access networks has prompted many researchers to exam-

ine the feasibility of implementing a software defined radio (SDR). The principle of the

SDR is that a single terminal can access any network by modifying the properties of its

air-interface through the use of software [5]. Ideally, an SDR would consist of an adapt-

able radio interface that will downsample the received signal to the appropriate data rate for

processing, one or more high performance analog-to-digital converters (ADC) and digital-

to-analog converters (DAC), digital signal processors (DSP), and a microcomputer capable

of adapting to different protocols and adjusting the parameters of the rest of the air-interface.

Unfortunately, designing a system capable of transmitting or receiving signals at any fre-

quency requires extremely expensive equipment and is therefore currently unfeasible for

use in commercial communications equipment[5].

A potential use for current SDR systems is the prototyping of 4G air-interface systems to
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determine their performance characteristics in a real wireless environment. The Hardware-

in-the-Loop (HALO) system is a SDR prototyping system developed by Signalion in Ger-

many [18]. The system is configured through the use of MATLAB code and can be modified

to test a wide variety 4G air-interface architectures. Unfortunately, the HALO system only

operates within the 2.4 GHz and 5 GHz range due to the extremely high demands placed

on the digital signal processing hardware. However, the system is more than adequate for

determining the various performance characteristics of OFDMA and MC-CDMA in a real

wireless channel, and the performance of these systems at higher frequencies can be extrap-

olated using mathematical models.
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Appendix A

Contents of the Compact Disk

The attached compact disk (CD) contains additional resources that may be useful to readers

of this document. The directory structure of the CD is shown in Figure A.1.

Project Report

Simulation Code

4G Simulation

Digital Modulation

CD

Figure A.1: Directory structure of attached CD

The contents of the CD are organized as follows:

• The Project Report directory contains an electronic copy of this document and re-

quires Adobe Acrobat Reader to view the file.

• The Simulation Code directory contains the MATLAB scripts used to simulate the

performance of the two candidate 4G air-interface architectures, i.e. OFDMA and

MC-CDMA. The MATLAB scripts were written using MATLAB R2006a with the

aid of Mathworks’ MATLAB Communications Toolbox.
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