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Abstract 
The 1990's will be remembered as the decade of the Internet and the Mobile phone. With more than 100 

million GSM subscribers in Europe alone, existing cellular networks are rapidly becoming congested. 
With the imminent arrival of UMTS and high-speed data services, new technologies and methods must be 

identified that will ensure that the radio spectrum and the hardware is utilised in an efficient and cost 

effective manner. 

This thesis introduces the novel concept of setf-organisation as a significant contribution towards 

answering these new challenges. Self-organisation in its fully developed form will enable the networks to 
be autonomous and self-configuring. The main objective of self-organisation is to make cellular and 

wireless networks intelligent, implying that they can adapt dynamically to changes in their environment. 
The 'environment' will typically denote the traffic intensity, the service mixture, the propagation 

conditions and changes in the network topology either through failure or the installation of new hardware. 

The implementation of self-organisation will enable each basestation to 'understand' the conditions in 

which it is operating, with regards to the aspects mentioned above. In this way, each basestation becomes 

independent and has the ability to optimise its own performance. With a degree of co-operation between 

nodes in the network, global optimisation will also be possible. 

Currently, cellular network planning is complex and very costly. One of the benefits of self-organisation 
is a simplification to the planning process. The network will be able to optimise its own performance after 
deployment. From the basestations point of view, this is only feasible if they are relatively insensitive to 
basestation positioning errors. As a result, an investigation into this area will be undertaken in this thesis 

to clarify whether this is the case. Another important consideration is the spacing of basestations, or 

remote antenna units. For the very high capacities that must be accommodated in the future, very small 

cell sizes will be required. It is therefore important to establish whether there are any physical limitations 

in how closely basestations or remote antenna units can be spaced. These limitations will be established in 

chapter 6. 

It is also important to identify which technologies or techniques are essential to enable the 
implementation of self-organisation. Chapter 5 will therefore evaluate a number of technologies that are 

considered to bring a performance enhancement in terms of one or more of the following criteria: 

coverage, capacity, flexibility or cost reduction. The evaluated technologies are Advanced Radio 

Resource Management, Dynamic Cell Sizing, Dynamic Charging, Basestation Bunching, Intelligent 

Handover, Intelligent Relaying and Situation Awareness. From this evaluation, three technologies were 
identified as essential to enable self-organisation to function effectively. Chapter 7 covers the 

performance evaluation of Basestation Bunching, Dynamic Cell Sizing and Situation Awareness. 

Particular emphasis has been placed on the potential capacity improvement each technology brings as 

well as the flexibility they add to the network. Their performance will be established through extensive 

computer simulations, and the results confirm that the case for moving towards more adaptive and 
intelligent networks is strong. 
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Chapter One 

The mobile communication revolution 

The first chapter of this thesis investigates the development of the cellular industry over the last 20 years. 
In particular, the chapter looks at how politics, economics and technology are interacting and forming the 

wireless society of tomorrow. A brief history of mobile communication is provided, with particular 

emphasis of how the various standards developed in the three main geographical regions (North America, 

Europe and Japan). This is followed by an overview of current technological developments and the 

emergence of UMTS. The complexity of future wireless systems will require new management strategies, 

and self-organisation is proposed as a way forward. Finally, a brief outline of the chapters in this thesis is 

provided. 



Chapter One 

1 The mobile communication revolution 

1.1 Introduction 

At the start of the new millennium, the Internet and the wireless / cellular industries are in a unique 

position. The imagination of the investors, the governments and the public alike, has been caught by both 

technologies. The Internet is remarkable in that it only took 3 years for it to reach 50 million users 

compared with 13 years for television, 16 years for the personal computer and 38 years for radio [1]. 

Cellular technology, on the other hand, had a more traditional initial growth pattern. The cellular era 

commenced in 1980 and did not reach 50 million subscribers until 1994. However, with the world-wide 

success of GSM, the subscriber base was quadrupled by 1997 to in excess of 200 million mobile phone 

users [21. Rapid system development and the convenience and ease of use of the equipment have been 

major contributing factors. Ultimately though, wireless communication makes sense. People and 
businesses have long been craving for the freedom and flexibility that the new technologies deliver. Not 

only that, but the technology has rapidly become affordable 
for the general public, through service tailoring and Takeovers Ptice 

subsidies from manufacturers and operators. Through its Vodaforie-Mannesmann: $ 185 bn 

success, communications has become one of the most AOL-Ti ineWarner S 181 1)11 
valuable industries in the world. At the start of 2000, the 

takeover of Mannesmann by Vodafone Airtouch became 
MCIWorlCom-Sprint: S 127 bn 

the largest ever merger of two companies, beating the I't-1/'Cl-Warner 1_1111hcrt: 88 bn 

strategic merger between the Internet company AOL and Exxon-Mobil: $ 86 bn 
the entertainment group TimeWarner by some $4 billion. 

The merger made Vodafone Airtouch the largest company Table Vie world largest takeovers 

on the London stock exchange and one of the most valuable companies in the world. A number of other 

companies have been, or are in the process of, positioning themselves in the future communication 

market. Most noticeably, Microsoft and Ericsson announced in December 1999, that they would form a 

strategic partnership to drive the mobile Internet market 131. 

1.2 A brief history of mobile communication 
To understand where the future of mobile communication is going, it is important to realise where it has 

come from and how the systems have evolved over the years. Although the telecommunication industry is 

currently moving towards the global harmonisation of systems, significant parallel development initially 

occurred in the three main regions, North America, Europe and Japan. 

1.2.1 North America 

Cellular communication originated from the United States where Bell Labs proposed the cellular concept 

as early as in 1946 141. The first commercial cellular system of any significance was the Advanced 

Mobile Phone Service (AMPS), which was based on an analogue Frequency Division Multiple Access 

(FDMA) architecture. As the popularity of the service grew, the system became congested and it was 

evident that more capacity would be required. This lead to a number of developments including the 

allocation of more spectrum to the AMPS system. More significantly though, it initiated the process 
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which instigated the 2d generation of systems in the U. S., offering higher spectrum efficiency and thus 

more capacity. Unlike Europe, the old systems were not phased out. With over 120 operators spread over 
the U. S. with networks ranging from I to 81 cells, backward compatibility was essential [5]. Although 

Digital AMPS (D-AMPS) and IS-95 employed new access techniques, namely TDMA and CDMA 

respectively, both allowed for handover to AMPS. The U. S. was also influenced by the developments in 

Europe, resulting in some operators adopting the GSM standard. Another influential factor was the lack of 

standardisation, apart from the air interface, in both D-AMPS and IS-95, resulting in incompatibility in 

the various manufacturers products. Operators were therefore forced to buy all their equipment from the 

same manufacturer. As the U. S. telecommunications market moves toward 3G systems, considerable 

effort has been expended to ensure that the new systems will be able to deliver the required high data rate 

services whilst maintaining backward compatibility. However, the U. S. suffers from having a myriad of 

standards as well as the problem of current networks employing old (analogue) technology. 

1.2.2 Europe 

The events taking place in the U. S., as discussed in the previous section, initiated the developments in 

Europe. AMPS was deployed in Europe in the slightly adapted form of Total Access Communication 

System (TACS) in the UK and the Nordic Mobile Telephone (NMT) in Scandinavia. A considerable 

effort was expended in Europe to harmonise the spectrum for 2G systems [6]. The actual development of 

the GSM standard commenced in 1982, with the view that it should become a global standard, allowing 

users to roam freely around the world. As a result, the European Telecommunications Standards Institute 

(ETSI) was established in 1988, providing the body that could ensure harmonisation between countries 

and that standards were laid down for the operational and functional requirements of telecommunications 

equipment. The specifications were frozen in 1990 and the first systems were deployed in 1992. Unlike in 

the U. S., each country would only have a few (14) operators covering typically 95% of the population. 
This ensured that a clean brake could be made from I" generation systems. Although analogue systems 

are still operational in some countries, GSM rapidly overtook the old systems in terms of numbers of 

subscribers. At the beginning of year 2000, GSM is by far the dominant system worldwide. A large part 

of its success is undoubtedly due to the initial standardisation process. Through championing the GSM 

technology, Europe has placed itself in the driving seat for 3G systems, with the base of Ericsson and 
Nokia, two of the three main equipment manufacturers. Europe is perhaps as much as to two years ahead 

of the U. S. in terms of cellular technology and planning [7]. 

1.2.3 Japan (Asia) 

Unlike the cellular technologies originating from both America and Europe, the cellular standards 
developed in Japan are not employed anywhere else in the world (1997). Four different cellular systems 

exist, two analogue systems based on FDMA at 800 MHz but with different channel bandwidths, the 

other two are digital TDMA systems, Personal Digital Cellular (PDC), operating at 800 and 1500 MHz 

respectively [8]. The deregulation of the telecommunications market in 1985 saw more network operators 
deploying mobile communication systems [9]. Development of the Personal Handy-Phone System (PHS) 

commenced in the 1990's as a cheaper alternative to cellular radio. PHS was based on cordless radio 

technology, and although unable to provide handover for fast moving users, it has proved immensely 
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popular with the public due to its price and ease of use [10] [11]. The current focus in Japan is on the 
development of CDMA for 3G systems as a response to the emerging market. 

1.3 The Future of mobile communication 
The developments in mobile communication and computing must be viewed together to realise where the 

market is heading. Whilst mobile communication has proven its ability to provide reliable wireless speech 

services with location tracking (i. e. the location of the user in the network) and seamless handover, the 

computing industry has provided the public with fast reliable interconnected computing. With the 

emergence of e-commerce, computers are increasingly involved in our everyday tasks. Both technologies 
have now matured to the stage where they actually provide useful services, rather than expensive 

gimmicks with limited capabilities. With the developments of 3G UMTS, the mobile communication 
industry will be able to contend with the fixed networks as it will offer data rates up to 2 Mbps indoors 

and 384 kbps outdoors. 

1.3.1 The emergence of UMTS 
The worldwide growth of the Internet has created a mass market for multimedia and high bandwidth 

information services. Third generation systems were therefore required to address the need for supporting 

such services with seamless mobility and worldwide roaming. However, due to the regional differences in 

2 nd generation standards (GSM, TDMA/136, PDC and IS-95), different migration paths towards 3G had 

to be offered. The ITU have been undertaking the major task of harmonizing the existing spectrum 

utilisation in the various countries. This will ensure that a common spectrum could be allocated to UMTS 

around the world. The ITU's recommendation was that the 1920 - 1980 MHz and 2110 - 2170 MHz band 

would be allocated to the FDD mode and 1900 - 1920 MHz and 2010 - 2025 MHz to the TDD mode. 
Some regional differences still exist, as Japan was not able to allocate any spectrum for the TDD mode, 

whilst in the U. S. the 2 GHz spectrum is partly occupied by the PCS system. 

When the ITU-R issued a call for proposals in 1998,10 were received from the regional standardisations 
bodies. In Europe, ETSI lead the major standardisation process in which it proposed UTRA (UMTS 

Terrestrial Radio Access) for the air interface of IMT-2000. This consisted of a wideband CDMA system 
based on two modes, FDD and TDD. These standards emerged from the RACE Code-division Testbed 

(CODIT) project which ran from 1992 - 1995. Further refinement occurred in the FRAMES Multiple 

Access 2 (FMA2) concept to the standard, which was finally submitted to ETSI in 1997. The proposal 
from FMA2 was then merged with other WCDMA proposals and became the ETSI Alpha concept. In 

January 1998, ETSI selected the WCDMA-based Alpha concept as the main transmission technology for 

the FDD mode which was then submitted to the ITU [12). 

Together with the other regional standardisation bodies TIPI (U. S. ), ARIB/TTC (Japan) and TTA 

(Korea) and ETSI (Europe) joined forces and founded the 3d Generation Partnership Project (3GPP). 

Through the collaboration between the different standardisation bodies, four transmission modes were 

agreed upon for UMTS, namely FDD and TDD WCDMA, a MC version of WCDMA and a TDMA 

version. Although the initial proposal from ETSI comprised a chipping rate of 4.096 Mcps, this was later 

reduced to 3.84 Mcps to make the difference between the two chipping rates of WCDMA and MC 

-4- 



Chapter One 

CDMA less than 5%, to ease the implementation of multimode terminals [12]. The MC version of CDMA 

enables the IS-95 operators to provide 3G services overlaid on their spectrum and thus provide an 

evolutionary path for existing operators. Multi carrier transmission is only utilised on the downlink, as it 

is not feasible to implement the technique on the uplink. The uplink employs WCDMA with the same 

chipping rate as the downlink. The completion of "Release 99" of the 3GPP specification [13], ensures 
that operators and manufacturers are able to commence their development based on a frozen standard. 

_Wideband 
CDMA TDMA 

FDD TDD mc 

-New Spectrum -UnPaired spectrum -IS-95 overlay spectrum -Existing spectrum 

_-Chip 
rate 3.84 Mcps -Chip rate 3.84 Mcps -Chip rate 3.6864 Mcps -200 kHz TDMA 

Table 1.2: Transmission modesfor 3G systems 

Numerous operators, especially in the U. S., will be unable to obtain spectrum to operate 3G services. As a 

response to this, a fourth mode was added to the 3GPP agreement (Table 1.2). The evolved 3G TDMA 

standard known as EDGE, reuses the current GSM carrier frequencies, but allows for much higher data 

rates through the application of higher level modulation schemes with more efficient link adaptation. In 

addition, each connection can employ more than one timeslot, which when combined together, will 

provide data rates of up to 384 kbps. EDGE evolved from GSM and has already been adapted by various 
TDMA operators in the U. S., which will allow reuse of their existing infrastructure whilst obtaining the 

ability to provide a number of 3G services. 

1.3.2 Other significant developments 

1.3.2.1 The Wireless Application Protocol 

There have been significant developments in many other areas of the wireless communication industry. 

One of the technologies that has caused considerable excitement recently is the Wireless Application 

Protocol (WAP), which allows devices such as mobile phones to access the Internet. The conversion from 

HTML to the Wireless Mark-up Language (WML) strips out graphics and other non-essential information 

to allow presentation on the small screens of mobile phones. WAP is platform independent and can be 

employed on any of the existing 2d generation standards providing Internet services to users on the move 
[14]. Numerous newspapers and information service providers have already launched their WAP services. 
The technology is widely expected to stimulate mobile commerce, well before UMTS is widely available 
[15]. BT Cellnet launched WAP handsets for the mass market at the beginning of April 2000 in an effort 

to reposition itself as a mobile Internet company. Peter Erskine, Managing director of BT Cellnet, expects 

that 85% of BT Cellnet users will be WAP equipped within three years and that there will be six million 
WAP users in the UK by the end of 2001 [16]. 

1.3.2.2 NTT DoCoMo 'i-mode' standard 
On February the 22d 1999, NTT DoCoMo launched its 'i-mode' service, providing access to the Internet 

from mobile phones. The i-mode is based on the PDC standard, but employs packet transmission at 9.6 

kbps to support Internet services. Unlike WAP, as discussed in the previous section, i-mode uses the 

HTML mark-up language so no translation occurs between the website and the mobile. Content providers 
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must therefore design the pages with the limited display size and 

graphical capability in mind. The i-mode has proved to be a 

phenomenal success, with currently more than 5 million 

subscribers less than two years after its launch 1171. The success of 

the i-mode is a result of affordable technology and a plethora ot 

available services. Several thousand independent i-mode websites 

exist offering a wide variety of services that can roughly bc 

divided into four categories: Transactions, Database, LifestYll. 

Information and Entertainment 118 1. In addition, it supports e-mai I 

which permit the users to both send and receive e-mails from their 

handset. 

- .% 

One 

1.3.2.3 The Bluetooth standard 
Figure /. / 

.- 
1--kample ol an i- modc it -i mmal 

In 1994, Ericsson Mobile Communications launched an 

initiative to study inexpensive. short-range radio interfaces with the aim to provide wireless 

communication between electronic devices such as computers. printers and mobile phones. The 

developments resulted in the Bluetooth standard. In May 1998, its body, The Bluet(x)th Special Interest 

Group (SIG), was established. Within 18 months, in excess of 1,600 companies had adopted the standard, 

which made it one of the fastest growing technologies ever. It is expected that by 2002 there will be more 

than 100 million electronic devices that will incorporate the technology 1191. 

Bluetooth is an attractive concept since it offers seamless interoperability between devices. The system is 

a packet-based transceiver which utilises frequency hopped spread spectrum in the ISM (industrial, 

Scientific and Military) band (2.45 GlIz centre frequency), which is available world-wide. It has the 

ability to offer raw data rates up to I Mbps. The system is robust to interference due to its frequency- 

hopped nature and will thus be able to coexist with other systems operating in the same band. Bluetooth 

will allow devices to form ad-hoc networks, when required. The Bluetooth chip will periodically wake up 

and scan the environment for other devices, such as to determine whether other appliances are attempting 

to establish contact. When a device wants to establish a link with another device, it be-Lomes the master of 

a piconet. Each piconet can contain a maximum of one master and seven slaves. The master will provide 

all the transmission and reception scheduling information for each slave. Several piconets can coexist in 

the same area and each unit can participate in more than one of these piconets. Each device can also swap 

identity between the piconets, but it can only be the master in any one of them for implementation reasons 

[201. 

Figure 1.2 illustrates how various devices can interact with each other through the Bluetooth interface, 

which again allows connection to other services like cellular telephony or LAN access. 
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Figure 1.2: Example of theformation of piconets between different devices 

1.3.2.4 Hiperlan type 2 

There has been a considerable international effort in the development ofthe new wireless LAN standard, 

Hiperlan type 2 (H/2) through the ETS1 BRAN (Broadband Radio Access Networks) project. The main 

purpose of Hiperlan type 2 is to provide high-speed wireless multimedia communication between mobile 

terminals and various broadband core networks. The system operates in the 5 GHz band with between 

100 - 450 MHz bandwidth available providing a maximum of 54 Mbps transfer rate 1211. Hiperlan type 2 

is a cellular based system which implies that there is an access point covering a certain geographical area. 

The system can potentially be combined with UMTS terminals such that very high data rates services can 

be supported in the vicinity of an access point. 

1.3.2.5 High-Speed Circuit-Switched Data 

High-Speed Circuit-Switched Data (HSCSD) provides the next step on the ladder for migration from 

GSM toward third generation services. HSCSD will offer users bitrates up to 57.6 kbps on the existing 

network through the application of a maximum of four timeslots per connection, each offering a data rate 

of 14.4 kbps. This will enable the operators to provide improved data services in the existing networks, 

albeit at the expense of voice capacity 1271. 
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1.3.2.6 General Packet Radio Service 

Data traffic, and in particular Internet services, is not ideally suited to be supported by circuit switched 
connections due to its bursty nature. The General Packet Radio Service (GPRS) was developed with this 
in mind and will enable existing GSM operators to allocate resources to users on a packet-to-packet basis. 

A variable number of timeslots can be allocated to a user, providing a peak data rate of 115 kbps. Due to 

the very short period these rates are required, the capacity of the GPRS system is expected to be an order 
of magnitude greater than for HSCSD [27]. In addition, it will allow users to be permanently connected to 

the network, whilst only paying for the actual amount of data transmitted. 

1.3.2.7 Enhanced Data rate for GSM Evolution (EDGE) 

As discussed in section 1.3.1, due to the limited spectrum available for UMTS, many operators will not be 

able to get licences for the new spectrum. In the light of this, an extension to GPRS, as discussed in the 

previous section, has been proposed, offering up to 384 kbps data services by employing adaptive 

modulation when permissible by the radio channel. EDGE will operate in the GSM spectrum and 

achieves the very high data rates by employing 8-PSK modulation and more efficient data encoding [22]. 

The maximum data rate available per slot is 59.2 kbps, providing a total channel throughput of 473.6 kbps 

when all 8 slots in the frame are employed. EDGE is likely to be the only viable option for some existing 
TDMA operators both in the U. S. and Europe to provide 3G services. 

1.3.2.8 The satellite challenge 
At the beginning of this decade, satellite telephony was widely expected to overtake terrestrial based 

cellular networks. The benefit of satellite, is of course, that world-wide coverage is practically achievable 
However, with both Tridium LLC and ICO Global Communications Ltd. filing for bankruptcy in April 

2000, the situation has turned out somewhat different. Some claim that the problem is not that the 

satellites cannot do the job, but rather that land based systems do it better [23]. This is partly true; 
however, cellular systems achieve their very high capacity through tight re-use of frequencies in a 

relatively small area, something which would be impossible for a satellite-based system. In spite of the 

current financial difficulties experienced by satellite operators, satellites will have their role to play in the 
future. Terrestrial cellular networks will cover less than 20% of the world's land area. Satellite systems 

are therefore important to provide complete coverage, something that hopefully in turn will create a 
further demand for the expansion of the terrestrial service [241. 

1.3.2.9 Mobile location 

Partly due to legal requirements in the U. S., considerable effort has been put into the standardisation 

process of mobile location solutions for GSM [25]. Although some location information already exists in 

the cellular systems of today (i. e. which cell the user is in), a more accurate positioning technology is 

required to unveil the advanced information systems that will be implemented in the near future. These 

services can be divided into four categories, namely location based information services, tracing services, 

resource management and navigation. The first service is perhaps the most intuitive, where only 
information relevant to the location of the user is provided. This could potentially be weather forecasts, 

local news, special offers etc. Tracing services will trace the mobile through the environment for security 
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purposes; prevent theft (tracking of a stolen car) etc. Resource management would typically be of interest 

to companies that manage fleets of vehicles, like taxi or transportation companies. Finally. navigation will 
be of significant interest to motorists, as they will want to find alternative routes to congested roads as 

well as obtaining directions when navigating in a new environment. 

1.3.3 The convergence of services 
The Internet provided the individual with access to an unrivalled amount of" information. Further 

developments led to the emergence of Electronic commerce (e-commerce) giving customers the 

opportunity to browse shops online and order their goods from home. Global online consumer and 

corporate purchases in 1998 exceeded $13 billion, and forecasts suggest that this figure will increase to $3 

trillion by 2003 1261. 

Navigation 
Communication, 

----* 
'a/ 

PWý- -49 
Mobile Entertainment 

L Shopping Intemet 

Business 

Financial 
Services Travel 

Figure /. 3. - Pit, convwrýcnce o. rvervice, % towards Mobile Internet 

Purchases made online can be divided into services and goods, where the provision of services, which 

typically will encompass financial services (insurance, loans etc. ), travel arrangements, health and 

government services, is expected to have the highest growth. Although the Internet has already changed 

many aspects ofour lives, the real revolution is expected to come with the convergence of Internet access 

and mobile communication 1271. The next decade will see a multitude of services come together and will 

form the new force within the global economy, converging computing, communications and broadcasting 

with information services, shopping, navigation and travel (Figure 1.3). 

Figure 1.4: Various manuJiu-turers proposed terminalsfor UMTS 
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The realisation of mobile Internet will dramatically change the way we live our lives. The new 

communication services will allow the users to perform a significant proportion of their everyday tasks 

from their terminals. Manufacturers are currently developing new terminals for UNITS, some of which 

are illustrated in Figure 1.4. Novel user interface technologies are required to allow the user to interact 

with the services in an efficient manner. The devices will have to he able to convey the information to the 

user without assuming that it has 100%, of the user's attention. This is a significant break from the current 
PC / PDA technology. A mobile alternative to the desktop icons developed by Xerox PARC, which 
became the corner stone for the commercial success of Apple and Microsoft, will be of significant 

commercial interest 1271. 

1.3.4 Future forecasts 

With all the excitement currently surrounding the industry, it is difficult to make a realistic judgement of 

what the future might hold. Currently, there are in excess of' 113 million GSM subscribers in Europe [281. 

This is expected to grow to more than 200 million subscribers by the year 2005 (GSM and UMTS). By 

the year 2010, forecasts suggest that the number of users of' mobile multimedia services will approach 2 

billion (Figure 1.5). Although both Europe and North America will experience significant growth in the 

future, the highest growth is expected in the Asia Pacific region. 

2000 

0 c 51500 

E 
C 
E 
$1000 

Soo a- 

Figure 1.5: Expected number of cellular subscribers over the next decade 1281 

The expectation of such phenomenal growth partly explains why the operators that participated in the 

auction of the spectrum for UMTS in the UK were willing to pay a total of E22.47 billion for five licenses 

[291. The additional cost of building these networks will cost up to f 1.5 billion each [301. With the 

convergence of Internet and mobile communicafion, the cellular industry is expected to become the most 

valuable and important industry of the 21" century. 

However, forecasts can be nothing more than good indicators of future trends. Peter Clemons in 131] 

correctly questions the usefulness of forecasts. The rise of the Internet, one of the most significant 

technological developments of the 20"' century, went completely undetected by analysts world-wide. 

Similarly, no one predicted that there would be more than 100 million GSM subscribers in the world by 
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the year 2000. Another example is Financial Times which in 1998 initially forecasted that the 3G- 

spectrum auction mentioned above, would generate LI-1.5 billion, a factorof 20away from the final price 
1321. 

1.4 The Challenge 

To consider all the political, economical and technological implications of 3G systems would be an 
impossible undertaking. It is however important to at least understand the fundamental underlying 

principles, the weaknesses and the strengths. From the earlier sections of this chapter, the complex 

interaction between business, politics and technology have been outlined and one is left with some 

uncertainty as to what now to expect. What is clear, however, is that future communication systems will 

be immensely complex with much of its implementation still left to be decided. The devising of an overall 

strategy to meet the impending service demands will thus be of paramount importance. 

Second generation networks are currently completely static in their behaviour. However, the environment 

they are operating in is far from static. The ratio of the traffic in the peak hour to the least busy hour can 

be as high as 20. This implies that for considerable periods of time, substantial amount of hardware 

resources are being wasted. Another important aspect is the changes that occur in the propagation 

environment, resulting in both temporal and spatial fluctuations. Protection against these variations must 

therefore be catered for in the planning process, leading to degradation in the performance which might 

only be required for a fraction of the operational time. Finally, operators have experienced significant 

increase in demand for their services, resulting in a constant process of upgrading hardware at existing 

cell sites as well as the need for new cells. This requires a total reconfiguration of the network, both with 

respect to the frequency and coverage plans. With the imminent launch of UMTS, new services will be 

available with very different data rates and latency requirements. This will inevitably amplify the 

fluctuation in the traffic intensity, reducing both the hardware and spectrum utilisation further. 

Having considered the above arguments, it is evident that radical new methods are required to manage the 

cellular networks to achieve an acceptable performance. The need for a more flexible approach to 

managing the networks was also identified by ETSI, and was accordingly embedded in the initial 

selection criteria for the air interface technology for the terrestrial part of UNITS [33]. The flexibility 

issues that are addressed in 133] and [34] include: 

I. Multiple unsynchronised systems that can successfully coexist in the same environment, 

2. Basestations that can be installed in an uncoordinated manner, 

3. System adaptability to different and time-varying propagation environments, 

4. Flexible radio resource management, 

5. Ease of service provision including simultaneous variable bitrate, asymmetric, packet and voice 

services. 

These points can be divided into two groups. The first group implies that the network is able to identify 

some external properties of the operational environment followed by an appropriate response. The second 

group concerns itself with the strategies for managing resources internally in the network. 
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External parameters ( 1-3): 

The coexistence of multiple unsynchronised networks will require inter-system interference avoidance 

schemes which must be able to perform the task without apriori knowledge of other systems. Similarly, to 

allow the uncoordinated installation of basestations, this will require the network to adapt to the changes 
in real-time, without degradation in the performance. Finally, the system must be able to operate in a 

range of propagation environments with satisfactorily performance as well as the ability to adapt to 

temporal and spatial variations. 

Internal parameters (4-5): 

Fixed channel allocation was employed for all I" and 2nd generation systems with the exception of IS-95. 

Although the allocation strategy performs well for static traffic, it falls short of adapting to time variations 

in the traffic intensity. The same arguments apply when one considers the mix of services that will have 

to be supported in UMTS. 

In the light of this, in this thesis a new approach is proposed to manage a cellular network. The purpose of 

Self- organ isation is to unleash the true potential of 3G systems where each basestation can adapt 

according to its instantaneous environment, and thus obtain close to 100% efficiency. The introduction of 

self-organisation will enable the network performance to be maintained across the deployment area at 

minimum cost, as the concept enables resources to be allocated on-demand in real-time. 

1.5 Outline of thesis 

In order to address the issues concerning self-organisation, the fundamental performance parameters must 

be determined and a thorough understanding of both the propagation environment and the cellular 

architectures and technologies must be established. Chapter 2 therefore commences with an introductory 

overview of the main propagation mechanisms experienced in the cellular environment. The concepts of 

pathloss, shadowing, fast fading, multipath and delay spread are discussed in some detail with particular 

emphasis on how the mechanisms impact on mobile communication and how they can be efficiently 

modelled at link level. This leads into chapter 3, which discusses the main cellular concepts, such as 

cluster size, re-use distance, multiple access methods etc. Having considered these concepts in some 

detail, chapter 4 deals with the modelling and simulation platforms that were developed and utilised for 

the analyses performed in this thesis. This includes a mathematical treatment of the interference 

calculation approximation techniques that were utilised to simplify the simulation procedures. 

In chapter 5, a thorough introduction is provided to the fundamental concepts of self-organisation. The 

arguments for implementing self-organisation are laid out with particular emphasis on the importance of 

wireless networks becoming more flexible. The various technologies and techniques are described in 

some detail before an evaluation is provided according to the four criteria: capacity, coverage, flexibility 

and future potential. The chapter identifies the most promising technologies to be discussed further in 

chapter 7. If self-organisation is to be viable, there are certain criteria which must be met. Chapter 6 

investigates how sensitive the network performance is with regards to the positioning and the separation 

of basestations. These properties are important to establish, as self-organisation aims to relax the planning 

requirements and thus also improve the flexibility and capacity. The latter criterion will ultimately depend 

on how closely one can deploy basestations (or remote antenna units) in a cellular network. Once these 

properties have been established, three technologies that are considered to be at the core of self- 
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organisation are investigated further in chapter 7. Performance analyses of bunched networks, adaptive 

cell sizing and situation awareness under various propagation conditions are discussed and quantified in 

terms of the gains they provide as compared with current technologies. 

Finally, in chapter 8, the key results are discussed and the feasibility of self-organisation is established. 

The current trends in wireless communication are compared to a gain offered by self-organisation. A set 

of recommended topics for future work is then described in detail. 
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Chapter Two 

Characterisation of the mobile 
radio channel 

This chapter introduces the basic properties of the radio environment as encountered in mobile 

communication. The concepts of pathloss, shadowing (slow fading), fast fading, Doppler shift (Random 

FM), time dispersion, interference and noise are introduced. Their physical natures are discussed together 

with the effect they have on communications between terminals. This is followed by a detail description 

of how the relevant properties can be modelled with system level simulations in mind. 



Chapter Two 

2 Characterisation of the mobile radio channel 

2.1 Introduction 

The ability to offer communications between people rather than places is highly desirable. However, the 

radio propagation environment that must be utilised in order to provide the service is unfortunately a very 
harsh one. The mobile radio communication channel suffers from large and rapid spatial fluctuations in 

the received signal energy (up to 40 dB below the mean level). These fades can occur with successive 

minima separated by as little as a quarter of a wavelength. For a transmission frequency of 900 MHz, for 

fast moving vehicles this can result in signal fluctuations occurring at rates of 100-1000 Hz. Such gross 
fluctuations result in heavy distortion of the transmitted signal. In this chapter the relevant parts of the 

mobile radio channel are described mathematically and the channel behaviour quantified. This theory is 

useful when characterising the radio channel for analytical work, and for producing propagation models 

within radio simulation packages [11 [2]. 

I" and 2d generation mobile communications systems were mainly deployed with elevated basestations 

covering areas of typically tens of kilometres. The services provided by the network have been limited to 

voice and low rate data transmission. Due to the increasing demand from both the industry and the public 
for more advanced services, mobile communication is inevitably moving towards broadband higher data 

rates. 

The ability to predict the signal strength at a particular location has been recognised as an important area 
for successfully implementing and deploying cellular networks. This chapter will cover the main 

mechanisms that effects the radiowave propagation in a typical mobile environment. The theory is 

divided into two main sections. The first covers the nature of the radio environment, while the second 
discusses how the channels can be modelled. 

Z2 Characterisation of the environment 

2.2.1 Propagation mechanisms 
In free space, if one considers propagation of a radio signal of wavelength A between two antennas 

separated by a distance d, with transmitter gain GT and receiver gain GR, then it has been shown that the 

ratio of received power to transmitted power or the pathloss is given by: 

PR 

= GTGR 
(Z )2 

pr 4zd 
(2.1) 

This is the free-space or His equation [3]. The propagation loss is however normally expressed in dB. 

LF =10logGT +10logGR -20logf -20]ogd+K (2.2) 

Where LF = 10log(PR/PT) and K= 20log(c/4n). This is an inverse square law so the received power 

decreases by 6 dB for every doubling of distance. In the environment which mobiles operate, the pathloss 
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is often much greater than this. This is due to the effect of multipath propagation between the transmitter 

and receiver, which leads to the next propagation mechanism, namely reflection. 

Figure 2.1 demonstrates the effect of an additional ray reaching the receiver due to reflection a plane 

earth. Due to the difference in path length between the two rays, they are unlikely to combine perfectly in 

phase and hence the overall received signal strength is reduced. An analytical expression has been derived 

by Norton 141 and simplified by Bullington [5] 161. The simplification expresses the pathloss in terms of 

the transmitter gain GT, the receiver gain GR, the height of' both antennas. hT and hR. and the distance 

between the two antennas, d. The Plane Earth Equation is only valid when Xd >> 4hThR 
f 

---- 
---- 

--- 

h, l 

¶4, 
Figure 2. /. - Propagation over plane earth 

PR 
= G7GR( 

lý h9 )2 

(2.3) 
pl d2 

Except for communication over short ranges, the equation clearly shows that for longer distances the 

pathloss exponent is much greater than that of free space. Experiments have confirmed that this fourth 

power law is also a good estimate for less perfect surface conditions than that assumed by Bullington 17). 

In decibels this equation becomes: 

L(IB : -- 40 - log(d,, ) - 20. log(h, h, ) - 20 - log(G, GR)(2.4) 
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Figure 2.2: Comparison ofpathloss between the Free Space and Platte Earth equations 
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This is an inverse fourth-power law and hence the signal is attenuated by 12 dB for every doubling of 

distance. The expression in equation (2.4) illustrates that even for Line Of Sight (LOS) conditions. the 

free space equation is overly optimistic for combinations of distance, frequency and antenna heights 

where Xcl >> 4hThR holds. 

Ultimately, the local mean power will be highly dependent on the terrain between the transmitter and 

receiver. Mechanisms such as diffraction must also be included in the model since it describes how the 

paths are bent around or over obstacles. Various methods tor predicting the propagation over irregular 

terrain have been developed based on knife-edge diffraction theories 181. However, diffraction theories 

and simple pathloss models cannot adequately predict the local power levels in cities. In order to 

overcome this deficiency, extensive propagation measurements have been carried out over the last 20 

years in the worlds biggest cities. These pathloss models, for both macro and microcells. will be discussed 

further in section 2.3.2. 

2.2.2 Small area statistics - Fast Fading 

Narrowband characteristics are, as already mentioned, dominated by very large envelope variations. 

While the basestations are elevated, most of the mobile terminals will find themselves at ground level, 

often without a direct line ot'sight (LOS) to the basestation. The mobile can however still communicate 

with the basestation through reflected and diffracted waves from nearby obstructions (buildings etc. ) 

which combine in phase and amplitude and creates signal envelope variation. 

Figure 2.3: A multipath propagation scenario 

Figure 2.3 shows a typical multipath propagation scenario in an urban environment with reflections from 

surrounding buildings. The complex addition of these rays with statistically independent amplitudes and 

phases creates a quasi -stationary standing wave pattern of rapidly varying signal strength, as the mobile 

moves distances equal to a few wavelengths of the transmission frequency. This phenomenon is termed 

multipath fading and a mobile travelling through such a standing wave pattern is said to experiencefast 

fading. This is shown graphically in Figure 2.4 for a receiver which moves over a distance of 5 metres. 

The variation in power is quite dramatic, with fades of over 30 dB. The data is generated by assuming that 

the receiver receives 8 evenly distributed paths in the azimuth plane with random phase. Due to the large 

number of incoming rays of similar amplitude, it follows that the envelope r has a Rayleigh distribution 

given by [91: 

p(r) =r2 ex -r (2.5) 
or 2ar 
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Figure 2.4: Fastfading no"nalised to the mean at 9(X) MHz 

This property of the data is shown in Figure 2.5 and Figure 2.6. Due to the small number of sample points 

(only 1000) and the fact that only 8 paths were accounted for, the pdf plot deviates substantially from the 

theoretical Rayleigh distribution. Ifthe number ot'samples were increased, the plot would become more 

similar to the Rayleigh pdf. 

The cumulative distribution (cdt) can be expressed as: 

R R2 
P(r 5 R) f 

p(RýIR =1 - ex - 2or 2 (2.6) 

This model describes the local or small area statistics of the signal envelope in terms of only one 

parameter, namely the standard deviation (cy). The mean ofthe distribution is cyý(n/2), and this is the local 

mean of the envelope. With no LOS, it has been shown in the literature that the Rayleigh distribution is a 

good approximation for the envelope variation of distances of a few wavelengths. However, if there is a 

dominant LOS, this no longer holds. Then the Rician distribution is a better approximation. When there is 

a dominant line of sight, the mean power will naturally increase and the envelope becomes more 

deterministic. Fluctuations around the mean will still occur, but they will have a lesser effect on the 

instantaneous received power. A Rician channel is characterised by: 

rr +a 
p(r) =- ex - (2.7) 

u2 2or 2 

The RMS values of the dominant component and the Rayleigh component are a and or respectively. The 

ratio of the dominant component to the other components are given by K=a 2/(2(y2 ) and is known as the K 

factor. It is obvious from the equation that when there is no dominant path, the K factor will be zero and 
hence the pdf becomes Rayleigh distributed. Figure 2.7 shows a typical Rician scenario with aK factor of 
10 dB, the Rayleigh components are otherwise the same as in Figure 2.4. In the Rayleigh case fades of 30 

dB were experienced, these are now reduced to 10 dB. 
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2.2.3 Large area Statistics - Shadowing / Slow fading 
The received power will change considerably from location to location. This is not only due to the nature 
of the nearby surroundings, but is also influenced by the terrain between the receiver and transmitter. The 

terrain may consist of hills, trees, buildings or other obstructions that will dominate the pathloss. In the 
literature, these are referred to as large-scale effects, shadowing and slowfading [1]. This is different to 
fast fading in that the variation observed in signal strength due to shadowing will occur only when the 

receiver is moving over longer distances, typically tens of wavelengths of the carrier frequency. 

For paths longer than a few hundred meters, Egli [10] showed that the received local mean fluctuates with 

a log-normal distribution about the mean of the area. This implies that the local-mean power expressed in 

logarithmic values has a normal (Gaussian) distribution. The probability density function for the local- 

mean power is given by: 

I L_r)2) 
-ý2 

p(r) =Ij2 
or 

(2.8) 
a4 2--; r - 

cr is the logarithmic standard deviation of the shadowing and F is the mean of the Gaussian process. Each 

parameter in the equation is expressed in decibels. In Egli's report [10] for average terrain, he reported a 

standard deviation of 8.3 dB for VHF and 12 dB for UHF respectively. These rather large variations are 

not only caused by local shadow attenuation in the close proximity of the antenna, but also from the 
incorrect estimate of the local mean area power. If the local mean power is not estimated correctly, all 

subsequent measurements will seem to deviate more strongly from the local and hence result in an 

overestimate of the standard deviation. This fluctuation is called large area shadowing and was measured 

at 900 MHz over a semicircular route in Chicago by Marsan, Hess and Gilbert [111. It was found to range 
from 6.5 to 10.5 dB with 9.3 dB as the mean. 

2.2.4 Doppler and Random FM 
When the mobile terminal is moving relative to the basestation, a phase shift is introduced to the 
incoming signal. The electrical component E, received by the mobile receiver is given by: 

E, = Eo 1 C� cos(a), t + Oj (2.9) 
n-1 

where C. is the amplitude of the n th wave, 4 the carrier frequency and On = 0), j + 0,,. w6 is the Doppler 

shift introduced by the terminal movement to the n1h wave and 0,, is the random phase uniformly 
distributed from 0 to 2n. 

Each of the multipath components at the receiver will have an associated frequency shift, which depends 

on the arrival angle and the phase [9]. The Doppler shift of the individual paths causes a spread of 
frequencies at the receiver. This effect is called random FM. As the Doppler frequency of each symbol 
increases, the phase error becomes larger and may result in erroneous symbol detection. 
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2.2.5 Noise 

Noise in communication systems arises from a variety of sources and can be divided into txk, o main 

categories 131. Namely noise internal to the receiving system and noise external to the receiving antenna. 

Noise generated internally in the receiver is due to the circuitry and has the characteristic of thermal noise 

(White Gaussian Noise) which will be discussed further in section 3.3.1. The noise that arrives at the 

receiving antenna can be caused by one of the following: 

0 Atmospheric noise generated b-v lightning discharges or resulting from absorption b-v 

atmospheric gases (sky noise) 

Li Cosmic background noise 

Cl Man-made noise 

Man-made noise generally originates from power systems and machinery and is considered to be broad 

band, and is thus different from the narrow band interference that may be generated by the same devices. 

It is important to note that the CDMA systems discussed in section 3.7.1 are interference limited rather 

than noise limited, despite the interference appearing as noise in the transmission bandwidth. 

2.3 Modelling the radio environment 

2.3.1 Pathloss models for macrocellular environments 
In section 2.2.1 the mechanisms by which radiowaves propagate between the transmitter and receiver 

were described. For system analysis, it is essential to be able to model these mechanisms. Numerous 

propagation measurements have been taken with the aim to derive functional models. Notably, Okumura 

produced a detailed analysis of propagation data from Tokyo and derived an empirical solution for 

predicting the mean signal strength 112 1. The method incorporates an estimate of' the free-space pathloss 

between receiver and transmitter, adding an urban loss and adding various correction factors for the type 

of terrain (building structure). Okumura's method was however not very suitable for use in computers due 

to its graphical nature. Hata therefore devised a numerical approximation to Okumura 1131. 

Area Approximation 

Urban 1-1, = 69.55 +26. l61()gj(, (t', ) - l3.82logj(, (hh) - a(h,,, ) + 144.9 - 6.55l()gj, '(hj, )j1()v, ')(r) 
(dB) 

Correction factor for vehicular station height 
Medium - Small city 
a(h, n) = I(L l)logj()(fj - 0.71hý - J(l. 56)logjo(f,: ) - 0.81 

Large cit 
a(h. ) 8.29[logio(I. 54h j2 _ I., f,! ý 200 MHz 

3.2[loglo(I 1.75h. ) 12 -4.97 fc ý! 400 MHz 
Suburban L. = L,, (urban area) - 2[logio(fc /28 )12 _ 5.4 (dB) 

_ Open L,,, = L,, (urban area) - 4.78[logjo(fc)j'I + 18.33loylQ(Q - 40.94 (dB) 
Note: L, = median path loss; u= urban. s= suburban: p= opený a= antennaý f, = frequency (150 - 1500 MHz), 

hh = base station effective antenna height. 30 - 200 (metres); h,, = mobile antenna height. I- 10 (metres)ý 
r= distance, I- 20 (km) 

Table 2.1: Hata's approximation to the Okumura Model 
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The model is shown in Table 2.1. It involves determining the type of radio environment before pathloss 

predictions can be made. The model is appropriate for distances from I- 20 km, frequencies between 150 

- 1500 MHz with transmitter heights ranging from 30 - 200 metres. 

There are numerous other propagation models which all have their advantages and disadvantages. Figure 

2.8 shows three different models derived from real data by Egli, Carey and Lee [14] at 900 MHz, a 

mobile antenna height of 1.5 metres and a basestation antenna height of 20 metres was used. The three 

models are relatively simple and do not incorporate any substantial correction factors for parameters such 

as terrain data, building materials etc. The models clearly show the variation in predicted pathloss at a 

given distance from the transmitter. Both Egli and Lee have pathloss exponents similar to the Plane Earth 

model mentioned earlier, while Carey has an exponent of 5.5. 

160 

140 
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o 80 
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20 
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Digmoel km 

Figure 2.8: Comparison of 3 propagation models 

For the radio-planner, it is important to choose the most appropriate model for the given scenario. An 

optimistically high pathloss exponent will cause severe problems for the carrier to interference protection 

in the network. On the other hand. a pessimistic pathloss prediction will result in coverage gaps. An 

extensive discussion of propagation models and their performance in various environments can be found 

in [ 151. 

2.3.2 Pathloss modelling in a microcellular environment 
As discussed in the previous section, Okumura's and Hata's models cannot directly be extrapolated and 

applied for a typical microcellular environment with antenna heights well below roof level and with a cell 

radius smaller than Ikm. For the larger cell scenario, assuming the receiver is moving around in a circle, 

the pathloss experienced between transmitter and receiver will be highly correlated. This is due to the 

elevated position of the transmitter. In a typical urban, sub-urban or rural area, the radiowaves will on 

average experience a fairly constant pathloss around the circle. On the other hand, in a microcellular 

environment, there will be high fluctuations in the received power envelope. How well the radiowaves 

will propagate is determined by the local surroundings, i. e. the buildings and the material they are built of 

together with other infrastructure such as roads. To make things more complicated, the radio-planner 
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must consider each individual site in much greater detail in order to achieve coverage. There are however 

statistical models which show good agreement with measurements in urban environment. [ 161. The 

models derived by Berg 117] will be discussed further in 2.3.2.2. The alternative approach is to employ 
deterministic models such as ray tracing. Very good agreement has been achieved between measurements 

and predictions using advanced 3D ray-tracing tools 1181. Ray tracing tools require data of building 

materials as well as building and street locations. 

For simple capacity analysis or coverage predictions there are some simple models based on the free 

space equation and the flat earth model which are widely used in the literature [1113 1. Simple statistical 

models include the single and dual slope models discussed in the following section. 

2.3.2.1 Propagation models 

The microcellular propagation mechanisms are, as already mentioned, dominated by the local 

environment. Streets, buildings, parks etc. become very important in order to be able to predict the 

received power. 

Rx 

NH). S 04---, 
ý 

Figure 2.9: Urban scenario with a iocr moving inlo a shadow region 

The free space equation can be a good estimate for the pathloss when the receiver is close to the 

transmitter. However, when the receiver moves further away, obstructions in the path makes the pathloss 

considerably higher than that of free space. A simple way of accounting for this is by using a dual slope 

model 1191. This model assumes that when the receiver is close to the transmitter it will be in LOS and 

hence experience a pathloss similar to that of free space. This will typically be true for distances between 

50 to 100 metres. For distances longer than 100 metres, it is assumed that there are various obstructing 

elements, so that the pathloss is considerably higher. This may be true if the receiver moves into a 

perpendicular street as shown in Figure 2.9. Again, unlike the macrocellular scenario, we have to assume 

something very specific about the environment surrounding the transmitter. To classify it as urban, sub- 

urban or rural is no longer adequate for the micro and picocellular environment. 

Figure 2.10 shows the estimated pathloss resulting from five different models with pathloss exponents 

ranging from 2 to 4. The dual slope model is also shown with a break point at 100 metres. The dual slope 

model adds more realism to the prediction of the received power further away from the transmitter. 

However, it does not account for the transition from LOS to NLOS locations, nor does it model the higher 

pathloss exponents reported by various authors further away from the transmitter 1201111. 
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Figure 2.10: Standard propagation models 
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Figure 2.12: Dual slope model with smooth transition 
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Green and Hata highlighted the difficulties of using these models for planning purposes with a series of 

measurements in the same street on consecutive days 12 11. For capacity analysis however, it provides 

improved realism compared to the single slope model and is widely used in simulations due to its 

simplicity 1221. 

2.3.2.2 NLOS and LOS propagation models 

An alternative approach is to develop suitable pathloss models from real measurement data. Berg 1161 

( 171 derived a set of equations from data obtained from propagation measurements undertaken in 

Stockholm. The area where the measurements were taken had a regular network of streets and is 

representative of an urban environment. The pathloss model distinguishes between LOS locations and 

NLOS locations, which is clearly an improvement on the models discussed in the previous section. It also 

has a smooth transition region before and after the breakpoint. It does however require some information 

about the environment such that one can determine if a particular site is in a LOS or not. The received 

power at distance x from the transmitter is given by: 

PrA ý 
P. 
L(x) 4. ir-ý 

2.3.2.2.1 Microcellular model based on Stockholm trials 

The suggested model for estimating received power, as described in equation (2.10), is the standard 

model used for radio wave propagation. It accounts for the wavelength, transmitter and receiver antenna 

gain as well as the pathloss between the transmitter and receiver. In a microcellular environment, the 

pathloss is expected to be very different in the NLOS case compared to LOS. Therefore, two different 

models are suggested to deal with these two instances in 117 1. 

Pathloss equation 

LOS pathloss os 
(x) 

-x q 1+ Ll 

, X0 xL 

NLOS pathloss LNLOS (Y) 
+ 

Yo L 

Table 2.2: Dete"ninistic pathloss modelfor microcellular analYsis 

The two equations listed in Table 2.2 are similar, but the parameters are tuned differently to achieve the 

different characteristics experienced in LOS and NLOS. Here, x is the distance between the antennas, XL 

is the turning point between the two pathloss exponents and is determined by the antenna heights and the 

wavelength. xO is a parameter which reduces the pathloss close to the antenna, if greater than 1. This is to 

account for canyon effects, which would cause the signal to be stronger than one would expect in free 

space. Normally xO will be in the range of I to 1.8. Unlike xL, it has no physical meaning. The coefficient 

in is the additional attenuation coefficient for distances greater than the turning point. Finally, q is a 

parameter which determines the smoothness of the transition region. A value of q=4 is assumed here as 

this is the value used by Berg in 117]. 
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In NLOS the distancey is not the distance between the receiver and transmitter. It is the distance between 

the receiver and a hypothetical transmitter positioned on the street corner such that the receiver will 

appear to be in LOS seen from this hypothetical transmitter. Figure 2.11 shows the new co-ordinate 

system with the real and hypothetical basestation (transmitter). yo can be interpreted as the distance from 

the street corner where this imagined transmitter is positioned. The condition y :? yo must be fulfilled in 

NLOS. The other parameters, YL and n, have the same meaning as xj, and in have respectively in the case 

of LOS propagation. The model is flexible and the parameters can be optimised to fit a particular 

environment. Figure 2.12 shows the improved prediction for a LOS scenario with a breakpoint around 

400 meters. The transition region between the two pathloss exponents is clearly more realistic. For 

receivers moving from LOS to NLOS, a combination of both equations in Table 2.2 must be applied. The 

LOS equation is employed to predict the power at the street corner. This power level is then applied to the 

NLOS equation as an offset. Figure 2.13 shows a typical pathloss profile where the receiver moves from a 

NLOS to a LOS location. There is a dramatic change in the transition region when the receiver turns 

around a corner. This rapid decay in signal strength has been reported by various authors and can be as 

much as 20 - 25 dB over a short transition distance of 20 metres 12 1. 
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Figure 2.13: Transitioifrom LOS to NLOS 

Although the propagation model discussed in this section provides added realism compared with single 

and dual slope models, its behaviour depends heavily upon the parameter values. In the Stockholm trials, 

no simple relationship was found between them. Also, for capacity analysis, this level of realism may not 

be required and with this in mind a simpler model will be discussed in the next section. 

2.3.2.3 The three slope model 

Another similar pathloss model, to what was discussed in the previous section, has been proposed for 

capacity analysis in a Manhattan microcellular environment [231. It too proposes to split the model into a 

LOS and NLOS part as illustrated in Table 2.3. However, the LOS part is divided further into two 

segments. The second LOS segment has a higher pathloss than the first. The segment slopes are denoted 

nIDS, , nLos, and nNLOS . The distance between the transmitter and receiver is denoted x, and in the NLOS 

case, the distance x is the distance to the corner, Xcomer . For capacity evaluation purposes, the parameter 
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values listed in Table 2.4 have been proposed for a street width of w, = 30m 
, wavelength of 

,ý=0.15m and a MS and BS antenna height product of h, - h,, =I1.25m 2. 

Pathloss model Range 

LOS 1 LI�� ý L� 20. lo 
A 

Rb x: 5 R., LOS 

LOS 2 = 1-v 20 lo - Rb x 2ý RI� LOS 

NLOS l + 10 » 
)+L L k X 

. o orner IDS corner t', NIÄ)S 

ý j 

NLOS 
. 

X« ner 

Table 2.3. - Pirec- %lope modelfor microcells 

Breaklx)int 

Depend 

RI, 

encies 
h, h 
A 

Value 

300 meters 

Breakpoint loss 20. lo 
12 

8- 'r - 11b 
82 dB 

Corner loss 17 + 0.05'X(orner 

LOS I slope I 
LOS2 slope 2 
NLOS slope 2.5 + 0.02 - Xi omer 

Table 2.4: Propagation parameter values and dependencies 

Applying these \alues to the equations in Tahle 2.2 the fidlowing ýalues are obtained: 

Pathloss rm)del Range 

LOS 1 82 t 201o % 
x ý5 300 LOS 300 , 

LOS2 L, (). %, ý 82 + 40.1 
ýx 

x 2ý 300 LOS 300 , 

Li, ). ý 
(x 

. ...... .)+ 
17 + 0.05 - x����, + (25 + 0.2'X, 

orner) ''() 
x 

j 

NLOS 
X(firner 

Table -1.5: Pathloss model for Manhattan en virownent 

The three-slope model offers added realism compared with the dual slope model as it accounts for 

features in the environment, such as street width and whether the receiver is in LOS or NLOS of its 

transmitter. Figure 2.14 illustrates the expected pathloss along 3 different routes in a Manhattan 

environment. 

In LOS the pathloss exponent is 2 until the breakpoint at 300 meters is reached. After this the pathloss 

exponent is 4. The other two routes start in LOS and then go into NLOS after 100 and 200 meters 

respectively. The model clearly demonstrates the corner effect, where the signal is attenuated with more 

than 20 dB within the first few meters. 
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Figure 2.14. - Example of pathloss e. yerienced along routes in LOS and NLOS afiter I(M) and 200 meterv 

2.3.2.4 Direct line pathloss 

Another approach to estimate the pathloss between transmitter and receiver is to count the number of 

buildings between them and add an additional loss for each building. Figure 2.15 illustrates this approach. 

This can be performed either two or three dimensionally. The simplest case is 2D, where all buildings are 

assumed to be equally high and higher than both antennas. With a 3D approach, the buildings will only 

interfere it' they are directly in-between the incident plane. The pathloss model will take the following 

form: 

N 

jf(B) +I On - log(d) 
H-1 

where flB) is the associated loss with each building. This value can tw found from measurements. 

Together with a pathloss model with exponent n, this can provide a reasonable estimate of the pathloss 

between two antennas. 

Tx 

Figure 2.15: Direct Line Pathloss estintate between Tx and Rx 
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2.3.3 Slow fading models 
Due to the lognormal nature ofthe shadowing, or slow fading component, it can be modelled as a random 

variable with a lognormal distribution. This can be described mathematically as: 

x(n) -N 
(U, 

,a t2 
) 

(2.12) 

wherex(n) is the normally distributed random variable with mean u, and orstandard deviation. This type 

of' model is well suited for Monte-Carlo simulations where the results represent the expected statistical 

average. However, the lognormal deviates are completely uncorrelated with respect to spatial separation. 

This characteristic has been shown to give a pessimistic estimate of the capacity of cellular networks 1241. 

Consider the scenario depicted in Figure 2.16. Three mobiles, 1,2 and 3. are connected to a basestation 

and experiencing shadowing components of or/, oý and ori respectively. Mobile I and 2 are separated by 

distance dl and Mobile 2 and 3 are separated by distance d?. If dl is small, then the characteristics of the 

received power for mobiles I and 2 should be similar. Now, considering the graph of Figure 2.16, the 

uncorrelated values of the respective shadowing components vary with as much as 13 dB. Clearly this is 

unrealistic. A more realistic profile is offered by the correlated shadowing graph, where the variation 

between the two locations is significantly reduced. However, correlating each with the adjacent location 

reduces the standard deviation ofthe shadowing, which is clearly unsatisfactory over large distances. 
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Figure 2.10. - Correlated vs. uncorrelated shadowing for adjacent and non-adjacent locations 

To combat the reduction of the standard deviation of the shadowing, correlation between locations must 

be calculated from a reference point. After the de-correlation distance, the shadowing must be assumed to 

be uncorrelated. Correlation cannot be assumed to exist between other adjacent points along a path if one 

of the points is not the reference point. 

2.3.3.1 Shadowing model derived from Stockholm tnals 

One correlated shadowing model was derived from the measurements in 1161 and proposed in [ 17]. The 

reported results were obtained by using a filter width (wavelength) of 6 metres. The filter width was 

selected such that sufficient averaging was achieved whilst not losing the resolution. This allowed for 

observation of the full effect of the transition between LOS and NLOS. In a majority of the streets, the 

shadowing component was log-normally distributed with a low standard deviation. The average value of 
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c; was 4.0 dB and 3.5 dB for LOS and NLOS streets respectively. In addition, the auto-correlation 

function or the correlation distance of the shadowing was compared to the standard deviation, and a very 

low correlation was found. However, the correlation increased with distance from the BS (LOS) and 

distance from the street corner (NLOS). From the data set the correlation functions listed in Table 2.6 

were obtained. These equations describe the correlation between adjacent measurement points (resolution 

of 6 metres) in both LOS and NLOS situations (x, y and yo are defined in section 2.3.2.2.1). By applying 

the correlation factor given by the NLOS and LOS equation to the correlated shadowing, the slow fading 

can be modelled by the following equations: 

Correlation factor in LOS 
Expression 

p (x) = 
(I 

e (('* 3"()) "2')" ) 0.7 7 

Correlation factor in NLOS PN, )s 
(y) 0.58 

Correlated Shadowing Eq. 
I 

1ý (p),,,, =p-F, (p 
- I)dB + Arl N(O, 

Table 2.6: Correlated shadowing modelfrom Stockholm trial 

where p is the correlation at the given location compared with the adjacent co-ordinate and N(O, or) is a 

normal random variable with zero mean and standard deviation or. Figure 2.17 illustrates the 

characteristics of the bottom equation in Table 2.6 compared to a normally distributed data set with zero 

mean and standard deviation of4 dB with Y,, = 3. 
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Figure 2.17: Shadowing along a path with increased correlation with distance 

If the shadowing is the same everywhere, the correlation factor would be one and hence adjacent co- 

ordinates will have the same value regardless of the data set. On the other hand, when there is no 

correlation, the LOS shadowing will follow the data set perfectly. From the graph, it is clear that closer to 

the transmitter, there is less correlation of the LOS shadowing since it follows the data set very closely. 

As the receiver moves away, the LOS shadowing deviates more from the data set, and hence the 

correlation between adjacent points decreases. 
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The model provides a good statistical description of the shadowing, but the parameters y, yo, x and xo must 

be determined prior to use, which is the models downfall since the parameters are not straight forward to 

compute for Monte-Carlo simulations. Thus despite the models attractiveness in terms of being derived 

from microcellular propagation measurements, the model has significant limitations. 

2.3.3.2 Generation of shadowing with a linear correlator 

A more generic approach is offered in 1251. It applies digital filter techniques to correlate the input with 

the output. Consider the filter in Figure 2.18. The transfer function will be required to correlate the output 

with the input. 

X-N(P=O, cy= 1) y 
10 H(z) 

Figure 2.18: Digitalfilter with transferfunction H(z) 

This is most easily realised with an Infinite Impulse Response OIR) filter. The requirement is simply that 

the output is dependent on not only the input, but also the previous output. Figure 2.19 illustrates the 

transfer function H(z) in detail where the input xlnl is weighted with the factor ao and the previous output 

yIn- /I is weighted by bl. 

ao 
y[n] x[n] 

y[n-, 

ýýDelay 
element 

Figure 2.19: IN implementation of the single radial correlator 

Appendix A demonstrates that the mathematical representation of this filter structure can be expressed as: 

y(n)=e-'I'y(n-l)+crjl-ý- 
ý'ý'Yx(n) 

where the input is x(n), the previous output is y(n-1) and the current output is Y(n). a is the standard 

deviation of the random variable while r is the correlation variable. As z- approaches 0, the first term 

y(n-1) will also tend to zero and hence the output will only be dependent upon the current input. The 

output will then be completely uncorrelated. On the other hand, when rapproaches infinity, the second 

term x(n) will be 0 and the current output will only be dependent upon the previous output and hence the 

output is completely correlated to the previous output. 

Equation (2.14) is a simple and very convenient generator for correlated shadowing. However, the values 

generated from it can only be correlated along a path. In a two or three-dimensional environment, 

adjacent locations not on the original path from A to B (which defines the path) would not be correlated. 

However, for the scenarios of interest here, the model provides sufficient realism. 
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Figure 2.20: Output response for equation 2.1.? for input (I) and previous output (10) 

In order to demonstrate the impulse response of the filter (or equation) a graph was plotted for two values 

of x(n) and v(n-/). Figure 2.20 visualises the output response for input value, x(n), of I and previous 

output value, Yn-]), of 10 for various values of correlation coefficient (r). The graph shows that most of 

the change happen in the region rE (0.1.100 )- 

In the mobile radio environment the correlation experienced in received signal strength is highly 

dependent upon the topology of the surroundings. In a field, one would expect that the position of the 

receiver would have less impact on the received signal. In the city centre one would expect quite the 

opposite, where even small changes in the position of the receiver will have a significant effect on the 

received signal. This is due not only to the amount of clutter between the transmitter and receiver, but 

also the multipath fading. Shadowing only describes the first mechanism. In link level analysis it is 

generally accepted that the effect of multipath fading can be ignored as it only considers the mean 

received power level and that the Eb/No sensitivity of the receiver accounts for the fading. In order to 

simulate the varying correlation between two points as a function of distance, the correlation factor is 

varied linearly from 0.1 to 100 from distances of <lm to the de-correlation distance. The distance at 

which the two signals can be considered uncorrelated depends heavily upon the environment. From the 

microcellular trial in Stockholm, the de-correlation distance was reported to be 5 meters [261. 

Figure 2.21 illustrates the impact of the correlation coefficient on the shadowing data when the de- 

correlation distance is 100 meters. It is assumed that the previous output was 0. As the receiver moves 

further away from the transmitter the shadowing becomes more like the uncorrelated series. Statistically, 

one would also expect this to be the case. When the receiver is close to the transmitter, the probability of 

there being an obstruction in the path between them is significantly less than the case when they are 

further apart. In the simulation, the shadowing component will therefore be assumed to be 0 at the site of 

the transmitter. 
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Figure 2.21: Linearly dependent correlation with de-(-orrelation distance of I(N) ineten 

2.3.4 Fast Fading 

Fast fading is slightly more difficult to model in a simulation. Due to the rapid fluctuations in the 

envelope, the mobile station will average most of' the fast fading and then make a decision whether the 

mean received power is acceptable. To simulate this satisfactorily would require substantial computation 

time and will not be modelled directly here. An alternative is to model it indirectly through the additional 

errors in the power control algorithm or by adding a random variable representing the effect of the fast 

fading. A second alternative is to incorporate a fade margin. The fade margin is then added to the signal 

level so that 991h, or any another desired percentage, of the fades will not take the signal below the 

required minimum level. 

2.3.5 Pathloss models for Micro cellular environments 

Figure 2.22: Wideband measurement trials in the Hippodrome area 
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With the shift from narrowband to wideband services, modelling of the wideband channel beLomes 

important. As a part of the work undertaken on the BT VURI project 127], a set of wideband 

measurements were jointly undertaken by staff from the four institutions. The actual wideband 

measurements were completed in a dense urban area with little pedestrian and vehicular traffic 1281. 

Figure 2.22 shows the map of the area where the measurements were performed. 

For all the data presented here, the transmitter was located at position Tx 1. The measurement runs consist 

of heavily shadowed regions and some LOS to NLOS transitions. Unfortunately, the measurement paths 

are rather short (30 - 40 m) and are very close to the transmitter (50 - 60 m), so further data must be 

collected before any substantial conclusions can be drawn. 
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Figure 2.23. - Pathloss along the measurement runs 

Figure 2.23 shows the pathloss characteristics for several runs in the area shown in Figure 2.22, 

normalised to the distance from the transmitter. It is clear from these results that even at very short 

distances from the transmitter, a dual slope model with breakpoint of 100 metres would be too optimistic 

in heavily shadowed regions. In particular, Run 2, which starts in LOS, demonstrates the importance of 

modelling the transition region between LOS and NLOS. Both Run I and Run 2 starts in LOS. but both of 

the start co-ordinates experience a pathloss of almost 10 dB more than is expected in LOS conditions. 

This could be due to losses in cables etc that has not been accounted ft)r. 

Even though the trials were limited to a very small area, the results portrays the importance of 

determining whether a receiver is in LOS or NLOS conditions. An overly optimistic pathloss model will 

severely influence the coverage plan. 
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2.4 Discussion 

This chapter has provided an overview over the mobile radio propagation environment. The main 

propagation mechanisms were covered in detail. For the research that will be undertaken in this thesis, 

modelling of the pathloss and shadowing component were identified as particularly important. This thesis 

will mainly concentrate on analysis of the microcellular environment. As a result, the arguments for 

modelling the environment deterministically versus non-deterministically were presented. 

Although non-deterministic modelling provides less realism in the microcellular environment than in the 

macrocellular environment, the results will be more generic if modelled non-deterministically. In 

addition, the analyses that will be performed in this thesis will not require accurate propagation models, 

as it is mostly the relative performance of the system that is of interest. In the light of this, only simple 

single slope or dual slope pathloss models, as described in section 2.3.2.1 will be employed for the 

capacity analyses undertaken in chapters 6 and 7. The shadowing will be modelled as a Gaussian deviate, 

except in chapter 6 where due to the very small cell sizes, the shadowing component will be generated 

utilising the linear correlator method as described in section 2.3.3.2. Finally, fast fading, Doppler shift, 
Random FM and noise (other than thermal noise) will not be modelled directly. It is assumed that the 

conditions in which the system will be investigated, these factors are either accounted for by the required 

signal to noise ratio, or that their impact are insignificant for link level considerations. 
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Chapter Three 

Cellular network characteristics 

This chapter covers a broad range of topics associated with the planning and performance of cellular 

networks. The initial sections discuss aspects of cellular geometry, link budget calculations, intra and 
intercell interference as well as the various access techniques. Particular attention is paid to CDMA, as it 

will be employed extensively in the analysis undertaken in the last 3 chapters of this thesis. Traffic 

statistics and mobility are covered, as these parameters enable the operator to provide the desired 

coverage and capacity. Finally, the radio resource management problem is discussed with particular 

emphasis on the benefits and limitations of the various schemes. This involves application for both 2G 

and 3G systems. 
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3 Cellular network characteristics 

3.1 Introduction 
Wireless communication requires not only the appropriate transmission and reception technology, but 

also a minimum amount of bandwidth. Whilst the available spectrum for radio communication was 

plentiful at the beginning of the century, it is now scarce and has become an extremely valuable resource. 
The first significant use of vehicular mounted mobile radio occurred in 1921 when the Detroit Police 

Department made use of radio to dispatch their patrols to the required locations. The service proved 

extremely successful, so the channels in the band rapidly became congested. This led to the allocation of 

more spectrum to accommodate the increase in usage. The popularity of mobile communication increased 

and by the late 1940's it was also made available to the private sector. In 1946, Bell Telephone 

Laboratories deployed the first mobile system for the public in St. Louis USA. Although areas that were 

covered expanded rapidly over the next few decades, it was not until December 1971, that the major issue 

concerning the lack of capacity in the system was addressed. The concept that Bell Labs proposed was the 

cellular system, as used by today's telecommunication systems. Up until then, all users on the same 

system were supported by a single basestation. This effectively meant that only one user could use a 

given channel at any instance in time. The proposal of utilising many basestations dramatically increased 

the capacity, as it allowed the channels to be re-used several times in a given area, assuming they were 

separated by the appropriate re-use distance. On June 22,1981, the Federal Communication Commission 

(FCC) defined a cellular system as: 

A high capacity land mobile system in which assigned spectrum is divided into discrete channels 

which are assigned in groups to cells covering a cellular geographic service area. The discrete 

channels are capable of being re-used in different cells within the service area [1]. 

This chapter will elaborate on all aspects of cellular technology that are relevant for the research covered 
in this thesis. The next section will commence with explanations of properties such as re-use distance, 

cluster size, frequency allocation, resource allocation and multiple access methods. 

3.2 The cellular concept 

Cellular systems aim to provide continuous coverage over a large area (typically a large region or 

country), and this is achieved through the division of the area into cells, which are served by a single 
basestation. The basestation of a macrocell, which typically has a cell radius of 10's of km, would be 

positioned on tall buildings or on high masts on hilltops to achieve the required range. Microcells, on the 

other hand, have a much smaller cell radius, most commonly between 100 meters and I km. The size of 

the cell is determined by the transmit power, height and antenna gain from the basestation, and the 

sensitivity of the receiver at the edge of the cell. To enable the operator to determine the signal strength at 

the edge of the cell, a link budget must be devised, accounting for all the transmission gains and losses 

between the transmitter and the receiver. 
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3.2.1 Providing continuous coverage over a large area 
For an operator it is of paramount importance that they can provide a continuous service for the user, 

being pedestrian or vehicular. This is achieved through the deployment of many basestations, each with a 

limited coverage area, allowing handover between them. When more then one basestation is deployed in a 

small area, co-channel interference becomes a significant problem. In first and second -generation 

systems, this was overcome by splitting the allocated spectrum into several groups, each of which is 

assigned to a basestation. The system's resilience to interference (required CA ratio), determines the 

required separation distance between two cells operating in the same sub-band for correct operation. This 

distance is also known as the re-use distance. The system re-use distance will further determine the 

number of sub-bands the available bandwidth will have to be split up into, which is also known as the re- 

use factor. Figure 3.1 illustrates cellular networks. employing different re-use factors. 

Frequency Re-use of 4 

120 degrees rotation 

Frequency Re-use of 3 Frequency Re-use of 4/3 with rotation of sectors 

Figure 3. /. - Cellular network with differentfrequency re-usefactors 

The re-use factor, which is also known as the cluster size of the network, can only take on a discrete set of 

values. These must obey the rule that no cell with a given frequency group can be adjacent to another cell 

allocated the same frequency group. The most convenient co-ordinate system for a cellular network, with 

the individual cells taking on hexagonal coverage areas, are axes inclined at a 60 degree angle, as seen in 

the top left-hand part of Figure 3.1. The distance between cells can therefore be determined by the 

following equation 

D=I(i+jy -i. j 
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assuming (i, j) describes the location of the cell we want to measure the distance to, from the centre cell 

(0,0) [ 101. The concept of the number of cells per cluster is important for locating the co-channel cell 

within the cellular structure. To aid defining this concept, consider the cellular structure depicted in 

Figure 3.2. The cells with the letter A are the 6 co-channel cells in the first tier. 

Figure 3.2: The number of cells per cluster 

To determine the radius of the large hexagon which is defined by the 6 co-channel cells, simple rules of 

geometry can be applied to gain: 

D2 =3R 
2. (i 2+ j2 + ij ) (3.2) 

The area of the large hexagon is proportional to the square of its radius and can hence be expressed as: 

2X2+ j2 +i) A, 
arg rk 

(3 Rij (3.3) 

Where k is the proportionality factor. Applying the same argument, the area of the centre cell becomes: 

A,,,. // -": k(R') (3.4) 

The ratio of the area of the large hexagon to the centre cell then becomes: 

Al arg e/ A��ý, 11 = 
3(i 2+j2+ ij 

) 
(3.5) 

From Figure 3.2, it is possible to determine the number of cells which are enclosed by the large hexagon 

through the symmetry of the figure. The large hexagon encloses the centre cluster of cells completely. In 

addition, 6 cells in the 2"d tier are also completely enclosed. The remainders of the cells in the 2"d tier are 

only partly enclosed by the large hexagon. Adding up the fractions of these cells reveals that the total 

number of enclosed cells is 21. Thus the total number of cells enclosed is equal to 3N. It follows that 

since the this area is proportional to the number of cells, and thus can be expressed as: 

-43- 



Three 

N= 
(i2 

+ j2 + ij) (3.6) 

Finally, combining (3.2) and (3.6) yields: 

DIR = -ýf3-N (3.7) 

This equation is important as it describes the distance between cells which are allocated the same 

frequency band for a given cluster size. For a given pathloss model, the equation can be applied to 

determine the carrier to interference ratio for different values of N, which again aids the planner in 

determining the correct cluster size for the system. The worst-case carrier-to-interference ratio would be 

experienced at the edge of the cell, leading to the following expression for the C/I assuming 6 interfering 

cells: 

c 
101110 

R 
101110 

1- 
10 log(6) (3.8) 

1 6(D - R) 

4 

-vF3N -I 

where n is the pathloss exponent of the propagation channel. Equation (3.8) can be applied in the process 

of determining the required re-use distances for different systems with different C11 requirements. Figure 

3.3 illustrates the required re-use distance for an AMPS and a GSM system, bearing in mind that the 

cluster size can only take certain discrete values as defined by equation (3.6). 

25 

21 
19 

16 

1 

0-9 

4 
3 

Figure 3.3: The required re-use distance for GSMand AMPS in varývingpropagation conditions 

Assuming that the available spectrum is divided into equal sub-bands, it becomes evident that by reducing 

the re-use distance, more channels will be available per cell and hence, the capacity of the system will 

increase. Figure 3.3 also demonstrates the impact the propagation environment has on the re-use distance. 

Fundamentally though, it suggests that GSM is able to provide more capacity than the AMPS system due 

to its lower required CIL 

3.2.2 Sectorisation and cell splitting 

Cellular operators rarely deploy omni-directional antennas in cellular networks. There are a number of 

reasons for this. The shape of the cell, which depends heavily upon the characteristics of the propagation 

environment, becomes difficult to control without increasing the interference spillage into neighbouring 

cells significantly. By dividing the coverage area of a single cell into several sectors, each can now be 
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controlled individually. Another reason one would want to sector the antenna is that one basestation 

location can be utilised to cover 3 adjacent cells coverage areas. Sectorisation of the cell's also lead to a 

reduction in the interference experienced at the basestation since it can only 'see' the mobile users 

elsewhere in the network which fall within its sector angle. Figure 3.4 depicts a small section of a cellular 

network with tri-sectored antennas. The users in sector F3 will only experience interference from users on 

the same frequency which fall within the angle of the stipulated lines. 

It 

Figure 3.4: Cellular network with sectored antennas 

In addition, the application of sectored antennas will enable the operator to deploy the network with a 

tighter re-use factor, as the interference is effectively reduced to one third of that of the on-midirectional 

antenna. Figure 3.1 illustrated 4 different cellular layouts with different re-use factors, including one with 

sectorisation. The '4/3 cluster size' implies that the re-use distance is four, but each sub group is split up 

into 3, one for each sector. This is an example of how a tighter re-use factor can be employed without 

increasing the interference. The 4/3 method effectively provides the same CA as a re-use factor of 7, but 

with almost twice the capacity as more spectrum is available per cell. 

Another important technique which is used to accommodate non-homogenous traffic, is cell splitting. 

Urban areas generate more traffic than rural areas, and are therefore required to support higher traffic 

loads. This can be achieved through the deployment of smaller cells. Most commonly this is obtained 

through the process of cell splitting, where a homogenous cellular network is overlaid on the desired area, 

then the cells are split into smaller cells in the areas which require higher capacity. 

Figure 3.5: Example of cellsplitting utilising old and new basestations 
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Figure 3.5 visualises such a scenario, where a number of new tri-sectored basestations are deployed in the 

original network area. Whilst one of' the original basestations could be re-used, an additional five were 

added to achieve higher capacity. To reduce its size, the original basestation, only needs to reduce the 

power of its broadcast control channels. The existing basestations will have to reduce their transmit power 

in the sector(s), that are directed towards the newly inserted cluster of smaller cells in order, to avoid 

interfering with them. This will be investigated further in chapters 5 and 7. 

3.2.2.1 Basestation positioning accuracy 

The planning process is an intrinsically difficult task involving numerous processes. One of these tasks is 

the positioning of the basestations. Some studies has been performed on the tolerance of basestation 

positioning, i. e. the impact of deploying basestations in a sub-optimum position. One such report suggests 

that the tolerance is approximately one fourth of the cell radius 121. The implication of this issue will be 

discussed in detail in chapter 6, as it is important when considering the implementation of self- 

organisation in cellular networks. 

3.2.3 Significant cellular standards 

The developments of the various Ist and 2nd generation cellular standards as discussed in section 1.2. All 

the 2"d generation systems are able to provide similar services, mainly voice with support for low-rate 

data. Table 3.1, list,, the main characteristics ofthe dominant standards at the end ofthe 1990's. 

ANIPS IS-136 IS-95 (; Sm PDC 
Frequency band(. s) 824-849 824-849 824-849 890-915 810-826 
/ (mliz) 869-894 869-894 869-894 935-960 940-956 

-Uplink 
-Downlink 1,850-1,910 1,850-1,910 1,710-1,785 1,429-1,453 

1,930-1,990 1,930-1,990 1,805-1,885 1,477-1,501 

1,850-1,910 
1,930-1,990 

Multiple access FDMA TDMA CDMA TDMA TDMA 
Carrier spacing (kHz) 30 kHz 30 kHz 1,230 200 25 
Channels per carrier 1 3 soft capacity 8 3 
Channel bitrate (kbps) 10 48.6 1,228.8 270.833 42 

Table.?. I. -Signifirant P and 2""generatioll cellular standards 

2 Mhp. s 

384 Kbp. s 

144 Kbp..,, 

10 Kbps 

Fixed / I-A)w mobility Wide Area / High mobility 

Figure 3.6: Comparison of bilrate versus mobilityfor 2"' and 3r" generation sYstents [31 
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Due to the very narrow carrier spacing in IS-136 and PDC the support of higher data rate services 

become infeasible in the existing bandwidth. Standards evolving from GSM were therefore adopted as 

migratory paths from 2rd to 3d generation systems for existing IS-136 and PDC operators. Figure 3.6 

illustrates the supported bitrates against mobility for the various standards. The GSM High Speed Circuit 

Switched Data (HSCSD) and General Packet Radio (GPRS) as well as IS-9513, will ensure that data rates 

up to 144 kbps can be supported in the existing GSM and IS-95 networks. A further improvement in data 

rate will be offered by the Enhanced Data rate for GSM Evolution (EDGE), which will enable TDMA 

networks to offer a number of 3G services. New 3G networks will be deployed employing the 

International Mobile Telecommunications - 2000 (IMT-2000) standard, with the capability of offering all 

the anticipated 3G services. 

3.2.4 Hierarchical Cell Structures 

For first and second -generation cellular communication, the user attributes were relatively homogenous. 

The traffic was (and still is) dominated by voice. This is expected to change dramatically over the next 

few years as major upgrades to existing technologies emerge (GPRS and EDGE) and the deployment of 

UMTS networks with the ability to support much higher data rate services. Dealing with users with very 

different connection requirements is a significant challenge 141. Some of these challenges can be solved 

through the application of Hierarchical Cell Structures (HCS), as shown in Figure 3.7, where the cellular 

system will consist of different tiers to support the various types of traffic. 

Macro cellular layer 

r 

Fýqure 3.7: A Hierarchical Cell Structure with three lavers. 

The layer to which a user will be allocated not only depends upon the service that the user is engaged in, 

but also the speed at which they are moving. Due to their small cell size, the pico and microcellular layer 

offer most resources per area and are therefore well suited to accommodate high data rate traffic. 

However, if the users are moving too fast through the environment, it will not be beneficial for the 

network if the user is allocated to one of its lower layers, since this leads to frequent handovers and locks 

resources simultaneously in multiple cells as well as creating significant amounts of control traffic. The 

management of the resources in a multi-tier network is thus a significant challenge, in particular with 

regards to the sharing of spectrum between the different layers. Research suggests that although cross tier 
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interference becomes a significant problem when resources are shared, it increases the overall utilisation 

of the network 15 1. 

3.3 The link budget 

The previous sections have provided an overview of the theoretical layout of a cellular network. In this 

section the concept of the link budget will be discussed in detail, as this describes the mechanism in 

which the signal strength at the edge of the cell is determined. 

In chapter 2 the propagation mechanisms that influence the attenuation of the radio signals were 

discussed. The most significant of these mechanisms is the pathloss or signal attenuation between the 

transmitter and receiver. In this section, the pathloss will be included in the link budget to enable the 

prediction of' the maximum transmission range of a basestation for a defined system. Consider the 

transmitter and receiver chain depicted in Figure 3.8. 

GTý., ýNT� 
GR� NRx 

GIxAnt 

V--ýPathloss 

(Pi. ) GRx Ant 

Figure 3.8: Link budgetfor a transmitter and receiver chain including pathloss 

An amplifier with the gain GI, amplifies the input signal. The amount of noise in the bandwidth is also 

increased by the amplifier noise figure. NI., Generally, one is not concerned with the noise figure of the 

transmitter as it has very little impact on the received signal. Assuming the output power (in dBm) from 

the transmit amplifier is known, the received power at the input of the receiver antenna can be expressed 

as 

PR, = PT, 
- L��ji, + GTý, 

A, ý, - Plý (dBm) (3.9) 

Where PT, is the transmit power, L,., &, the cable and connector loss, GTA, t the transmitter antenna gain 

and P1, the pathloss between the transmitting and receiving antenna. If the minimum required received 

power to comply with the receiver sensitivity is known, the maximum allowable pathloss can easily be 

determined from (3.9), which again can be mapped to a cell radius for a given pathloss model. 

3.3.1 Noise power at the input of the receiver 
Noise power also plays a part in determining the performance of the system. The required signal-to-noise 

ratio (more commonly used as an abbreviation for signal-to-noise and interference ratio) is determined 

by the receiver sensitivity; in other words, how much stronger than noise the signal must be. The noise 

power, also known as thermal noise, at the input of the antenna is given by: 
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N,, =k-T-B 

Where k is the Boltzman constant (1.38e-23 J/K), T the temperature in Kelvin and B the bandwidth over 

which the noise is measured. At room temperature, 300 K, in aI Hz bandwidth the thermal noise power 

is -174 dBm / Hz. Although the thermal noise experienced at the input of the antenna depends upon its 

location, gain and orientation 161, it is generally assumed for the purpose of link budget calculations that 

the antenna does not contribute significantly towards the overall noise factor of the system. The receiver 

on the other hand will have a noise figure associated with it, and for a typical handset this will be about 5 

dB. This results in a total noise power, referenced to the input of the receiver, of -169 dBm / Hz. 

3.3.2 The UMTS link budget template 

In connection with the selection procedure of the radio access technology for UMTS, a link budget 

template was devised such that the various technologies could be compared and their relative merit in 

given conditions could be evaluated 171. The template is described in Table 3.2 below where some values 

are fixed whilst other,, are system dependent. The system dependent values are only denoted by their unit. 

A 
Transmission parameters 
Average Tx power per 
channel 

Explanation Forward Link 
30 dBm vehicular 
20 dBm pedestrian 

10 dBm indoor 

Reverse Link 
24 dBm vehicular 
14 dBm pedestrian 

4 dBm indoor 
al Max Tx power per channel dBm dBm 
a2 Max total transmitter 

power 
dBm dBm 

b Cable, connector and 
combiner losses 

2 dB OdB 

c Transmitter antenna gain 13 dBi vehicular 
10 dB i pedestrian 

2 dBi indoor 

0 dBi 

di Transmitter e. i. r. p. per 
traffic channel 

=(al -b+c) dBm dBm 

F_J_21 1Fýolal transmitter c. i. r. p. W2 -- b+ c) dBm 

e 
Receiver parameters 
Receiver antenna gain 0 dBi 13 dBi vehicular 

10 dBi pedestrian 
2 dBi indoor 

f Cable and connector losses 0 dB 2 dB 
g Receiver noise figure 5 dB 5 dB 
h Thermal noise density - 174 dBm / Hz -174 dBrn / Hz 
I Receiver interference 

density 
dBrn / Hz dBm / Hz 

j Total effective noise plus 
interference density 

I Oi-og( I O((91y`)+i) dBm / Hz dBm / Hz 

k Information rate 10 LA)g (Rb) dBHz dBHz 
1 Required Eb / (No + lo) dB dB 

- M Receiver sensitivity j+k+I dB dB 
n Hand-off gain dB dB 
0 Explicit diversity gain dB dB 
0 Other gain dB dB 

LA)g-normal fade margin dB dB 
q Maximum pathloss dI -m+ (e - f) + dB dB 

r Maximum range m M 
Table 3.2: Link budget templatefor the UMTS radio transmission technologies selection 
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The information contained in Table 3.2 can be utilised to estimate the maximum range of the basestation 

and the mobile terminal, and hence determine the maximum size of the cell. The template includes 

information such as loss associated with cables and connectors as well as gains and losses associated with 

various other aspects of the system. Whilst some of the parameters are identical for all the services, many 

are not. For instance, the Required Eb / (No + lo) would be lower for the uplink than for the downlink, 

since the receiver of the basestation can be made more sensitive than the receiver in the mobile terminal. 

Similarly, the required Eb / (No + lo) varies between the different services and the environments the 

services are provided in. An example of this is shown in Table 3.3. 

Table 3.3: An example of Eb / (No + lo) values for different services and en vironments 181 

The maximum allowable pathloss will also be affected by any margins an RF planner employs to ensure 

that an acceptable quality of service is obtained at the boundary of the cell. One such margin is the 

lognormal fade margin, which is added to guarantee that the shadowing does not take the signal below a 

certain level for 99% of the time. 

Although determining the link budget is an important part of the design of the cellular network, it only 

provides the planner with coverage information in the noise-limited case where no interference is present. 

Other methods must be applied to determine the overall network performance when interference is 

included. 

3.3.3 Co-channel interference 

One of the main limiting factors in communication systems is the effect of interference [9], in particular 

co-channel interference. As discussed in section 3.2.1, the limited availability of spectrum in the desired 

frequency range forces the operators to re-use their spectrum as tightly as possible, hence accommodating 

more users. Tight re-use of the channel implies that all receivers on any particular channel will experience 

signal degradation. In most cases, this is the limiting factor for a cellular system [ 101. The degree of 

interference that can be tolerated depends on the air-interface technique, the required quality of service, as 

well as the quality of the hardware. The interfering signals will suffer from the same propagation effects 

as the desired signal, but the pathloss, the shadowing and the fast fading characteristics of the interference 

may be highly uncorrelated to that of the desired signal. How much interference a particular 

communications system can handle is determined by a number of factors including the modulation 

scheme, receiver sensitivity, receiver noise figure and service bitrate. The cumulative effect of these 

parameters can then be expressed as its required protection ratio, also known as the signal-to-noise ratio 

(S/N) or the carrier- to- interference ratio (CII). 

Figure 3.9 demonstrates a typical cellular scenario with two basestations transmitting on the same 

frequency. To ensure correct operation. the ratio of the desired signal to its co-channel interferer must be 

greater or equal to the system's required C/I at the edge of the cell. As can be observed from Figure 3.9, 

as the user moves from right to left, it will be handed over to another frequency before the co-channel 

interference on frequencyf, drops below the minimum required level. 
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m ,a 

Distance 

Figure 3.9 Cellular scenario with re-use offrequencies. 

The co-channel interference experienced by the mobile terminal will depend upon the air interface access 

technique used by the network. The properties of the different access techniques will be discussed in full 

in section 3.7. Briefly, all second-generation systems, except IS-95, will experience co-channel 

interference characteristics similar to that discussed here. IS-95 is different in that all the users occupy the 

entire system frequency and time domain, and hence interfere with all other users. This is also the case for 

UNITS. The interference, which is noise like in appearance, is termed inulti-user interference. 

3.3.4 Adjacent channel interference 

Due to imperl . ect filtering and out of' band emissions, adjacent channels will potentially interfere with 

each other, as illustrated in Figure 3.10. However, this can be minimised through proper design of the IF 

filtering stage in the receiver. 

Channels: k I- 
ti) 

A 

k+I Theoretical Filter 

Frequencv 

Power spilt over into 
the adjacent channel 

Figure 3. /0: Adjacent dwimel interference 

This warrants the use of guard bands, something which will reduce the total bandwidth available for 

traffic channels and accordingly reduce the capacity. The approach taken in cellular system design is 

therefore to impose another set of constraints associated with the assignment of adjacent channels. 

Normal practice is to ensure that adjacent channels are separated by at least one cell. The channels 
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assigned to a basestation will therefore not be available to assign to any of its neighbours. Similarly, any 

of the channels adjacent to the channels belonging to this basestation will not be available to any of its 

neighbours either. 

3.4 Providing capacity in cellular networks 
The sizing of the cellular network depends on two main factors, namely the required coverage and the 

required capacity. The first requirement was discussed in sections 3.2 and 3.3. In this section traffic 

considerations will be explored, in particular their impact on the network planning process. 

3.4.1 Dimensioning of 1 "and 2nd generation systems 
Cellular radio was developed to provide wireless telephony with mobility support over large areas. 
Inherently, this involves the ability to guarantee a certain Grade Of Service (GOS) to the mobile 

subscriber. Therefore, it is essential for the cellular operator to be able to dimension the cellular network 

correctly, so that sufficient capacity is provided to prevent loss of revenue due to blocked calls. On the 

other hand, too much capacity would make the deployment and maintenance cost unnecessarily high. 

Prior to deployment, the cellular operator will therefore require information about the expected traffic in 

the area in which it plans to deploy the network. This is normally obtained through separate market 

surveys forcommercial establishments and households [11]. Through this, thedemand percell in terms of 

subscribers can be established. The mapping of subscribers to available physical channels then follows. 

3.4.1.1 Erlang Capacity 

The market survey, as described in the previous section, only tells the planner the expected number of 

subscribers in a given area, not when and for how long they choose to utilise the service. This will clearly 

have a significant impact upon the number of required channels per cell. 

The required number of channels in the peak hour during the day defines the capacity of the cell. Two 

fundamental properties describe this, namely user arrival rate and call duration, where the user arrival 

rate expresses the rate at which new users attempt to make calls. This can also be described as the traffic 

intensity, A, which can be expressed mathematically as: 

A =A't, (Erlang) (3.11) 

Where 2, is the arrival rate expressed as calls per hour and 4 is the average call holding time. Traffic 

intensity is a dimensionless quantity, but it is commonly expressed as Erlangs in honour of the Danish 

traffic theorist A. K. Erlang [121. If this quantity is known, then the probability of blockage can be 

determined through the application of the Erlang B formula. The Erlang B formula can be expressed 

mathematically as: 

A" 
A" 

,. o n! 
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where B is the probability of blockage, n the number of available resources and A is the traffic intensity. 

The Erlang B formula assumes the traffic input obeys a Poisson distribution, with a mean call and arrival 

rate as expressed in (3.11). From (3.12) it is relatively simple to determine the blockage probability when 

the traffic intensity and number of resources are known. However, one is generally more interested in 

finding how many resources (channels in the cellular case) are required to provide a given GOS. To 

evaluate this from (3.12) is not straightforward so the Erlang B tables must resolve the problem. For voice 

services, the required GOS is generally in the region between 0.05 and 0.01. This implies that on average, 

a new user will have between 95 to 99% probability respectively of finding an available channel during 

the peak busy hour. 

At the initial rollout of a network the operator will have no apriori knowledge of the traffic intensity in the 

peak hour. There are a number of methods that can be applied to estimate this figure. One can exploit data 

from market surveys to see how often and for how long the subscribers in a given area are likely to use 

their mobile phone. Another approach is to investigate the number of calls which are being made on the 

PSTN network and scale this to the expected number of subscribers. Whatever the approach, the operator 

will have to adjust the capacity of each cell after the initial deployment due to inaccuracies in the traffic 

estimates for each cell. Consider the information given in Table 3.4. 

b ib Number of c 
0-1 

scr ers alls Fraction of the su 
0.5 

1-2 0.3 
2-3 0.15 
3-10 0.05 

Table 3.4 The probability of the subscriber making n number of calls in the peak hour 

The average number of calls for each subscriber in the peak hour then becomes: 

1-0 
-0.5+ 

2-1 
-0.3+ 

3-2 
-0.15+ 

10-3 
- 0.05 = 1.4 calls Isubscriber (3.13) 

2222 

Although we now know the number of calls per subscriber in the peak hour, it is still necessary to find the 

average call duration. 

This quantity varies significantly, but research in [13] and [14] suggest that it is somewhere in the region 

of 140 to 180 seconds. Applying the latter value, the average call time per subscriber in the peak hour 

becomes: 1.4 calls / subscriber x 180 seconds = 252 call seconds / subscriber. Remembering that aI 

Erlang capacity implies an occupancy of I channel for I hour. The required capacity per subscriber 

becomes: 

-ý-5-2- = 0.07 Erlang Isubscriber 
3600 

(3.14) 

Knowing the number of subscribers in the area, for example 2000, the traffic intensity becomes 140 

Erlangs. If the required GOS is an outage probability of 0.02, then from the Erlang B table one can 

determine that the required number of channels to support the traffic at the given GOS is 153. This is a 

very high traffic intensity and for a GSM network this would mean that a single basestation would have to 

be allocated 20 carriers of 8 timeslots each to support the traffic. This is likely to be a significant portion 
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of the total allocated spectrum to the operator, and to achieve continuous coverage with the required re- 

use distance, the area will have to be split up into several cells, each carrying less traffic. 

The Erlang B formula provides a rather simplistic view of the user behaviour as it assumes users only 

make one attempt to obtain a connection. Users who at first are unable to obtain service due to congestion 

are likely to make several attempts. The application of the Erlang B formula will therefore provide an 

optimistic estimate for the required number of channels to achieve the required GOS. Other models exist, 
like the Poisson or Erlang C formula. which both assume that blocked calls are held until served. As the 

main focus of this thesis is not on traffic estimation, the added complexity involved in the implementation 

of the Poisson or Erlang C model is not justified, and thus these models will not be discussed any further. 

Although the Erlang B model is not designed to model data traffic, it can in some circumstances be 

employed to extrapolate results for data traffic. as will be demonstrated in chapter 6, section 6.3.6. 

However, due to the bursty nature of the data traffic, the Erlang models are generally not well suited for 

capacity planning of 3G networks. 

3.5 Practical traffic considerations 

In the previous section the process of dimensioning the cellular network was discussed in some detail. 

Another important parameter that will influence how much capacity is required in the network is the 

mobility of the users. Consider the scenario depicted in Figure 3.11. 

A common situation in and around a city is that workers commute into the centre from residential areas in 

the mornings and back again in the evenings. The transport routes to and from the cities will experience 

severe fluctuations in the traffic as the subscribers travel through the area. Because the region between the 

centre and the residential areas might not be heavily populated, a population density study will not reveal 

that significant capacity will be required during rush hours. Local knowledge of the movement of the 

population is therefore required to provide sufficient capacity. In the planning process it is important to be 

able to model the movement of users to achieve realistic results. How this can be achieved will be 

discussed in the next section. 
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3.5.1 Modelling traff ic mobility 

There are numerous methods available to model the movement of users in a cellular network. Due to the 

complexity involved in real users movements, the models only provide a simplistic view of the user 
behaviour. The models can be divided into three main categories, namely fluid, Markovian and gravity 

models. These will be discussed briefly in the next sections. A more thorough study can be found in [15] 

and [16]. 

3.5.1.1 Fluid Model 

In its simplest form it assumes the traffic flowing out of a region to be proportional to the user density 

within the region, the velocity and the length of the region boundary. The model is suitable for modelling 

macroscopic movement behaviour. A further development of the fluid model identifies the flow of traffic 

as a diffusion process. The model is not suitable for characterising individual movement patterns due to 

its derivation from fluid behaviour. In addition it is also more suitable for areas with large population 

densities. This is because the movement is a function of the average density and user speed. 

3.5.1.2 Markovian Model 

This model is also named the 'Random Walk' method. In the model, individual users move in accordance 

with predetermined transition probabilities. The user will therefore either beý stationary in one area or 

move to an adjacent region. The main weakness of the model is its inability to simulate trips through 

consecutive regions. 

3.5.1.3 Gravity Model 

Gravity models have been used extensively in simulation where each area is assigned an attractivity 

coefficient. It resembles Newton's law in that the attractivity factor has an inversely proportional 

relationship with the distance between the user and the area in question. The method suffers in the same 

manner as the fluid model in that it describes aggregate traffic in an area and hence cannot model 

individual user movements. The main advantage of this model is that hotspot areas can easily be modelled 

by simply assigning a larger attractivity coefficient to them. 

There are various other methods such as Mobility Traces [14] that are available to accurately model 

individual user movements, but these require large data sets and are more complex to implement than the 

ones discussed previously. In addition, for the network analysis that will be undertaken here, the three 

previous methods provide a good foundation for analysing the system performance. 

3.5.2 Analysis of real traffic data from central London 

Three mobility models have already been discussed which provide the means to model mobility. 

However, they do not address the issue of how large a fraction of the users are moving in the network. 

Again, 'real' traffic data is the only means by which a 'realistic' model can be derived. It is required to 

consider the different types of environment a basestation has to exist in. For instance; a basestation 

situated along a highway will expect to have a handover rate close to 100%. This assumption is valid if 

the mobile terminals are moving so fast, that they on average must be served by more than one 
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basestation for the duration of the service. For large macrocells this might not be the case. A call will 
count as being handed over if: 

U It is handed over to a cell and the call is terminated in that cell 

Ei Itoriginatesinacellatidishatidedovertoaneighbouritigcell 

C3 It passes through the cell (double handover) 

Figure 3.12 illustrates the handover rates for 44 different basestations in Central London arranged 

according to their user entry rate'. In addition to the entry rate, the leaving rate is recorded as well as the 

dwell time in the cell. Not surprisingly, most basestations on average experience similar entry and leaving 

rates. This implies that in general, the same amount of traffic that is handed over to the cell, is also 

handed from it to a neighbouring cell. From Figure 3.12 it can be observed that two basestations seem to 

have a substantially higher leaving, than entry rate. 
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Figure 3.12: Handover ratesfor basestations in central London 

As no information is available about the actual position of the basestations, the reason for this behaviour 

can not be obtained without a degree of speculation. It is also possible to identify classes of cells with 

highly different mobility patterns, ranging from almost 50% to 15% mobility. This is perhaps rather 

surprising, considering that all the basestations are situated in a small area in one of the busiest cities in 

the world. Mobility can therefore be assumed to vary significantly, even in relatively small areas. 

3.5.3 Call duration 

The duration of the service is another important aspect of the characterisation of the traffic. Various 

estimates exist and normally values between 120 to 180 seconds are employed for voice services. The 

1 Data obtained from BT Cellnet, 1997. 
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average call duration was also recorded in the same period from the same group of basestations discussed 

in the previous section. 
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Figure 3.13: Relationship between holding time and entry and leaving rates 

Figure 3.13 portrays the average call holding for each of the 44 basestations during peak hours. The 

average call duration is 53 seconds. It is important to note that this is only the duration of the call in the 

particular cell in question. The actual call itself might be much longer. No strong relationship exists 

between call holding time and the handover rate, but from Figure 3.13 a weak trend for longer call 

holding times can be observed as (he entry and leaving rates diminish. 

From the data analysed in this section. it seems that in an urban city centre a maximum of 50% of the 

traffic in any particular cell is either handed over or received from a neighbouring cell. In other words, the 

other 50% of the traffic can be assumed to be stationary or have very low speed. 

3.5.4 Time variant traffic 

The traffic in a telephony network is highly time variant. This time variance means that the network 

operators have had to dimension their network according to the busy hours of the day. It follows that a 

substantial amount of capacity is wasted during the off-peak periods. A study of the traffic in San 

Francisco Bay 1141 over a9 month period, resulted in a typical and perhaps not very surprising, call 

distribution. Figure 3.14 portrays this variation over 24 hours. During the working days of the week there 

are definite peaks between 10 M 
-12(x) and 1400-1500, followed by a slight decrease during the lunch break. 

Another characteristic is the very sharp increase in traffic between 800 and 1200 in the morning, compared 

with the rather slower decay in the afternoon. The traffic during weekends shows a similar characteristic, 

but without the rapid increase in the morning. In addition, the volume is substantially lower. 
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Figure 3.14: A verage call volume over a9 months period in San Francisco Bay 1141 

3.5.5 Characterisation of data traffic 

The traffic characterisation discussed in the previous section is unfortunately only suitable for voice 

connections. With the shift towards services based on high-speed packet data transmission (e. g. mobile 

internet), existing models are no longer applicable. The UMTS Forum investigated what the minimum 

required spectrum would be for each operator, assuming full UMTS capability was required [17]. The 

analysis was partly based on a previous report which aimed to characterise various future applications and 

their characteristics. The various service classes are listed in Table 3.5 where CS and PS signify Circuit 

Switched and Packet Switched respectively. These classes provided the starting point for the investigation 

as these services could now be brought into the equation when the traffic intensity for each service was 

determined. 

Services User net Coding Asymnietry Effective Service UMTS 
bitrate factor factor call bandwidth switch 
(kbps) UL/DL duration UL/DL mode 

High Intera tc I 128 2 1 144 256/256 CS 
Multimedia 
High Multimedia 2000 2 0.00511 53 20/4000 PS 
Med. Multimedia 384 2 0.026/1 14 20/768 PS 
Switched data 14.4 3 1/1 156 432/43.2 CS 

--- Simple messaging 14.4 2 1/1 30 28.8/28.8 PS 
SDeech 16 1.75 1/1 60 28.8/28.8 CS 

Table 3.5: UMTS sen, ice classes and characteristics [ 17] 

One of the other important underlying assumptions is that 90% of voice traffic is expected to remain on 

2 nd generation networks until at least the year 2005 1171. How regular the various services will be used by 

the subscribers remains unknown. Some data can be extrapolated from multimedia traffic on the Internet, 

which will give an idea of the amount of data that is transferred and how long sessions normally last. But 
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the network operators are in a rather difficult position, in that it is extremely difficult (if not impossible) 

to dimension the networks correctly at the initial deployment. 

3.6 Channel allocation 
Each operator will be allocated a certain bandwidth that will have to be split up into a set of channels, 

according to the bandwidth requirements of each individual connection. This will be system dependent, 

and Table 3.6 lists the total number of channels that are available for 4 different systems [ 181. 

The AMPS system was the first analogue cellular system to be deployed in the United States. Originally, 

it was allocated a 40 MHz bandwidth. but this was later increased to 50 MHz. The original number of 

channels (on each link) was then increased from 666 to 832, where 21 channels are designated for system 

control information. The spectrum is also divided into A and B bands, which must be allocated to two 

separate operators according to the rules and regulations of the FCC 1191. Each operator will therefore 

only have 406 traffic channels at their disposal. These must be utilised to their maximum potential, such 

that they will support the maximum number of subscribers in the coverage area. 

A NI IRS I 1 
Frequency bands 824 - 849 MHz 

869 - 894 MHz 

S- 36 
824 - 849 MHz 
869 - 894 MHz 

IS-95 
824 - 849 MHz 
869 - 894 MHz 

GSNI 
890 - 915 MHz 
935 - 960 MHz 

Carrier spacing 30 kHz 30 kHz 1,230 MHz 200 kHz 
Channels per carrier 1 3 Soft capacity 8 
Access method FDMA FDMA/TDMA CDMA FDMA/TDMA 
Total number of channels 
in band 

832 2500 I 1000 

Table 3.6: Channel properties offour /" and 2 nd generation cellular systems 

The resource allocation problem is thus a tremendous challenge, and has led to radio resource 

management becoming a separate research field in mobile communications. The next three sections will 

cover the outline of the research that has been performed in the field, but is by no means an in depth 

study. For an excellent treatment on all aspects of channel allocation, refer to [201. 

3.6.1 Fixed channel allocation 

The method of permanently allocating channels to each individual cell, is known as Fixed Channel 

Allocation (FCA), which is implemented for all I" and 2"d generation systems that have a physical 

channel associated with them (no( IS-95). In its simplest form, FCA involves division of the channels into 

separate groups, according to the required re-use factor of the system. The minimum number of channel 

groups will therefore be equal to the re-use distance. This will provide each cell with an equal amount of 

capacity and is well suited to support uniform traffic across the network. The size of the cells must be 

mapped to the subscriber base in the area, such that an acceptable GOS is obtained. However, more often 

than not, the service area will have a cross section of rural, residential, business and urban areas, all 

having different subscriber-bases. This complicates the situation, as some cells will require more channels 

than others whilst the re-use factor of the system must be maintained. In non-uniform channel allocation, 

the number of nominal channels allocated to each cell depends on the expected traffic in that particular 

cell. Various algorithms have been proposed to allocate the channels according to the traffic distribution. 

One such algorithm is the non-uniforin compact pattern allocation [211. The algorithm attempts to 
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allocate channels to the cells such that the average blocking probability across the network is minimised. 
This is also the overall aim of the network operator, to provide the same GOS everywhere in the network. 
However, temporal and spatial fluctuations in traffic as well as subscriber-base prediction errors will lead 

to certain cells having a lower grade of service than others. This can be partly rectified through the 

application of static borrowing schemes, where channels from lightly loaded cells are re-assigned to the 

ones which are heavily loaded. The channels can only be re-assigned to cells that are separated by a 
distance greater than the re-use distance from the donor cell. This reassignment of channels may require 

the entire channel (or frequency) plan for the network to be devised again. It can therefore only be 

changed periodically to adapt to long-term trends and is not suitable for compensating for rapid 
fluctuations in the traffic load. 

3.6.2 Dynamic channel allocation 
The dimensioning of cellular networks is intrinsically more difficult than the equivalent process for PSTN 

networks due to the mobility of terminals in the network. The fluctuation in traffic will cause some cells 

to be overloaded, whilst others will be lightly loaded. This can partly be rectified through channel 

assignment procedures, like the static borrowing scheme discussed in the previous section. However, 

other schemes are required to meet the short-term fluctuations in the traffic that may involve the use of a 

few extra channels over relatively short periods of time. Unlike FCA, there is no fixed relationship 

between channels and cells when dynamic channel allocation is employed. 

DCA algorithms can be divided into several groups, but all the algorithms involve an evaluation of the 

cost of choosing a particular channel to support a connection. The selection of the cost function is the area 

that differentiates DCA schemes. The cost function may involve estimates of future blocking 

probabilities, the re-use distance, the occupancy distribution of the channel in the current traffic, radio 

channel measurements or the average blocking probability across the network. DCA algorithms can also 

be divided into centralised and distributed schemes. Centralised schemes are very computationally 

demanding, but they do offer the best performance, as the system is able to optimise its resource 

allocation across the entire network. Distributed schemes require significantly less computation time as 

the algorithms can run at each node in the network. However, their local optimum might cause problems 

elsewhere in the network. 

A significant part of the research in DCA, has involved algorithms that presume nothing about the 

mobiles position in the network. The allocation of channels is thus made without accounting for the 

mobile's location. This disables the network from achieving optimum packing of its channels. This can be 

overcome by measuring the interference on a channel both at the basestation and terminal end of the 

connection, thus enabling channels to be utilised that are engaged elsewhere in the network, which are 

closer than the theoretical re-use distance. The C/I based algorithms run in a distributed fashion, allowing 

each node to make decisions on which channels to utilise at any instance in time. However, this local 

optimum might result in a terminal elsewhere experiencing unacceptable interference which will lead to 

the connection either being dropped or reallocated to another channel. This can potentially lead to 

instability in the system as the reallocation of the existing connection might have similar repercussions for 

other connections. Various methods have been proposed to overcome this problem, but they all lead to 

sub-optimal solutions. 
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3.6.3 Hybrid channel allocation 

One of the main problems associated with DCA is the computational complexity involved in deciding 

which channel to employ for each connection. In heavy traffic conditions across the network, DCA 

performs poorly due to the extensive number of calculations required per channel, not to mention all the 

reallocations. To combat this deficiency, a number of hybrid channel allocation schemes (HCA) have 

been developed, where a proportion of the channels are allocated to each individual cell whilst the 

remainder are made available to all, according to the given cost criteria. This overcomes the 

computational complexity associated with DCA schemes, whilst providing good flexibility across the 

network. The heavy-load traffic performance is also significantly increased compared to that of DCA. 

However, for high-intensity uniform traffic, FCA still outperforms HCA, but the method has other 

advantages, for instance it has very good performance in non-uniform traffic conditions. 

Channel allocation is an important issue in cellular communication, but is outside the scope of this thesis 

and will not be covered in any detail. Table 3.7 provides a generalised summary of the three main groups 

of channel allocation schemes, bearing in mind that the algorithms that belong to each group, experience 

significant performance variation. 

3.7 Air Interface access techniques 

Wireless communication requires available spectrum to carry the information from the transmitter to the 

receiver. Whilst simple UHF / VHF transceivers rely on two active parties listening to the same channel 

to obtain communication, cellular communication is completely automated. To achieve automation a 

significant amount of control information must be sent regarding the location of the originating and 

terminating terminal, as well as timing references and the allocation of resources (bandwidth) to the 

connection. Considering the several orders of magnitude larger potential user base in cellular networks 

(relative to PMR), it becomes evident that spectrum needs to be managed in a more efficient manner. 

There are a number of ways in which the end-to-end connection can be mapped onto the physical 

resource (i. e. the time / frequency resource). The first generation of cellular systems employed Frequency 

Division Multiple Access (FDMA) as the means of achieving, access for multiple simultaneous 

connections. A pure FDMA system simply divides the available spectrum into a number of sub-bands that 

can then be utilised for simultaneous connections. Figure 3.15 illustrates how the available spectrum can 

be viewed in the time and frequency domain. 

-61- 

Table 3.7., Perfonnance evaluation of inethodsfor allocating channels 



Three 

TDMA 

V 

Li 

Time 

: )MA 

/ FDMA 

Figure 3.15: Frequenc. Y-Time diagram of the available spectrum 

Similarly, the spectrum can be divided into timeslots, where multiple access is achieved through the 

assignment of timeslots to each connection. The required bitrate at the output determines how many 

timeslots the system can have. Transmission to multiple users will occur in the individual timeslots, with 

a repeat frequency that is dependent on the number of timeslots and the slot duration. 

AMPS, TACS and NMT 450 and 900 are all examples of pure FDMA systems. Although the DECT 

system has several frequencies available for operation, it is perhaps the best example of a pure TDMA 

system. However, most 2"d generation systems apply a combination of TDMA and FDMA. With efficient 

modulation, coding and filtering techniques. this method of obtaining multiple access has proven to be 

more spectrally efficient than either TDMA and FDMA on their own. GSM and IS-136 both utilise 

TDMA / FDMA for multiple access. 

A third method of obtaining multiple access is through the application of codes [22] 123]. In a Code 

Division Multiple Access (CDMA) system, the users have access to the whole frequency and time 

domain as seen in Figure 3.15, through the application of pseudo-random codes, uniquely identifying 

each user. CDMA can therefore be considered as a combination of FDMA and TDMA. As CDMA has 

been selected as the main access technique for IMT-2000 systems, its characteristics and performance 

will be discussed in greater detail in the next section. 

3.7.1 The principles of CDMA 

The main characteristic of a spread spectrum system can be summarised as follows: 

Spread-spectrunt techniques involve the transmission of a signal in a radiofrequency bandwidth 

which is substantially greater than the information bandwidth to achieve a particular 

operational advantage 1241 

This particular operational advantage, implies increased capacity in the case of cellular communication, 

i. e. supporting more users than a conventional narrowband system. For military applications it implies the 

ability to combat narrowband interference, e. g. jamming, as well as hiding transmissions below the noise 

floor to avoid interception by enemy forces. 
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In Direct Sequence (DS) Spread Spectrum, spreading is achieved through the multiplication of data with a 

pseudo-random noise (PN) sequence. This multiplication process can be performed either before or after 

the modulation of the data. Figure 3.16 illustrates a typical spread spectrum system, where the spreading 
is performed prior to modulation. 

Data .I 
Channel 

signa-*[_ý_ 

Channel 

M(Aulati ;, n Demodulation 
(QPSK) (QPSK) 

Spreading sequence 
(PN sequence) 

Channel Recovered 
decoder 

I- 
data signal 

De-spreading sequence 
(PN sequence) 

Figure 3.16 Model of spread spectrum digital communication system 

Before the data signal is spread and modulated, an encoding process takes place. The channel encoder 

groups the data into appropriate code words, adding resilience to noise and interference. After the 

spreading and modulation onto the carrier frequency, the signal is transmitted over the radio channel, 

much like a narrowband system. At the receiving end, the signal is demodulated to baseband before an 

identical synchronised PN sequence is multiplied with the data to obtain the original encoded signal. This 

signal is then decoded and the original data is recovered. The spectrum occupancy of the data signal 

changes substantially from the input to the channel encoder, to that transmitted over the channel. Figure 

3.17 illustrates how the spreading process both affects the bandwidth and the signal power per Hertz. 

Baseband data spectrum RF spectrum 

A, 

Figure 3.17: The spectrum at baseband and RFfor a DS-CDMA system 

Assuming the signal at baseband occupies a bandwidth B, centred around 0 Hz with a signal power of Ao, 

then it follows that after it has been spread, it will occupy a bandwidth W with amplitude A,, where the 

amplitude bandwidth product remains constant. The PN sequence will make the original data signal 

appear like noise in the spreading bandwidth. Only the application of the original spreading sequence will 

coherently combine the data so as to retrieve the transmitted data. It is therefore possible to overlay many 
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users with different PN sequences in the same bandwidth and hence achieve multiple access, or in this 

case Coded Division Multiple Access (CDMA), i. e. users uniquely defined by codes. 

If the available channel bandwidth is W and the rate of the information is R, the phase of the carrier is 

shifted W times/s according to the PN sequence. The signal will therefore occupy the desired channel 

bandwidth. The code period or 'chipping period' T, is defined as 11W and it determines the spreading 

bandwidth. The duration of each bit can be expressed as Tb = 11R. The bandwidth expansion factor or the 

processing gain is defined as: 

=W_Tb R T. 
(3.15) 

The enhancement in performance obtained from a DS spread spectrum signal through processing and 

coding gain is utilised in cellular systems. Unlike TDMA. the performance characteristics for the uplink 

and downlink in CDMA are very different and thus need to be discussed in some detail. 

3.7.1.1 Downlink characteristics 

All signals transmitted on the downlink will experience the same propagation effects for a given location. 

Thus, assuming a basestation transmits signals to several mobiles, the desired mobile will receive its own 

signal at an equal power as the other interfering signals. Assuming that the code set used by the 

basestation has low cross correlation, each mobile will be able to de-spread its own signal out of the noise 

floor if there is sufficient processing gain available. The noise floor, or the power received when the 

codes do not align, is given by -1/(Code length) for an m-sequence generator. If power control is 

employed, then all mobiles will receive their wanted signal at the desired power level. However, the 

interference characteristics will be very different. Mobile stations close to the BS will suffer from the 

near-far effect, in that the basestation will have to transmit at a higher power level for the interferer, 

which is further away. The mobile close to the basestation will therefore rely on having enough 

processing gain to overcome the interference. The near-far effect becomes even more dominant as more 

mobiles are admitted into the cell. 

if orthogonal codes, such as Gold or WALSH codes 1341 are employed, then the cross-correlation 

between users will be minimal. Theoretically, the system would then be able to support an infinite 

number of users assuming there also are an infinite number of orthogonal codes. However, there is only a 

limited set of orthogonal codes for each code length. Another limiting factor is the time dispersive nature 

of the channel. Due to multipath fading, the orthogonality factor will be degraded and hence increase the 

interference. Table 3.8 shows this factor for three different UMTS environments, where '0' is perfectly 

orthogonal and 'I' is non-orthogonal. If codes are non-orthogonal, then the system behaves like a classic 

DS-CDMA system where al I users appear as noise for each other 125 1. 

Propagation model Orthogonality Factor 
Ind(K)r office A 0.10 
Outdoor to ind(x)r and pedestrian A 0.06 
Vehicular A 0.40 

Table 3.8 Orthogonalit, vfactorfor different UMTS environments [39] 
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Intracell interference is the dominant factor in CDMA, but intercell interference must also be accounted 
for. If all surrounding basestations are transmitting in the same bandwidth, then these will also contribute 

towards the overall interference level. 

3.7.1.2 Uplink Characteristics 

The uplink scenario is completely different from the downlink and thus requires a separate investigation. 

Again, consider the case of a classic DS-CDMA system. To maximise the capacity utilisation, each of the 

mobile terminals are required to be received at the basestation with the same power, thus preventing the 

Gnear-far' effect where mobiles transmitting at high power levels potentially swamp others. Unlike the 

downlink, the power contributions from each MS will suffer uncorrelated shadowing and pathloss 

characteristics if they are not at the same location. Orthogonal codes cannot be employed to separate users 

on the uplink as they experience separate propagation characteristics that will destroy the orthogonality. 

In addition, network wide synchronisation of all mobiles will be required, which is unfeasible. 

Another feature of the uplink is the very stringent requirements on power control. Due to the angular 

distribution of the interferers, as seen from the basestation, they will all suffer independent pathloss, 

shadowing and fast fading. Both the changes in pathloss and shadowing are slow and easily compensated 

at the mobile. As discussed in section 2.2.2, the fast fading on the other hand changes very rapidly and 

can reduce the instantaneous power of the wanted signal by as much as 30 dB. The power control 

algorithm (in the basestation) must rapidly compensate for this by requesting the mobile to increase its 

transmit power. Due to the rapidly changing radio environment, fast power control must be implemented. 

This is provided through the use of closed loop power control where the basestation requests the mobile 

to increase or decrease its transmit in accordance with the envelope variation. The step size is variable 

from 0.25 dB to 2 dB [26]. However, with higher spreading bandwidths, power control requirements 

become less stringent [27]. Fast fading caused by multipath propagation can also be compensated for 

through the application of diversity reception [281. 

3.7.1.2.1 Joint detection and interference cancellation 

An optimal multi-user receiver comprises a number of matched filters, one for each user. In a practical 

system, matched filters can be synthesised if a priori knowledge of the activity. time and phase 

synchronisation, spreading sequence, power and channel conditions, is available [29]. Assuming all this 

information is known, the basestation will be able to detect each user, regardless of the channel 

conditions. The system will no longer be interference limited. However, the computational complexity is 

significant. No practical implementation of the optimum detector exists. However, several sub-optimal 

methods exist where a significant proportion of the interference contribution from other users can be 

removed either through a process known as joint detection or with successive interference cancellation 

[301. Any further discussion of these techniques is outside the scope of this thesis. 

3.7.1.3 The capacity of a 'classic' DS-CDMA system 

The energy-per-bit ratio over noise (and interference) density (Eb/No) for a user i can be expressed as: 
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Eb P, w 

No NmR 
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q, a+n, h 
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where pi is the power of the wanted user, pk is the power of the k" user in the cell, q, is the power of the I'h 

user in the surrounding cells, nth is the thermal noise, W is the spreading bandwidth, R is the data bitrate 

and a is the voice activity factor. Assuming that all users in the desired cell are received at the same 

power level p, and substituting yfor W/R and q,,,, for the sum of the powers received from all the users in 

the neighbouring cells yields: 

Eb 

_Iy=N=I+y 
qo, *a_ n, h 

No "th EbINO pp 
pp 

This equation is then rearranged with respect to N, which is the total number of users that can be 

supported in the desired cell. It is evident from (3.17) that the total number of users that can be supported 

in a single cell in a CDMA system depends heavily upon the available processing gain and the required 

energy-per-bit to 'noise and interference' ratio. From the same equation it is also possible to observe that 

the ratio of the received power from neighbouring cells (q,,,, ) to p, can be quantified as a number of 'lost' 

users. The same can be said about the thermal noise. Normally, p= nh, such that only one user is 'lost' 

due to thermal noise 1311. The voice activity factor also has a beneficial effect on the capacity. Research 

has verified that either speaker in a conversation is only active between 35 to 40% of the time [311. 

However, 'comfort noise' will often be transmitted so a voice activity factor of 50% will be employed for 

the research undertaken here. 

The interference contribution received from the neighbouring cells has been computed for the scenario 

where all cells are fully loaded with uniformly distributed speech users. Consider the scenario depicted in 

Figure 3.18. 
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If the interference observed at the basestation in the desired cell, resulting from users in that cell, is given 
the value 100%, then it has been shown that the interference contribution from each cell in the first tier of 
interferers; is 6%, whilst the interference from the second tier is 0.2% per cell [321. Since the first tier of 
interferers contains 6 cells and the second tier of interferers consists of 12 cells, the total interference 

experienced at the basestation of the cell is thus 138.4%. Normalising this value yields that 27.7% of the 
interference experienced at the desired basestation is due to other cell interference, whilst the remainder 
(72.3%) is due to users in its own cell. This illustrates that although the intracell interference is the most 

significant capacity reducing factor in a CDMA system, other cell interference cannot be ignored and 

must be accounted for in system capacity studies. 

An example: Assuming the processing gain, y, has a value of 256, the Eb/No has a magnitude of 2.51 and 

that the fraction q lp is 0.277 of the total number of users supported in a single cell with no other 

interferers; (which is N=1+(256/2.51)/0.5 = 204), and that one user is lost due to the noise, nh1p, yields: 

N+ 
256 

_ 0.277 - 204 - 0.5 -1 5= 146 
(2.51 )/0. 

which becomes the capacity of each cell in the network. This capacity is, of course, only a theoretical one 

and only describes the generalised scenario under uniform traffic conditions. This method of estimating 

the capacity is appropriate only when relative performance is important. For sensitivity analysis, a full 

scale Monte-Carlo simulation must be performed to obtain valid results. The realisation of a CDMA 

system will be discussed in section 3.8.1.1 and will be introduced in context with the UMTS architecture 

discussed in the next section. 

3.8 Overview of the UMTS architecture 

The standardisation process for IMT-2000 (or UNITS) has been a complicated process, involving inputs 

from the three major players in international telecommunications, namely America, Japan and Europe as 

well as smaller contributors. As discussed in chapter 1, the cellular technology initially evolved in parallel 

in each of these continents. As a result, there were significant differences in their 2G systems. Whilst 

America has a 2"d generation CDMA system, both Japan and Europe will move away from their 

respective existing FDMA/TDMA technology towards WCDMA. There has been a considerable 

harmonisation process with proposals from ETSI UTRA, ARIB 0.5/1.0 and TIA CDMA2000 being the 

major contributors. 

Core Network 

Common Pilot channels 

FDD 

3.84 Mcps /5 MHz 

Figure 3.19: Air interface modes. for IMT-2000 systems 
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Whilst Europe and Japan had similar proposals, America differed significantly. Through the 
harmonisation process, three transmission modes were selected, namely two versions of Wideband 

CDMA, a Frequency Division Duplex (FDD) mode and a Time Division Duplex (TDD) and a Multi 

Carrier (MC) FDD version as can be observed in Figure 3.19. 

The core network, the pilot and some of the control channels are identical for all three modes. The FDD 

mode can be utilised both with and without spreading such as to be backward compatible with GSM and 

other TDMA standards. Similarly, the multi carrier option enables the system to be utilised by IS-95 

terminals which will use only one ofthe three carriers available in the system. 

Parameter 
Multiple-Access scheme 

Description / value 
Wideband CDMA / Multi carrier CDMA / TDMA 

Duplex Scheme FDD / TDD / MC 
Supported source data rates 8,64,128,384 kbps and 2,048 Mbps 
Frame length 10 ms 
Timeslots 15 
inter-BS synchronisation FDD mode: No accurate synchronisation required 

TDD mode: Synchronisation required 
Multi-rate / Variable-rate scheme Variable-spreading factor + Multi-code 
Channel coding scheme Convolutional coding (rate 1/2-1/3) 

Optional outer RS coding (rate 4/5) 
Turbo codes (rate 1/2-1/3) 

Packet access Dual mode (common and dedicated channel) 
Table 3.9 UMTS key technical characteristics 

Each operator will be allocated resources in multiples of 5 MHz. The chipping rate is fixed to 3.84 Mcps 

so the processing gain will depend upon the data rate. The air interface supports both variable bit rates 

and the use of multicodes. Refer to Table 3.9 for further details. UNITS should not require any frequency 

planning, but code planning might be required. However, depending on the bandwidth allocated to the 

operator, it might be beneficial to deploy the system with a re-use factor and hence reduce the intracell 

interference as discussed in 3.7.1.3. 

3.8.1 Characteristics of the FDD mode 

Both the FDD and the TDD mode employ the same frame structure consisting of 15 timeslots with a 

duration of 10 ms. The spreading factor on both the downlink and uplink are variable, depending on the 

source data rate. Figure 3.20 depicts the frame structure which is used for the Dedicated Physical Data 

Channel (DPDCH) and the Dedicated Physical Control Channel (DPCCH). 

DPDCI I 

DPCC II 

Figure 3.20: Frarne structure for uplink DPDCH / DPCCH 
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Both the DPDCH and DPCCH are of equal length with 2560 chips (667 ps). The number of data bits per 

slot depends on the slot type (k=O.. 6). All the data bits in the DPDCH are available for the transmitting 

source as the pilot sequence for channel estimation and other control information is transmitted in parallel 

on the DPCCH. The control information includes Transport Format Combination Indicator (TFCI), 

Feedback Information (FBI) and Transmit Power Control (TPQ. 

The chipping rate is constant, thus providing a variable spreading factor which depends on the source data 

rate. The channel bitrate can be varied from 15 to 960 kbps (k--O and 6) which corresponds to spreading 
factors of 256 and 4 respectively. Table 3.10 lists all the available channel bitrates, their respective 

spreading factors and the data bits per frame and slot for each service. All the variable rate services 

available in the FDD mode of UMTS that require dedicated data channels are supported through the use 

of the frame structure depicted in Figure 3.20. How this is accomplished will be covered in the next 

section. 

3.8.1.1 FDD uplink spreading and modulation 

Figure 3.16 illustrates a simplified view of the spreading process. In this section the spreading process of 

the UMTS FDD uplink [33] will be discussed in detail as most of the analyses covered in this thesis are 

performed on the uplink. The spreading process for the uplink and downlink for both TDD and the FDD 

mode are all different, but the uplink FDD spreading process illustrates the main features of the UMTS air 

interface. Consider the diagram shown in Figure 3.21. Each mobile can employ between 0 and 6 

dedicated data channels and I dedicated control channel simultaneously on the uplink. 

If more than one dedicated channel is required, then slot format k=6 is used for all channels, each 

providing a channel bitrate of 960 kbps with a spreading factor of 4. All the channels are real value spread 

by a channelisation code, C, 4,,, where it is the Wh code. These codes are Orthogonal Variable Spreading 

Factor (OVSF) codes that preserve the orthogonality between the physical channels on the uplink. (The 

properties of these codes will be discussed further in the next section. ) The physical channels are then 

weighted by gain factors fid and fl, one of which always has the value 1. This is followed by the complex 

summation of the two branches prior to the multiplication with the scrambling code. The scrambling code 

is unique for each mobile and thus provides the identity of the originating transmitter to the basestation. 

The scrambling code can be long or short, depending on the receiver architecture. Short scrambling codes 

are preferred if multi user detection is available, otherwise the longer codes are employed offering 

improved interference averaging. As illustrated in Figure 3.22, the real and imaginary part of the 

combined spread signals are then phase aligned and split to the I and Q branches respectively. The data is 

then pulse shaped before it is QPSK modulated onto the carrier frequency. 
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3.8.1.2 Properties of the OVSF (WALSH) codes 

The orthogonal codes which are utilised in UNITS are of variable length (also known as WALSH codes). 
They are well suited to accommodate mixed bitrate services in the same bandwidth as the orthogonality is 

maintained between different code lengths. Figure 3.23 illustrates the OVSF code tree where each code is 

uniquely described by CksF. k where SF is the spreading factor and k is the code number, 0: 5 k: 5 SF-1. 

Cch, 4,0 Cch, 8.0 

Cch. ZO : -- (1 
9 

1) Cch, 
8,1 

I Cch, 
8,2 

Cch, 
4,1 -"' 

(19 19 -19-1 Cch. 
8,3 

C. h, J, 0 = (1) 

C, h, 4,2 = G, -1,1, -1) 
1 

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

Cch, ZI ý (19 -1) 

Cch, 
4,3 : -- (19 -19 -191) 

Cch, 16.0 -: 
(--) 

SF= I SF=2 SF=4 SF=8 SF = 16 

Figure 3.23: OVSF code treefordifferent spreading factors 

3.8.1.2.1 Limitations of the OVSF codes 

One of the problems associated with the WALSH codes, is that the code-set is very limited. The number 

of codes available to obtain a given spreading factor is equal to the factor itself. Consider the code tree 
depicted in Figure 3.23. All codes with the same spreading factor are orthogonal to each other. Codes are 

also orthogonal to the codes with different spreading factors as long as they do not derive from the same 
branch of the code tree [34]. Therefore, if the code (4,1) (same as Cd, 4,1) was to be utilised, it would 
deem the codes (2,0), (1,0), (8,2). (8,3) and (16,1) to (16,4) unusable. Similarly, if the code (1,1) is 

used, no other code in the code tree would be available for usage. In the light of this, it becomes evident 

that efficient allocation of codes is essential to provide maximum utilisation of the scarce number of 
OVSF codes. 

3.8.1.3 Support of data services on the uplink 

Having considered the spreading and modulation procedure as well as the basic properties of the OVSF 

codes, it is time to discuss how the various services are supported within the structure discussed in the 

previous sections. For lower bitrate services, a single Dedicated DPDCH will provide sufficient capacity. 
An 8 kbps voice service will typically be encoded and punctured such that the data is conveyed in a 15 
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kbps channel. How the encoding and rate matching is performed is outside the scope of this thesis, but it 

is described in detail in [35]. The 64,144 and 384 kbps services can all in theory be supported by just one 
dedicated data channel. The 64 kbps service could be encoded and rate matched to either the 120 or 240 

kbps channel with a spreading factor of 32 or 16. The 384 kbps service would typically be encoded into 

the 960 kbps channel. If the coding schemes do not provide sufficient protection against the channel, then 

multiple dedicated channels must be employed. 

As discussed in section 3.8.1.1, a spreading factor of 4 is utilised when more than one dedicated data 

channel is in use. However, from the code tree depicted in Figure 3.23, it is evident that only 4 codes are 

available with this spreading factor whilst the architectural implementation in Figure 3.21 requires up to 7 

orthogonal codes. This is catered for by re-using the same codes according to the below criteria and 

separating the channels with identical codes in the I and Q domain. DPDCH,, will thus use the following 

channelisation code: 

Cd, 
n 

=-- Cch, 
4, k $where k=l if nell, 21, k=3 if nE13,41k=2 if n(=-15,61 (3.19) 

The dedicated control channel, DPCCH is always spread with the code c, = Ch, 2. s6. o providing a spreading 

factor of 256. 

To support the 2.048 Mbps service, all 6 dedicated data channels must be employed. The total channel 

bitrate thus becomes 6x 960 kbps = 5.760 Mbps. The source data is then encoded and rate matched 

before it is divided up into 6 separate data streams according to the coding schemes. As the channelisation 

codes are orthogonal to each other, there will be no interference between them in a perfect channel, and 

very high Eb/No ratios will be experienced. However, in reality due to multipath propagation effects, the 

data channels will not be perfectly orthogonal and thus there will be interference between them. This will 

significantly reduce the experienced Eb/No ratio. Other users in the network will also be interfering with 

the desired user, reducing the Eb/No ratio even further. Users engaged on the same service (e. g. voice) 

will be utilising the same OVSF code(s). However, each mobile's scrambling code will average the 

interference such that little correlation exists between the mobiles received signals at the basestation. 

3.8.2 Characteristics of the TDD mode 

The TDD frame structure is the same as for the FDD case and has a duration of 10 ms and are subdivided 

into 15 timeslots; [36]. The timeslots; can be allocated to either the uplink or the downlink in a number of 

ways. However, at least one timeslot must be allocated to both the Uplink and the Downlink. Figure 3.24 

illustrates the TDD frame and some of its different configurations. 

The multiple / single switching point in the frame provides a great deal of flexibility as the system can 

then employ the mode most suitable for the current application and the propagation environment. 

Additionally, it enables Opportunity Driven Multiple Access (ODMA), also known as Intelligent 

Relaying (IR) to be utilised, where a number of the timeslots; can be assigned as ODMA Designated Data 

Channels (ODCH). When the handsets are used as relaying stations, one timeslot will be required as the 

ODMA Random Access Channel (ORACH). 

Each physical channel on the downlink will normally have a spreading factor of 16, although spreading 

factors as low as I are possible. Multiple codes can be utilised to achieve higher data rate services. On the 
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uplink, the whole range of spreading factors from I to 16 is available. Multicode transmission is possible, 
but the mobile terminal is only permitted to use 2 codes per timeslot. The TDD mode of UMTS will not 
be discussed any further in this thesis. 

time 
10 ms 

No 

3.84 Mcps 

2560x'F, 

(a) The TDD frame structure 

(b) Multiple-switching point symmetric DIJUL 

(c) Multiple-switching point asymmetric DLJUL 

(d) Single-switching point / symmetric DUUL 

4444444444441tltl : (c) Sin', Ic , \kit ching [x)int /asymmetric DLJUL F+*1 ORACH 

ODCH 

(f) Example ot"I'DD ODMA operation 

Figure 3.24: The TI)Dfrainestructure - examples and applications 

3.8.3 Control channels 

How the control channels enable the system to accomplish its tasks, and in particular what information 

that can be shared between devises through their application. is of significant interest to the research 

undertaken in this thesis. 

Chann el Description 
BCII - Broadcast Control Channel Downlink transport channel. Used to broadcast 

system and cell specific information 
FACH - Forward Access Channel Downlink transport channel. 
PCH - Paging Channel Downlink transport channel. Used to transmit 

physical layer signals. 
RACH - Random Access Channel Uplink transport channel. Used by the UE to 

access the network 
CPCH - Common Packet Channel Uplink transport channel. Random ac cess channel 

used for bursty data traffic 
DSCH - Downlink Shared Channel Downlink transport channel. Share by multiple 

UEs. 

Table 3. / 1: Explanation of the transport channels 

Apart from the Dedicated Channel (DCH), which is the up - and downlink transport channel employed for 

data, there are numerous other channels required to enable 2-way communication. Table 3.11 lists these 

channels. The channel of most interest with regards to the implementation of self-organisation, is the 
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BCH. Detailed information about the system information broadcast on the BCH for the IMT-2000 is not 
yet available, but it is likely that it will be based upon the signalling defined for GSM [37][38]. Table 
3.12 lists some of the parameters (or signals) that are transmitted on the GSM broadcast control channel. 

/ Si l CII E l ti parameter gna B 
BA Range 

xp ana on 
Provides the mobile station with range information to help it in the ceil 
selection procedure 

Cell Channel Description Provides the reference frequency list to be used to decode the mobile 
allocation information element 

Cell Description Used to provide pre-knowledge to achieve synchronisation to the 
basestation 

Cell Identity The purpose is to identify each cell uniquely within its location area. 
The signal consists of 3 octets of encoded information 

Cell Option Provides a variety of information: 

" Power control ON or Off 
" DTX available on UL / DL 

" Radio Link timeout information 

Table 3.12: Selection of information available on the BCH 

For the User Equipment (UE), there is a significant amount of information available for it to make an 
informed choice on which basestation it should connect to. In addition there are bytes on the channel that 

currently are not in use. These can be employed to provide additional information to optimise the 

performance. This will be discussed further in chapters 5 and 7 

3.9 Radio resource management for UMTS 

Through sections 3.4 to 3.6, the dimensioning and handling of the resources in cellular networks were 

discussed in some detail. Although some of the challenges, with respect to the allocation of resources for 

UNITS, are identical to that of 2d generation systems, it also brings a new set of challenges, previously 

not encountered. The reason for this is threefold. First of all, a mix of services will be supported, ranging 

from voice and low data rate services to high data rate multimedia services. Secondly, the networks are no 

longer homogenous. Up to 4 layers are expected as global (satellite communication), macro, micro and 

picocells are deployed. Finally, the system has several transfer modes, namely FDD, TDD and MC as 

well as being required to be backward compatible with GSM and IS-95. An efficient management of the 

resources is therefore essential to ensure good resource utilisation in the allocation and deallocation 

process between different modes, layers and services. 

At the initial phase of the investigation into what air interface access technique should become the 

standard for UNITS, the FRAMES radio resource management structure was employed as the basis for 

defining the algorithms [39]. This was later changed and the resource allocation strategies defined for 

UTRA [401, or Radio Resource Control (RRC) as it is known, can be split into 7 different entities as 

illustrated in Figure 3.25, each entity consisting of several sub units. 
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Figure 3.25: Radio Resource Control algorithinsfor UTRA 

Handover algorithms are essential to cellular systems as they provide the means for mobility over large 

areas. The handover algorithms for UTRA are more complex than similar algorithms for 2"d generation 

systems. Soft handover is provided between cells, where 2 transceiver chains are involved in the handover 

process (one in each cell) to minimise the probability of the UE being dropped before the handover is 

complete. Hard handover is also available and is employed when inter-frequency handover is required. 

Softer handover provides the means for the network to hand a UE over to another sector on the same 

basestation. Finally, the UE can be handed over to a different system i. e. 2G to 3G or vice versa through 

the inter systent handover procedure. These algorithms provide flexibility and mobility and will aid the 

network in providing the required QoS for each individual bearer service. 

The Call Admission Control (CAC) plays an important role in CDMA systems due to its ability of 

providing soft capacity. Each new connection admitted to the system will increase the interference for the 

existing services and hence could potentially affect their quality. Therefore, it is imperative that the 

admission of services onto the network is controlled. 

Two main principles govern: 

L3 Admission control according to the type of required QoS 

L3 Admission control according to current system load and the required service 

This implies that when a UE requires a certain service, the network must respond by evaluating the 

impact on the existing traffic in the network before providing the service. If the required service can not 

be supported, the network can propose a lower quality service for the UE or alternatively reduce the 

resources for existing connections to accommodate the new one. 

The Radio Bearer Control (RBC) algorithm controls how the resources should be allocated to a service 

once it is admitted onto the network. This will typically involve determining whether the service can be 

supported on the common transport channels or whether it requires a dedicated transport channel. 
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Depending on the type of service, the algorithm will adapt dynamically and independently for the 
duration of the service depending on the instantaneous service requirement on the uplink and downlink. 

Dynamic Resource Allocation (DRA) handles the second part of the physical resource allocation problem. 
It concerns itself with ensuring that the valuable OVSF codes are utilised in the most efficient manner. 
The objective of the allocation process will be to accommodate as many users as possible. This will also 
involve deciding whether a UE can be supported more efficiently with one code with a lower spreading 
factor or with two codes with a higher spreading factor. The second part of the allocation algorithm, 

concerns itself with dynamic channel allocation in the TDD mode. The DCA algorithms are split into 

slow and fast DCA where slow DCA allocates resources to cells and fast DCA deals with the resources 
for each individual bearer service. The resource in TDD mode refers to the allocation of frequency, 

timeslot(s) and code(s). 

Power management (PM) is different from power control in that it controls the power through altering the 

bitrate for a given service. For instance, if the channel conditions are bad and the power increases above 

the maximum allowable power (through power control), then the PM will aim to reduce the bitrate of the 

service so that the average transmit power is reduced. When channel conditions improve, the transmission 

rate can be increased again to the original level. Indirect power control can also be provided through the 

application of Site Selection Diversity Power Control (SSDT), which can be employed when the UE is 

engaged in a soft handover process. Unlike conventional soft handover, only one basestation will transmit 

the data to the UE at any instance in time. The Soft handover concept is however still maintained as 

multiple basestations monitor the connection. 

The Radio Link Surveillance algorithm concerns itself with two things, mainly to control the usage of 

transmit diversity and the mode of transmission. The first principle consists of an open and closed loop 

algorithm, which aims to optimise the usage of diversity transmission according to the propagation 

environment. The second function decides the best mode of transmission for each individual service 

depending on the propagation characteristics. The modes are FDD, TDD or GSM (MC and IS-95 in the 

U. S. ). The mode usage will be controlled by UTRAN. 

Finally, the Codec Mode Control adapts the codec: utilised on speech services according to the 

propagation conditions. When the traffic on the air-interface exceeds a reported level, the codec will 

adapt, such that it will not exceed this pre-defined load level. 
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3.10 Discussion 

This chapter has covered many aspects of cellular systems, from their basic configuration, through link 

budget templates to properties of the radio resource management concept defined for UTRA. The 

concepts that have been discussed have revealed some of the complexities involved in the planning, 
deployment and operation of cellular networks. 

The issues discussed in this chapter are important to enable an understanding of how self-organisation can 
be implemented. Although self-organisation assumes a high-level view of the system, it is essential to 

understand how the functions controlling the performance of the network can be controlled to enable 

network wide (and local) performance optimisation. 

Chapter 5 will introduce the concept of self-organisation, in particular what techniques and technologies 

can be considered as self-organising. These techniques will particular elaborate on radio resource 

management issues as discussed in section 3.9 as well as cellular architectures as covered in section 3.3. 

For the system analyses in chapters 4,6 and 7, sections 3.7 and 3.8 covering air interface techniques and 

the UNITS architecture respectively, will be of significant importance 
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Analysis methodology 

This chapter coýcrs the spccific mcdWology that was utiliscd in the analyscs that arc performed in this 

tksis. It covers In dcuil the Implcawntation of the Monle-Cado simulation platform. with the specific 

real-time and ix)n ical-linx clctncnt&. A large pan of the chapter co%, crs the development and analysis of 

a method for estimaiing the Inictfacwc cipc6cm-ed In the nctwock- The method is compulationally 

efficient and was latcr cniplo)W Gw the nuj(xity of the analyses. Some attention is also paid to the 

coverage analyscs fix vjuious dcicuminimic and non-dclorminimic propagation models. The results 
Illustrate the Imptxtancc of cniployinS cortect nWcls to obtain s(xxi coverage. 
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4 Analysis methodology 

4.1 Introduction 

In this chapter, the methods that have been used in the analyses of the various systems described in this 

thesis will be covered. The majority of the analyses that have been performed were related to the capacity 

of cellular systems in various conditions. This has involved the deployment of a number of users in a 

network of basestations (in numerous configurations), followed by an analysis of the outage or blocking 

probability of the system under those conditions. This was then repeated a number of times to achieve 

statistically valid data. This method of analysing systems is also known as Monte Carlo simulation. The 

method is well suited to determine the average network performance. Figure 4.1 illustrates this concept, 

where a number ofusers are deployed into a network with a defined set of attributes. 

N- users with a 
given service 

Network 

Record data - clear 
information - Do M 
repeats 

141 

Figure 4. /: Visualisation oj'the simulation process 

This chapter will discuss the various techniques and methods that have been employed in connection with 

these analyses. With some deviations, the investigations were largely performed in accordance with the 

approach shown in Figure 4.1. The variations were largely due to the inherent differences between 

CDMA and TDMA systems and (his will be discussed in the appropriate sections. 

4.2 Simulation engine/ scheduler 

The simulation engine was implemented as a time scheduler, which allocates processing time to the 

different modules in the software. The whole simulation software is based on voluntary scheduling, where 

the various processes only perform a given subset of its task each time it is polled by the simulation 

engine. Each process is developed as a state machine, which keeps track of its own state. 
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4.3 Traffic generation 

When discussing the generation of traffic, a distinction must be made between the real-time simulations 

and the non-real-time simulations that were performed. 

4.3.1 Real-time traffic generation 

The traffic generator is controlled from the main simulation engine. The simulation engine polls the 

generator at will, causing the generator to perform a series of tasks that will provide an output to the 

network depending on its current state. The Generator has three states which it rotates between, the first 

being the REQUEST state, the second the UPDATE state and the third the REMOVE state. When in the 

REQUEST state, it generates users with a given set of attributes. In the UPDATE state it update these 

attributes for the active users. Table 4.1 lists the typical user attributes. 

I) i i / i l l Parameter 
Location 

escr pt on typ ca va ues 
Position in a grid (x, y) co-ordinates 

Typical Values 

Speed Speed of the users 0-5 M/S 
Bearing Bearing of users 0- 360' 
Moving fraction Fraction of the users which are moving 0-100% 
Duration Duration of the service 10-180s 
Duration stdev Deviation from the mean (Normal stdev) 0-20s 

Arrival rate Number ofusers arriving per second I- 10 users/s 
Arrival stdev Deviation from the mean (Normal stdev) 1-4 
Distribution Traffic distribution Uniform / Gravity 

Table 43: Real-time traffic generation parameters 

The position of the user is generated as an (x, y) co-ordinate in a grid which represents the network area. 

The co-ordinates are generated as uniformly distributed random variables. If the traffic pattern is 

uniformly distributed, the co-ordinates become the position of the users. On the other hand, if the traffic is 

non-uniformly distributed, the random variables are tested according to the given criteria, to determine 

whether they fall within the bounds of the desired distribution. If not, random deviates are generated 

again until they meet the criteria. The Gravity model, as described in section 3.5.1.3, was the only other 

non-uniform distribution that was utilised in the analyses. The desired area was thus assigned a higher 

attractivity factor causing more users to appear in that part of the network 

User movement was implemented to increase realism in the simulation. Although there was no inherent 

limitation to the speed of the users, the size of the network that was simulated imposed a maximum speed 

of 10 m/s (36 knVh). A uniformly distributed random process determined the direction (or bearing) of the 

user movement. When a user reached the edge of the network (before the connection was terminated), 

then the user was reflected about the vertical axis back into the network again. The fraction of the users 

that were moving varied depending upon the scenario under investigation. Typical values would range 

from 0 to 50%. 

The arrival rate determines how many new users arrive in the network per second. To cater for some 

statistical variation, a Gaussian distributed random variable is added to provide the standard deviation. 

Generally, the average arrival rate was set to a value such that the network experienced a realistic traffic 

load, according to its dimensions. The average number of users present in the network at any instance in 

time can thus be determined by multiplying the arrival rate by the average call duration. The call duration 
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ranged from 60 to 180 seconds as described in section 3.5.3 with Gaussian random variable with a given 

standard deviation, which was utilised to achieve a realistic variation around the mean. The process can 
be considered as Poisson since the probabilities of users being generated at any instant in time are 
independent[l][2]. 

4.3.2 Non real-time traffic generation 

The generation of non real-time traffic is much simpler than for real-time traffic, as one does not need to 

concern oneself with the temporal parameters, i. e. movement, call duration and arrival rate. Rather than 

providing a continuous picture of the situation in the cellular network, the method provides a snapshot of 

the system. In this mode, the traffic generator creates a predefined number of users that are deployed 

'simultaneously" in the network. The location of each user i's generated in the same manner as the real- 

time traffic, including the possibility of deploying non-uniformly distributed traffic. 

4.4 Network characteristics 

The users are deployed in the network after they have been generated. The network module will consist of 

one or more basestations in a number of configurations. Consider the network depicted in Figure 4.2. 

Figure 4.2: Background network grid with basestations and mobile users 

it illustrates the area in which all the basestations and the mobile users must reside. The resolution of the 

grid varied, but would typically be in the range from 400 x 400 to 1000 x 1000 points. The network (or 

area) as such does not exist, i. e. there is no two-dimensional array representing it, but the mobiles and 

basestations are assigned co-ordinates representing their position in this virtual grid. Each basestation has 

its own coverage area which when configured in a multi-tier system, will have an idealistic hexagonal 

shape. The coverage area of each basestation will however depend upon the propagation conditions 

(particularly the shadowing assumption). 

1 Bearing in mind that computers only perform instructions sequentially 
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A number of alternative network configurations were considered, most notably bunching, which is 
described in some detail in section 5.3.2. In addition, the impact on capacity resulting from the limited 

number of available transceivers in each basestation was considered in detail. 

4.4.1 Real-time configuration 
When the users are deployed in the network in real-time, they are put into a first-in-first-out queue. The 

network will then poll the queue when it is allocated processing time. When the user is removed from the 

queue, the network will check whether it is an UPDATE, REMOVE or an ALLOCATE message. If it is 

an ALLOCATE message, then the user will be deployed in the network. This is followed by a network 

wide search for the most likely server (basestation) based on pathloss. When this is accomplished, an 

attempt is made to allocate the user to that basestation. If the allocation is accepted by the basestation, 

then a network wide interference calculation is performed, to establish whether the new user reduces the 

quality of the service for any ongoing connections. The action taken if other users are dropped as a result 

of the new allocation, or if the new user can not be accommodated at by the basestation, is dealt with by 

the Resource Allocation algorithm which controls the allocation process in the network. Similarly, 

moving users will get their update information from the Traffic generator through the UPDATE message. 
This will contain the new co-ordinates of the user. A complete recalculation of the interference must be 

performed to find the impact that the update in position has had on the connection and the other users 

present in the network. In the process of moving, a handover might occur if the user moves into a 

neighbouring cells coverage area. The radio resource allocation algorithm deals with handover. 

4.4.2 Non real-time configuration 
The non-real time configuration is much simpler, as no UPDATE or REMOVE messages are 

communicated to the network. A number of users are deployed and put into the input queue to be 

processed by the network. The network then polls the queue until it is empty. For each user a network 

wide search is performed to find the best server (basestation). When all users are allocated to a 
basestation, the interference calculation is performed for each user by the resource allocation algorithm. 

4.5 Resource allocation algorithms 
FCA, as described in section 3.6.1, was employed for the performance analyses of the TDMA network. A 

re-use distance of 7 was used in the analysis. Due to the shift from TDMA to CDMA technology 

experienced during the period of this research, no formal analysis was performed with DCA since CDMA 

renders such channel allocation methods superfluous. However, the constraints imposed by the limited set 

of orthogonal codes as discussed in section 3.8.1.2.1 poses significant problems for the cellular operator 

and can thus be considered an allocation problem. This was not included in the analysis as the majority 

were performed for the uplink where orthogonal codes can not be used to separate users on the radio 

channel, for reasons described in section 3.8.1.2.1. 
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4.6 TDMA simulation 
There are a number of parameters that must be specific in the TDMA simulations and these will be 

discussed in this section. To avoid confusion it is important to reahse that when the term TDMA is used, 
it implies FDMA / TDMA with each user being allocated a timeslot and frequency pair. 

Figure 4.3 illustrates a cellular network with 37 basestations and the frequency resource divided into 7 

groups. The basestations in the network have a limited number of channels available for use. This will 
typically vary from 8 to 32 channels per basestation, depending upon the number of carriers each 
basestation has been allocated. This implies that the system is not only interference limited, but also 
hardware limited. in terms of the number of transceivers located at each basestation. 

4.6.1 The border effect 

When calculating the C/I for users in the cells on the border of the cluster, then these will experience 

significantly lower interference levels then users in cells in the centre of the network. This is known as the 

'border' effect. There are two ways to overcome this problem. The first is to perform 'wrap-around' 

interference calculations where cells on the edge are defined as neighbours to the cells on the opposite 

side of the network. In this way, all cells will experience realistic interference levels. The methods main 

drawback is that it complicates the interference calculation procedure and that in some network 

configurations, it can be difficult to determine which cells will become neighbours. 

An alternative approach is to only analyse the data from the inner tiers of cells, thus avoiding the problem 

all together. The main benefit of this method is that it does not complicate the interference calculation 

methods. On the other hand, significant numbers of samples are lost through ignoring the data in the 

border cells. Despite this objection, this was the method that was used for the analyses performed in this 

thesis. 
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Figure 4.3: GSM (TDMA) type network with re-use distance of 7 
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4.7 CDMA simulations 
In the CDMA simulations there is no division of' the frequency spectrum into carriers and timeslots (at 

least theoretically). All basestations have access to the entire allocated spectrum. All users will therefore 

appear as noise for all others as described in section 3.7.1. 

4.8 Channel modelling 

4.8.1 The link budget 

Part of the link budget template for UMTS. as described in section 3.3.2, was applied to the simulation 

platform, incorporating cable and connector loss, maximum transmit power, receiver sensitivity, thermal 

noise and transmitter and receiver antenna gain. Combining these according to equation (3.9) defined in 

section 3.3, will determine the maximum range of the basestation and thus the cell radius. 

4.8.2 Pathloss modelling 

All the channel models that were employed in the simulation were discussed in detail in Chapter 2. The 

input to these depends on the model. For the Okumura model, the user must choose between, Dense 

urban, urban, sub-urban, dense-rural and rural correction factors. For the dual slope model as observed 

in Figure 4.4, the pathloss exponent(s) and breakpoint hetween different exponents is required. 

Far Exponent P -5o 

Break point f-l(o 10 
Common parameters 

Shado4na 54 

Two of the pathloss models are deterministic. The NLOS-LOS model requires a Manhattan type 

environment, where the path between the receiver and the transmitter follows the streets and is split 

accordingly into LOS and NLOS sections. The grid is searched and the combinations of streets, which 

lead to the receiver with the lowest pathloss, is utilised to determine the signal strength at that point. The 

second deterministic pathloss model, the straight line model (as described in chapter 2), employs a single 

slope pathloss model together with added losses for each building encountered between the transmitter 

and receiver. 

4.8.3 Shadowing models 

The vast majority of the simulations were performed with an uncorrelated shadowing model as described 

in section 2.3.3, where a Gaussian random variable is added to the pathloss with a given standard 
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deviation. The variable was generated using an 'off-the-shelf generator supplying the simulation with 

Gaussian Deviates 131. Shadowing at adjacent points, or even the same point, but at different instances in 

time will thus be uncorrelated. Uncorrelated shadowing is widely applied in Monte Carlo simulations due 

to the statistical nature of the analysis. 

Due to the very small cell radii discussed in chapter 6, it was established through analysis that 

uncorrelated shadowing would and did influence the results considerably as adjacent locations experience 

widely varying shadowing components. Correlated shadowing was thus incorporated into the simulation 

for that part of the analysis. The correlated shadowing was implemented by applying the single radial 

correlation method as described in section 2.3.3.2 and Appendix A. 

4.8.4 Fade Margin 

A fade margin is included to avoid the need to simulate the fast fading yet still achieve realistic 

performance. Its value is normally set so that for 99% of the time, the fades caused by multipath 

propagation will not make the system fail. The fade margin will thus be system dependent, but is typically 

in the region of 10 - 15 dB - 

4.9 Interference calculations 

4.9.1 FDMA / TDMA downlink interference calculation 

The interference calculation lor the downlink in a TDMA system is relatively straightforward. Only users 

physically on the same channel will cause interference for each other. The term 'channel' here implies a 

frequency timeslot pair. The same channel is not re-used in the same cell or any of the adjacent cells. The 

distance from the desired cell to a cell that is interfering depends upon the re-use distance of the system 

and is described in Table 4.2. 

Assuming all channels are occupied, the interference contribution from the first tier of interferers 

experienced by a mobile terminal in the desired cell on channel k can be expressed as: 

Tx, 
(4.1) 

-- -)nc2 5/1, 
10 r, -2r, dcos ýj, -10 471f 

Where Tx, is the transmit power from the t'h cell, d the intercell or re-use distance, rk the distance from the 

basestation to the desired user, 01 the angle to the user in the desired cell and n the pathloss exponent. c 

and f have their usual meaning (speed of light and carrier frequency respectively). The scenario is 

depicted in Figure 4.5 where one of the cells in the first tier of interferers is shown interfering with the kth 

user in the desired cell. 
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Figure 4.5: Downlink interference from a cell in the first tier of interferers 

4.9.1.1 Implication for the simulations 

The method described in equation (4.1) was utilised for all the TDMA downlink simulations. Whenever a 

mobile user was assigned to the desired basestation on a given channel, the interference contribution from 

any other cell utilising the same channel was added in accordance with (4.1). If the C11 ratio was above 

the threshold level, the user was accepted into the network. Due to the real-time nature of the simulation, 

this was followed by a recalculation of the CA ratio for the users on the same channel in the other cells. 

4.9.2 Fixed and Dynamic Channel Allocation (FCA & DCA) 

Initially the simulation tool was implemented with fixed channel allocation. The available spectrum was 

then divided up into groups, according to the re-use distance. Each cell in the network then had a 

predefined number of channels available to support traffic. Only the cells in the same group (i. e. with the 

same channels) will then interfere with each other when the channels are active. The implementation of 

FCA is thus relatively simple. 

Dynamic channel allocation, which has been researched extensively over the last two decades [4], is 

somewhat more complicated to simulate. Numerous DCA algorithms exist, each with their benefits and 

shortcomings. A relatively simple algorithm was chosen for the simulation work, involving measurement 

of the channel prior to the decision of its suitability. All channels are now available in all cells. Each 

basestation continuously monitors all the channels, and ranks them according to their appropriateness for 

usage for the next user. This ensures that only channels offering sufficient CII will be allocated to the new 

user. The benefit of DCA over FCA is that it can potentially re-use a given channel much closer than the 

FCA frequency plan. For instance, there might be natural protection in terms of the terrain or the topology 

between cell sites that reduces the impact of the interference from neighbouring cells and this would 

enable a given channel to be re-used. However, DCA algorithms are more complicated in that they 

require more processing both in the handset and in the basestation, especially for advanced DCA 

algorithms. The hidden terminal problem may also arise as depicted in Figure 4.6. The problem occurs 

when a mobile is allocated a given channel in cell A, causing the connection for another mobile on the 

same channel in cell B to terminate. Whilst the interference contribution from cell C is insignificant in 

Cell A, this is not the case for the user in Cell B. A 'probing' method must therefore be implemented, 

such that other basestations currently employing the channel, can signal back to the basestation through 

the backbone network requesting it to allocate the user to another channel. 
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New user - 
CA is OK 

Figure 4.6 The problem of the hidden user 

The algorithm was implemented with the probing approach, where all the cells continuously monitored 
the traffic channels. When a new user requests a channel in a given cell, the new carrier to interference 

ratio for all the existing users in the other cells are recalculated. If adding the new user in the desired cell 

causes any of the existing users to fail, the attempt is aborted and the basestation repeats the process for a 
different channel. 

Due to the shift from TDMA to CDMA experienced during the period of this research, only initial 

analyses were performed to verify that the DCA algorithms functioned as expected. As explained in 

section 3.7.1, The FDD mode of UMTS (CDMA) renders channel allocation algorithms redundant, and 

thus no results involving the use of dynamic channel allocation is included in this thesis. However, due to 

the time spent understanding and developing the concept, the method was described here, but will not be 

discussed further in this thesis. 

4.9.3 Neighbouring cell interference approximation for DS-CDMA uplink 

simulations 
Simulating the performance of a cellular network is intrinsically complex and requires a substantial 

amount of processing. Any technique that will reduce the computational time is therefore of significant 
interest. As an integral part of the development of the simulation tools used in this thesis, the interference 

calculations were identified as the most time consuming task in the simulation. As a result, a novel 
technique was proposed for estimating the neighbouring cells interference contribution. The method 

greatly reduces the computational complexity associated with determining a given users uplink C/l. The 

technique can also determine the CII for new users entering the network, as well as the reduced CII 

experienced by existing users due to the presence of this additional load. 

The uplink interference is defined as the interference experienced by a basestation resulting from the 

transmitted power of all mobiles in its vicinity. Seen from the basestation, the majority of the interference 

arises from terminals connected to it. In section 3.7.1.3, it was shown that the interference contribution 
from neighbouring cells amounts to almost 30% of the total interference experienced at the basestation. In 

light of this, neighbouring cell interference simply cannot be ignored in CDMA studies. 
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Figure 4.7 Interference contributionfrom users in a neighbouring cell 

Consider the scenario depicted in Figure 4.7. Two users are connected to BS 2 and power control is 

applied by BS 2 to ensure their signals are received at a predefined target level. This target level is 

determined by the thermal noise. the basestation sensitivity, the severity of the fading environment and 

the amount of interference received from users in neighbouring cells. The interference introduced to BS I 

is therefore a function of the distance between the mobile and BS 1, and also its transmit level. Two 

mobiles positioned at equal distances from a basestation experiencing similar propagation conditions will 

transmit at the same power level. However, relative to the closest mobile, the mobile furthest from BS I 

will contribute significantly less interference in that cell. This occurs because of the negative exponential 

relationship between distance and pathloss. To accurately model the interference one therefore needs to 

sum the contributions from all users in the network. With many users this becomes very complex and 

may cause the simulation to become unstable. Particularly when one considers the fact that a mobile 

terminal may need to increase its transmit power to compensate for the interference. This will then have a 

"knock on" effect, forcing all other mobiles to re-evaluate their transmit powers. 

4.9.3.1 CDMA uplink interference calculation 

The received interference, 1, from in other mobiles in the first tier of cells as described in equation (4.1), 

can be can be expressed as a function of the distance between basestations, D, the distance from the k'ý 

user to the home basestation, dk, the angle seen from the home basestation, a, the user transmit power, 

Txk, the pathloss exponent, n, and a Gaussian distributed shadowing component, a. 

loý 

10-n. i-ý V(D-cos(0, 
)-dk )2 +(5in(q& )-d, )2 

J+20-1ý 
4fif 

v 

I =10. log 1 (4.2) 
kI 

Equation (4.2) is valid for the first tier of hexagonal cells assuming evenly spaced basestations (c is the 

speed of light and f the transmission frequency). 

4.9.3.2 Power vector summation 

This approach, which reduced the required number of computations to obtain the carrier to interference 

ratio for each user, involves performing a continuous summation of the total transmitted power from all 

mobile terminals in each cell. In addition, a summation of the cos and sin components of the position of 

the user relative to its home basestation is required. 

The total transmitted NIS power from the users connected to the given basestation can be expressed as: 
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=10. lo 2: xý ) TXb. 
�� ý. ' 

i OT (4.3) 
k-1 

m 

The x and y components of the power vector are then: 

mm 

., 
sin(Ok)-d 

db, 
x =I cos(Ok)-dk and db, 

y =Ek (4.4) 
k-I k=l 

if the simple summations described in the previous two equations are performed every time a user 

connects to the desired basestation, the total intercell interference can simply be expressed as: 

2 
y yc I=Txb, T,,, - -10-n-lo 

(D- 
+ 

±- 
+20-lo - (4.5) 

mm)4; zf 

)) 

4.9.3.3 The Central limit approximation 

The Central limit approximation is slightly simpler than the method discussed in section 4.9.3.2. It only 

requires the continuous summation of the total mobile terminal transmit power for each cell. Then an 

application of the central limit theorem follows. Assuming d, and 0 are uniformly distributed random 

variables we obtain: 

P(O,,:: 0: 5 2ir),.,: I NXI "ý 0: 5 X2) 
X2 -XI (4.6) 

2; r 

P(O < di :51 D)=l P(xl<dk :5 X2 

22 
(4.7) 

X2 

The average distance from user k to a neighbouring basestation is: 

(V(D-CoSok 
-dk + (sinok -dk 

(4.8) 

The average distance can also be expressed as a vector, which more easily leads to the wanted expression: 

mmm I Di +Fa (COS Ok - dk ý+Z (sin Ok dk 

k-I k-I k-I 
(4.9) 

m 

Since 6L has the properties described in (4.6) and dk follows (4.7). as m approaches infinity, the average 

distance can be expressed as: 

IiMdav D 
m-*- 

(4.10) 

From this analysis it is possible to conclude that the average distance from the users in the neighbouring 

basestation is A Then, assuming all users are positioned at the centre of the cell, the total transmit power 

can be considered to originate from the same point. Hence, the calculation required to find the 

neighbouring interference contributions to the C/I level is greatly simplified. 

As discussed earlier, the relationship between distance and pathloss is not linear, but exponential. This 

implies that users on the near side of the neighbouring basestation will contribute a larger proportion of 
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the interference relative to users on the far side. The method will therefore underestimate the interference 

received from the neighbouring cell. It is possible to compensate for this, but this will greatly reduce the 

desired computational benefit. A number of simulations were performed for the methods discussed here 

and the results were compared with the actual interference levels. The true interference level was 

calculated by summing the interference contribution from all users in the network. 

Description 
Number of users in 
neighbour cell 

Value 
2-256 

Pathloss model Dual slope with d P7 

breakpoint 100 m 
Distance between 
basestations (D) 

1000 m 

Maximum mobile 
distance from BS 

500 m 

Shadowing OdB 
Received target power - 100 dBm 
Number of trials 100 

Table 4.3: Simulatioll parameters 

4.9.3.4 Simulation results 

A number of simulations were performed with the parameters listed in Table 4.3. The results of the 

simulation applying the vector approximation and the central limit method are shown together with the 

true interference level in Figure 4.8. 
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--j-- True interference 
Central limit +3 dB 
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Figure 4.8. - (omparison of true and estintated interference 

Both methods invariably underestimate the received interference level as expected, but by no more than 3 

dB for the number of users investigated here. This error will lead to a capacity overestimate. However, for 

a higher number of users, say more than 20, the central limit approximation plus an additional 3 dB 

provides a very accurate estimate of the 'true' interference contribution from one neighbouring cell. A 

marginal improvement in the accuracy is achieved for the Vector approximation method for a smaller 

number of users compared to the Central limit method. However, the improvement is not significant 

enough to render the lost computational benefit. 
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Figure 4.9 shows the standard deviation of the interference recorded for the vector approximation, the 

central limit approximation and the actual interference. 

10 

C 
0 

a: 
0 

Twe standard deviation 
Vextor method 
Central limit method 
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Number of users 

Figure 4.9. - Distribution of the interference level 

23 

The results clearly indicate that both approximations also underestimate the standard deviation of the 

interference. However, the deviation is no more than 2 dB for any number of users, and less than I dB for 

32 or more users. The Vector approximation offers a slight improvement over the central limit 

approximation, but again, it is not significant enough to justify its implementation. The next section will 

therefore only consider the Central limit approximation when the computational benefits are investigated 

more fully. 

4.9.3.5 The computational benefit 

When simulating traffic in a DS-CDMA cellular network. a substantial amount of the work is involved in 

the calculation of the mobile terminals Eb[No (or C11). The problem arises when there are multiple tiers of 

cells which are all heavily loaded. For nt users in each cell, with a total of k cells, the total number of 

users becomes: N=k- ni To calculate the CA experienced for user u, 
(k 

- m) -I calculations must 

be performed. Using the new method, this is reduced to: rn -I+k calculations. With the central limit 

approximation, the number of calculations required to determine one user's CA is a linear function of the 

number of users in each cell and the number of cells. To calculate the true interference, the relationship 

between computations, number of users and cells, becomes exponential. The reduction in computations 

required for a single user, ranges from a factor of 4.3 to 31.4 for the scenarios investigated in Table 4.4. 

54) I IN) 10 u 
Method: True 

sers 
I t. 

u 
I rue 

sers 
Est. I rue 

users 200 
Est. I rue 

users 
St. 

I tier 69 1 () 349 56 699 106 1399 206 
2 tiers 179 27 899 67 1799 117 3599 217 
3 tiers 369 46 1849 86 3699 136 7399 - 236 

Table 4.4: Computational complexity / (number of interference computations) 
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4.9.3.6 Limitations of the central limit approximation 

The central limit approximation provides sufficient accuracy for most cellular scenarios. However, for 

very small basestation separations, the method proved inaccurate. For the research undertaken in chapter 
6, the method was found to be unsuitable. Figure 4.10 compares the performance of the vector 

approximation, the central limit approximation and the central limit approximation +3 dB to the actual 
interference level. It is evident from the graph that the Central limit approximation +3 dB performs well 
for basestation separations from 1000 meters to 150 meters. For smaller distances, the method 

overestimates the interference by as much as 4 dB. Although the Central limit approximation without the 

3 dB compensation performs better than the compensated version for BS separation distances smaller 

than 150 meters, a decision was made not to utilise the interference approximation method in chapter 6. 
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Figure 4.10: Interference approximation performancefor various cell radii 

4.10 Power control calculations 

The importance of power control was covered in section 3.7.1.2. Hence discussions in this chapter will be 

limited to the implementation ofthe algorithm in software. 

4.10.1 Power control algorithm for TDMA downlink simulations 

The GSM system does not employ power control, although the specification is open to support it [5]. One 

of the reasons power control is not implemented in GSM, is that there is no significant capacity gain to be 

obtained when FCA is utilised. Neither is there any incentive to add this feature for power consumption 

reasons as the basestations are connected to a power source. However, power control is beneficial on the 

downlink for a number of other reasons, some of which are discussed in Chapter 6. In addition, with the 

implementation of Dynamic Channel Allocation (DCA), a substantial capacity gain can be obtained to 

justify the additional complexity. 

in the simulation procedure, the power control algorithm aims to ensure that all mobiles receive the 

transmitted downlink channel from the basestation at a predefined target level. According to [5], the 

receiver's sensitivity is -105 dBm for a handheld mobile terminal. To allow for the harsh mobile 
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propagation environment, with deep fades in excess of 20 dB, the target received power was raised to -85 
dBm. Initially the power control range was only limited in terms of the maximum transmit power (i. e. an 

infinite resolution and range). Using this approach, only users experiencing very high pathloss would be 

received below the target level. For parts of the analysis, the dynamic range of the downlink was set to the 

a realistic value of 80 dB. 

4.10.2 Power control algorithm for the uplink in a CDMA simulation 

Unlike TDMA systems where the power control is merely a capacity enhancing option, power control is 

an essential part of the uplink in a CDMA system. The uplink power control in a real system consists of 

an open loop part and a closed loop part, where the basestation closely monitors the received power of 

each user, ensuring that they all are received at the same power level. In the CDMA simulations 

undertaken here, the UMTS specification was followed in some detail 161. The parameters are listed in 

Table 4.5 

Max Tx Dyn. Range Step size Rx Sens Target Rx PC error 
30 / 21 dBm 1 80 dB / 60 dB 1 0.25 -2 dB 124 dBm - 102 dBm 0-2 dB std dev 

Table 4.5: CDMA uplink power control parameters 

The power received from each mobile terminal is determined by these factors. The minimum and 

maximum distance the mobile can be positioned from the basestation to achieve perfect power control can 

be determined according to the pathloss model. A table of these limits can be found in Chapter 6, in Table 

6.4. The two loops of the power control were not simulated and hence the time response of the system can 

not be analysed. In the simulation, it was simply assumed that the basestation controlled the user to the 

desired level in one iteration (if possible). The mobile transmit power is then determined according to the 

resolution (step size) of the algorithm. 

Any error in the power control is modelled as a Gaussian distributed variable with a given standard 

deviation from 0 to 2 dB. The mobile terminal is first perfectly controlled before the error is added. This 

is followed by the interference calculations such that the performance is impacted by the error. 

The Target Rx power depends upon the noise performance of the receiver chain. It is recommended that 

all the users are received at the same level as the thermal noise power at the input of the receiver [7]. This 

reduces the capacity of the system by one user 181. If the users were received at a lower level than this, 

then the thermal noise would dominate the capacity of the system. 

On the other hand, if the users were received at a higher level, then the inter-cell interference would 

become more significant and capacity would be lost as a result. Given that the thermal noise at the input 

of the antenna at room temperature is determined by: 

N,, =k-T-B=1.38- 10-23 JIK - 293K - lHz = 4.04 -10-2'J / Hz (4.11) 

N, h in a bandwidth of 5.0 MHz can be written as: 

Nlh = 10 - 10 
4.04- 10-21 J/ Hz - 5. OMHz 

106.9dBm 
Imw 
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According to [6], the noise figure of the receiver is 5 dB, resulting in the total noise power after the 

receiver chain becoming -102 dBm. Accordingly, the target receive power is thus set to this level. 

11 Coverage analysis 
The purpose of the coverage analysis undertaken in this thesis was merely to validate the capacity 

analysis. Coverage is determined by the pathloss model and the shadowing component and plays a crucial 

part in evaluating the capacity of a system, i. e. to establish whether users can be supported in a particular 
location. It also has a bearing upon the required transmit power to achieve communication, which again 
influences the amount of interference experienced by each user. If the pathloss is too low and no power 

control is applied, then the interference will be greater, thus causing more users to fail. On the other hand 

with too high a pathloss in the same situation, users will be dropped at the edge of the cell due to 

insufficient received signal strength. 

4.11.1 Statistical modelling 

The purpose of the propagation algorithms used in this thesis is not to accurately model a specific 

radiowave propagation environment, but rather to find typical environments that can be employed to 

develop feasible capacity estimates tor various systems. Consider the situation depicted in Figure 4.11. 

It illustrates a non-deterministic environment with one basestation positioned in the top left corner of the 

grid. The area is 2.1 km x 2.1 km. For each location, the signal strength is measured from the basestation. 

The scenario on the left utilises a single slope pathloss model with a pathloss exponent of 3.5. An 8 dB 

uncorrelated shadowing component is added on top of the pathloss to provide a statistical variation 

around the mean. The transmit power from the basestation is normalised to 0 dBm, such that the received 

signal power at each location equals the pathloss. Significant attenuation i's experienced at the opposite 

corner (seen from the basestation). Pathloss in excess of 130 dB can be observed. The scenario on the 

right utilised dual slope model with a pathloss exponent of 2 before the breakpoint of 100 meters, and 3.5 

after distance. Shadowing in the second case remains the same as the first example. Figure 4.11 clearly 

illustrates that the received signal everywhere in the area is significantly higher, rarely dropping below 

110 dBm- 
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Both models are widely used, the latter being the preferred one as it offers a more realistic propagation 

scenario close to the basestation. In an urban scenario the received signal strength is undoubtedly overly 

optimistic as one moves further away from the basestation. However, despite this objection, statistical 

modelling is useful for capacity considerations, as the environment can be considered as generic and the 

results validity is not limited to special cases. As a result, all the analyses performed in chapters 6 and 7 

employ statistical models for this reason. 

4.11.2 Deterministic modelling 

If more realistic environments are desirable, then the Manhattan grid provides a good alternative as it uses 

a relatively realistic city layout, without becoming too location deterministic and too complicated to 

model. Consider the results shown in Figure 4.12. The area has the same size, but a Manhattan 

environment is assumed. To account for the deterministic environment, a straight-line pathloss model is 

employed, as described in section 2.3.2.4, with 4 dB standard deviation for the shadowing. 

35 44 k a 
-4D 

-W 

-75 

_LW 
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Figure 4.12: Received signal strengthJor straight Ime model -3 dB and 5 dB loss per block respectively 

In the scenario on the left, each block encountered by the signal attenuates it by 3 dB. The underlying 

pathloss model is free space pathloss. The scenario on the right employs the same pathloss model, but 

now with 5 dB attenuation per block. Clearly, both these scenarios are more realistic than the results from 

Figure 4.11, since characteristics such as the canyon effect and the rapid attenuation of the signal can be 

observed as mobiles move away from the basestation. However, considerable variation can be noted 

between the two, which illustrates the sensitivity of the model to the loss associated with each 

encountered block. 

The straight-line pathloss model can also be utilised to model a 'more' deterministic environment. Figure 

4.13 illustrates a fictional city centre environment with large buildings and a mixture of narrow and wide 

streetS. 
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Two basestations are initially positioned at two locations that would seem plausible to achieve good 

coverage. However the first layout leaves a significant gap in the coverage area just above the lower right 
hand corner. By moving the top basestation from the corner further down on the building it is currently 

positioned, the coverage in the dead spot improves significantly. This illustrates how sensitive the 

positioning of the basestation is in a deterministic environment to achieve the optimum coverage. 

Figure 4.14 illustrates what happens to the coverage area of each basestation as the basestation is moved. 

Whilst in the first scenario, most of the area is covered by the basestation in the bottom left hand corner. 

By moving the other basestation down slightly, the coverage area of each basestation becomes more even 

and in this particular scenario, the service appears to improve significantly. 

No further analyses were performed on the impact of the deterministic environment on the system 

performance. However, this short analysis highlighted it as an important area which should be 

incorporated into future research. 
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4.12 Discussion 

The methodology that was applied for the research performed in this thesis was described in some detail 

with particular emphasis on the simulation platform that was employed for the majority of the analysis 

performed in this thesis. 

When analysing the performance of any system, it is important to make the complexity of the process 

manageable. At an early stage in the development of the simulation platform it was realised that 

computationally efficient methods of estimating the interference in the system would be valuable. The 

central limit approximation proved to provide sufficient realism whilst enabling a considerable 

computational gain to be obtained. Although the method has its shortcomings for very small cell sizes, it 

proved to be sufficient for most of the analyses. 
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Introduction and evaluation of self- 
organisation 

In this chapter the concept of self-organisation in wireless networks is introduced. The chapter proposes 

planning and deployment cost, capacity, coverage, flexibility and future potential as the criteria by 

which wireless topologies and resource management strategies should be validated. It discusses 

numerous techniques that can be considered as self-organising and evaluates the suitability of these 

techniques in both macro and micro cellular environment. A standard 4-carrier GSM basestation is used 

as the reference cellular technology. It is demonstrated that, by combining suitable techniques, a potential 

future capacity increase of one order of magnitude (13x) is estimated in a micro cellular environment. 

Substantial capacity increments can also be achieved in macrocellular networks. When the cost of both 

planning and deployment is considered, Intelligent Relaying together with Situation Awareness are 

shown to perform well and could reduce the cost of future networks one tenth of their current level. 
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5 An introduction and evaluation of self-organisation 

5.1 Introduction 

Given the explosion in demand tor mobile services, as discussed in Chapter 1, new techniques are 

evolving to ensure that all the requirements imposed by high-speed data services are met, whilst ensuring 

that the system can evolve and increase its capabilities. Self-organisation is an emerging principle in 

which we can organise future cellular networks [ 11121. At present it is not a formally defined concept but 

can be expressed as functionality that allows the network to detect changes, make intelligent decisions 

based upon these inputs, and then implement the appropriate action, either minimising or maximising the 

effect of the changes. Figure 5.1 illustrates a multi-tier scenario where numerous self-organising 

technologies potentially could be applied. 

40010, 

Figure 5. /. - Multi-tier scenario with self-organising technologies 

This chapter is intended as an introduction to the area of self-organisation, giving examples of the diverse 

techniques that can be considered as being elements of the concept. The topics included here are by no 

means an exhaustive list, but they cover some of the areas in which considerable interest has been shown 

over the last few years. 

The material in this chapter is divided into four sections. In section 5.2 the possible benefits of 

implementing self-organising techniques are discussed, as well as the criteria on which the techniques 

should be evaluated. Section 5.3 discusses the different techniques, their suitability, implementation and 

performance in different network topologies. The analyses methodology is presented in 5.4 and finally the 

assessment of the potential benefits in terms of the evaluation criteria is provided in section 5.5. 

5.2 Motivation for Self-organisation 

Throughout Chapter 3, the various cellular technologies were outlined and discussed in some detail. For 

self-organisation, the radio resource management concepts described in section 3.6 are of particular 

interest since the concept of self-organisation aims to control the radio resources in a more efficient 

manner. 
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Frequency planning for second-generation TDMA cellular systems is currently performed by choosing a 
suitable re-use pattern. Individual frequencies are then assigned to different basestations according to 
propagation predictions based on terrain and clutter databases. 

The need to move away from this type of frequency planning has been expressed in the literature [31 as 
well as being emphasised by ETSI in the selection criteria for the UMTS air-interface technique [4]. The 

main reason for this departure is the need for very small cell sizes in urban areas with highly varying 

morphology, making traditional frequency planning intrinsically difficult. Another reason lies in the 
difficulty associated with the addition of new basestations to the network, which currently requires 

extensive reconfiguration. 

"In view of these two arguments, a desirable solution would require the use of unconflgured base 

transceiver stations (BTS) at all sites; these BTSs are installed without a predefined set ofparameters and 

select their operating characteristics at (sic. ) the basis of information achieved from runtime data; for 

instance, they may operate at all the available carriers and select their operating frequencies to minimise 

mutual interference with other BTSs [3]. " 

Mobile communications are no longer limited to voice service. The increasing demand for data services 

means that the next generation of communication networks must be able to support a wide variety of 

services. In view of this, the necessity of adaptability has been expressed as follows: 

"Mobility requires adaptability. By this we mean that systems must be location- and situation -aware, 

and must take advantage of this information to dynamically configure themselves in a distributedfashion 

[5]. " 

New services also introduce new problems associated with the allocation of the resources to support 

them. In first and second-generation systems, all users required the same amount of resources. As this will 

no longer be the case, complex new algorithms must be devised to ensure efficient resource utilisation. 

Another paper which addresses the network and control management issue for multimedia traffic 

discusses the urgent need for developing strategies in this area. 

"Consider the resource allocation problein first. Given a pool of bandwidth, how is it to be assigned to 

the different categories of mobile users? We are dealing with users with different multimedia traffic, as 

well as users moving to a new mobile cell and requiring handoff of their ongoing multimedia call(s) [61 " 

The issues that have been raised so far have also been addressed in the 4'h Generation Wireless 

Infrastructure (4GW) project. In [7][8] various possible scenarios for tomorrow's society have been 

explored. One of the plausible scenarios is that of a future society where most household appliances are 

able to communicate with each other in an ad-hoc manfier. The range of services are expected to be wide, 

from 100 Mbps tele-presence (very advanced video conferencing) to very simple services like Short 

Message Services requiring just 10 kbps. There is no central control strategy and all devices are able to 

adapt to changes imposed by the environment. The devices are intelligent and clearly employ some form 

of self-organisation. 

Considering these arguments, the case for moving towards self-organisation is strong. To enable the 

research community to bring self-organisation forward, techniques that can be considered to be part of 
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this concept must be evaluated according to some common criteria, which will now be discussed in the 
following section. 

5.2.1 Coverage and Capacity 

Traditionally coverage and capacity have been the two most important factors in cellular planning [9]. To 

have good coverage in both rural and urban environments is essential such as to enable the customer to 

use their terminals wherever they go. Coverage gaps means loss of revenue and can also lead to 

customers moving to a different operator (which they believe are covering this area better). On the other 
hand, some areas may not be economically viable to cover from the operator's point of view due to a low 

population density. Other locations may only require coverage at certain times of the day, for instance a 

sports stadium. 

Capacity is equally important. Without the capacity, the users will not be able to enter the network even 
though there might be suitable coverage in the area. Providing the correct capacity in the correct location 

is essential to minimise the amount of infrastructure, whilst ensuring a high utilisation of the hardware 

that has actually been installed. Based on the traffic distribution shown in Figure 3.14 over the duration of 

a day, the average transceiver utilisation can be found to be only 35%. To exploit the remaining capacity 
is thus of great interest. 

5.2.2 Planning Cost 

The planning of 2"d generation cellular networks involves numerous activities such as frequency 

planning, capacity planning, RF-coverage planning and site acquisition. Numerous planning tools have 

been developed and all aim to reduce the cost and time required to plan the network accurately. The 

planning process has contributed substantially to the total cost of the cellular network. For detailed 

microcellular planning, a major revolution in planning tools must take place. Advanced Ray Tracing tools 

utilising sophisticated site specific databases must be developed to enable the planning of the network 

[10]. 

5.2.3 Flexibility 

Increasingly, flexibility has also become a major design target in wireless communications [11]. From the 

RIT-front-end to the network management, the importance of not restricting the performance in multimode 

and multi-service systems has been recognised. A flexible architecture is essential to enable the wide 

variety of services and terminals expected in the future to co-exist seamlessly in the same bandwidth. In 

addition, future upgrades and re-configurations should require minimum effort and cost. 

5.2.4 Deployment Cost 

For any cellular operator looking to deploy a new network topology, it is vital that the investment makes 

economic sense. Cost is therefore an important factor when evaluating the various techniques. The initial 

investment, the running costs and the cost of future upgrades, are expected to be the three most important 

components in determining the total cost of the system. 
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5.2.5 Future potential 
It is also beneficial to evaluate the technologies on their potential future performance. While some 
technologies can be considered as mature, and hence have very little improvement potential, new 

emerging technologies will potentially perform significantly better once they have been better understood. 

This chapter mainly deals with link level issues in cellular systems, and from this point of view, flexible 

resource management is of significant interest. Flexibility in terms of channel allocation, coverage area 

and service provision has significant impact on the performance and capacity of the system. The network 

topologies and management strategies discussed in the following sections are all studied because the 

author of this thesis believes that they may have significant impact on one or more of the above 

performance evaluation criteria. 

5.3 The Technologies 

5.3.1 Classification of self-organising technologies 
Consider the scenario depicted in Figure 5.2. A cell in the network is experiencing overloading due to 

heavy traffic and therefore needs to take appropriate action to neutralise this effect. Capacity, both in 

terms of bandwidth and hardware. will always be limited in a practical communication system. Therefore, 

when a cell becomes congested, ways of handling the excess traffic must be explored. There are a number 

of solutions that immediately present themselves. The cell could borrow resources, bandwidth or 

hardware, from a neighbouring cell. It could also make a service handover request to a neighbour in order 

to minimise the congestion. Thirdly, a service handover request could be made to a cell in a layer above 

or below in the hierarchical cell structure. Finally, the cell could try to reduce the pathloss to the mobile 

terminal to minimise the impact of intercell interference. 

Borrow resources 
4 --No. 

Available 
ccs 

Hand service over to neighbour 

If neighbouring cells are unable to 'assist' the congested cell, the cell has the option to degrade the users 

service quality (if it is interference limited) or to try and influence the users behaviour. This can be 

achieved through service price strategies. The pricing scheme can be regarded as a protection mechanism 

for the network. Since it can not create capacity, it can only utilise what capacity it already has, and 
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therefore needs to force the users to adapt their behavioural pattern until the network is upgraded or there 
is more capacity available. Considering these arguments, self-organising technologies must fit into one of 
these categories. The remainder of this section will therefore discuss technologies which address one or 

more of these criteria. 

5.3.2 Bunching of basestations 

One of the main weaknesses in current cellular networks is the use of static resource allocation. The 

number of transceivers always limits basestation capacity, even if from an interference point of view they 

could support more users. In view of this situation, a novel Bunch concept consisting of a central unit and 

remote antenna units has been proposed for UMTS 112]. 

In a micro and picocellular environment there will be severe fluctuations in traffic demand, user mobility 

and traffic types. This highly complex environment will require advanced Radio Resource Management 

(RRM) algorithms and it will be beneficial to have a central intelligent unit, which can maximise the 

resource utilisation. The bunch concept has been proposed as a means to deal with this issue. It involves a 

central unit that controls a set of remote antennas or basestations (which have very little intelligence). The 

Central Units (CU) will deal with all decisions on channel allocation, service request and handover. 

Algorithms for layers I and 2 (such as power control), may be controlled by the remote unit itself. The 

bunch concept can be viewed simply as a very advanced basestation with a number of small antennas for 

remote sensing. The central unit will therefore have complete control over all the traffic in its coverage 

area and is able to maximise the resource utilisation for the current traffic. This provides opportunities for 

uplink diversity and avoids intercell handovers; in its coverage area. The bunch approach will typically be 

deployed in city centres. large buildings or even a single building floor. All Remote Antenna Units 

(RAU) within a bunch will be frame and timeslot synchronised (for WB-TDMA/CDMA). The bunch 

concept is well suited for 'hot-spot' applications and can be deployed as the lowest unit in a Hierarchical 

Cell Structure MCS). 

Central Unit 

I Macro Cells 

1111 

logo 

Building with a bunch v --'------<Micro Cells 
LI 

Bunch 

Figure 5.3. - UMTS scenarto wah nwed cell structure 
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It is assumed that the RAUs within a bunch are synchronised such that in the TDMA case, the CU is able 
to allocate connections on a timeslot basis, regardless of which RAU is employed. Figure 5.3 visualises a 
UMTS scenario with a mixed cell structure where the bunch concept is used both in a hotspot application 
as well as in a building. For hotspot configuration, the central unit may be located in the area covered by 

the RAU. In the case of building coverage, the CU could potentially be located on the site where the 
Radio Network Controller (RNC) is situated due to the possibility of accessing already existing high- 

speed networks. Since the CU has most of the functionality required to control the system, the RAU could 
typically be a device with no intelligence such as the passive picocell developed by BT [13]. 

One of the main benefits of bunching basestations together is the flexibility and capacity it provides [14]. 

Unlike a conventional cellular network, the number of transceivers does not limit each RAU. The CU 

simply directs its resources to the appropriate RAU. Therefore, all, some or none of the resources may be 

allocated to a particular RAU at a given time. A typical application of a bunched network would be to 

position an RAU in a sports arena. During a sports event there will be a high demand for capacity, but for 

the rest of the time there is hardly any traffic in this area. The benefit of placing an RAU in this location, 

rather than a basestation, is that the RAU is relatively inexpensive compared with the basestation and that 

resources only need to be allocated to it when required. The RAU is a low-cost device, as it contains no 

transceivers. It simply relays the information (without down-conversion) to the CU. Only a Low Noise 

Amplifier (LNA) and a filter (if there are strong interferers near by) are required in the RAU. 

This flexibility ensures a high utilisation of the hardware, whilst securing that capacity fluctuations 

anywhere in the network can be accommodated without unnecessary infrastructure. In addition, macro 

diversity can also be exploited in bunched networks for capacity enhancements [15). 

5.3.3 Dynamic charging 
The pricing of services in circuit-switched networks, and particular in fixed telephony services, is well 

understood [161. However, how pricing strategies can be implemented in cellular networks are less 

apparent. With an ever-increasing number of users and limited resources, the operators need to encourage 

users to utilise the network more efficiently, something that can be achieved through a well thought out 

pricing strategy. Pricing becomes particularly important for data services such as e-mail and file transfer 

as these may require considerable resources but may not be time critical. A large portion of e-mails 

(which are not time critical) could for example be sent during off-peak hours, hence improving the 

resource utilisation. The biggest motivation factor for the mobile user to utilise a downgraded service (i. e. 

delayed delivery), is price. If the user gains nothing, they will have no incentive to change the way they 

communicate. 

5.3.3.1 Uýer utility method 

predicting how users will react to a pricing strategy is not a simple task. Various methods based on game 

theory [17] have been suggested to ensure maximum utilisation of the resources. These algorithms 

assume that the user associates a value to each service level it can obtain. The service level is often 

referred to as the users utilityfunction and it can be interpreted as the amount the user is willing to pay for 

a given quality of service [18]. It is assumed that the user acts 'selfishly', always trying to maximise its 
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own utility (or service) [19]. This implies that the resulting request vector will have the property that no 

user can improve its utility by changing any factors affecting the utility'. In economics this is referred to 

as a Nash equilibrium. 

The purpose of the pricing strategy is to enable the operator to predict how users will react to it, 

something which is not trivial. Current proposals do not try to determine the exact users utility function, 

but rather to postulate a utility function which is based on the characteristics of the application or service. 

Two prime examples are voice and data services, exhibiting very different characteristics. While speech 

applications are very sensitive to time delays, they are relatively insensitive to data effors. Similarly, 

while data services are relatively insensitive to time delays, they are very sensitive to data effors. 

5.3.3.2 Maximum revenue method 

Another approach that has been suggested in [20] is based on letting the network optimise its revenue by 

allocating resources to users in a manner which is beneficial for the network. The two main principles are 

to maximise the resources allocated to staticflows and to minimise the variance in resources allocated to 

mobileflows. These rules are based on the assumption that whilst a static users' preference is maximum 

data rate, mobile users are more concerned with the variance in service quality as they move from cell to 

cell. The actual revenue model is based on a 4-tuple <A, T, C, F> namely admission fee, termination 

credit, adaptation credit and revenuefunction. The network uses these parameters to optimise its revenue. 

Maximum revenue is calculated according to the following rules: 

C3 The flow pays an admission fee once it is granted its minimum requested resource allocation 

c3 If a flow is pre-maturely terminated by the network, it pays the flow a termination credit 

c3 The network pays the flow an adaptation credit if the resource allocation is changed during the 

transmission regardless of whether it is increased or reduced. 

c3 The flow pays a positive but decreasing marginal revenue for each extra unit granted by the 

network. The flow does not pay for resources allocated above its maximum requested resource 

allocation. 

Depending on the overall strategy of the network operator, this scheme can force the network to behave in 

a wanted manner. The threshold values of the termination credit and admission fees will determine 

whether it is good for the network to drop data flows to accommodate new flows. The approach in [20] is 

to ensure that data flows are not dropped as a cause of new data flows wanting to enter the network. 

Clearly such pricing policies can aid the network to maximise its resource utilisation, which result in 

higher capacity. The benefit of the revenue based model, is that it does not require the operator to make 

any assumptions on how users will actually react to the pricing policies. However, the revenue-based 

model neither encourages nor discourages users to enter the network at any given time of the day. 

Therefore, the two methods compliment each other, ensuring that both users and the network behave in 

the most efficient manner. 

1 This could be to request for more bandwidth at a higher price, to reduce their data rate, to change to 

another protocol, or to delay the transmission etc. 
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5.3.3.3 Power control method 

A third and equally interesting dynamic charging algorithm links price to transmit power level. Clearly in 

any cellular system, transmit powers are always being kept to a minimum in order to increase capacity by 

minimising the interference. By associating price to transmit power, a utility function for the user can be 
developed [21]. While the user can increase its transmit power to achieve a better SIR, this will increase 

the cost of the connection. Although the approach in [21] is basically to develop an efficient power 
control algorithm, it illustrates how the pricing principle can be applied to ensure maximum utilisation of 
the resources. This method may not be directly applicable for a wireless CDMA system as the capacity of 
the system relies heavily on the fact that all users are power controlled to the same level. However, by 

adapting the concept of power to codes, users could utilise more than one code and hence effectively 
increase their transmit power. This approach is required when evaluating the impact of this technology. 

5.3.3.4 Practical implementations and open issues 

Both proposals in section 5.3.3.1 and 5.3.3.3 require the user to make decisions regarding how much they 

are willing to pay for a particular service. However, the decision does not need to be made at the time of 
the connection. The user can create its own profile, informing the network of the maximum acceptable 

charge for each service. Only when the current charge is higher than that specified in the profile, will the 

communication device need to prompt the user to ask whether he / she wants to proceed with the service 

at a higher price. 

All the charging strategies discussed so far have been documented in the literature and shown to have a 
beneficial effect on the capacity and utilisation of the network resources. However, in [22] it was reported 

that congestion control algorithms were in fact more effective than algorithms based on price in terms of 

traffic throughput. More research is therefore required to determine the situations in which charging 

algorithms are more suitable. 

5.3.4 Intelligent relaying 
Intelligent Relaying, also known as Opportunity Driven Multiple Access (ODMA), has generated 

considerable interest over the last few years. This culminated in the method being incorporated into the 

specification for the UMTS TDD mode [23]. The main principle behind intelligent relaying is that each 

mobile in the network is capable of relaying other mobile's connections to the basestation. Each 

connection in the network can thus consist of a number of hops between the originating (or terminating) 

mobile and the basestation. A mobile will then only need to transmit data to its nearest mobile (if it is 

closer than the basestation), hence an overall reduction in transmit power is obtained across the network. 

The concept is suitable for both indoor and outdoor environments. Consider the scenario depicted in 

Figure 5.4. The figure illustrates an urban microcell incorporating intelligent relaying where the mobile at 
location B is able to communicate with the basestation at location A via a sequence of short hops. 

Depending on the propagation environment, the mobile at location B may not be able to receive anything 
directly from the basestation and would thus, in a conventional network, be in outage. 
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Microcellular Basestation 
M; 

Mobile Station% 

Figure 5.4: Intelligent relaying in an urban microcell 1241 

When considering planning of a cellular network incorporating intelligent relaying, it is very convenient 
to consider each mobile as a 'virtual cell' in the network. Figure 5.5 illustrates this concept where the 

mobile's coverage area becomes the virtual cell, overlaid over the conventional network. The coverage 
area of the cell is dependent on both the propagation characteristics of the environment and the traffic 
intensity. Thus, when there are many mobiles available to relay information, each virtual cell will have a 
small cell radius, hence minimising the interference in the network. 

Key 

mobile at centre of virtual cell 

basestation covering 3 cells 

Figure 5.5: An intelligent relaying overlay 1241 

) 

intelligent relaying can thus be considered as an overlay to conventional cellular topologies. Without a 
layer which provides continuous coverage, intelligent relaying is not expected to perform well. Its main 

forte is to provide capacity enhancement in existing networks and range extension for users at the edge of 

a conventional cell. 

5.3.4.1 Key advantages 

The most obvious advantage of intelligent relaying is the reduction in the power required for an 

individual mobile to transmit data. Simulations have revealed that the mobile transmit power can be 

reduced by up to 30 dB 1241. 

Another advantage is the potential reduction in the planning cost, as the mobiles can act as relays in dead 

spots and accordingly fill in some of the coverage gaps. Potentially, when there are a sufficient number of 
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mobile subscribers, the required infrastructure can be reduced, leading to a lower investment cost by the 
operator. 

5.3.4.2 Open Issues 

There are a number of issues which will require further attention before intelligent relaying becomes a 

viable option. The routing algorithm between the transmitting mobile and the basestations will greatly 

influence the performance of the system. Methods must therefore be devised to determine what the 

optimum route will be for each connection. The unpredictability of the mobile distribution is another 

factor that will increase the uncertainty of the performance. There will also be a considerable signalling 

overhead connected with determining the optimum route between the mobile and the basestation. 

Current research has only considered system performance with conventional pathloss models [24]. 

However, relaying mobiles will often be unattended, and thus be in a non-favourable location such as a 

pocket, briefcase etc. Future analyses will therefore have to consider these additional losses when 

pathloss models are developed. 

Battery drainage is another important issue. As mobiles effectively let others 'use' their phones, the 

subscribers must be given an incentive to let others drain their battery. This can be achieved through 

rewarding subscribers who relay other connections with benefits such as cheaper or free calls. 

5.3.5 Situation awareness 

In the paper by C. Bisdikian et al. 1251, a scenario with devices such as a Personal Digital Assistant 

(PDA) is envisaged to be able to communicate at short range with a number of other devices. These 

devices might be a fax machine, a computer, a mobile phone, a printer or a photocopier etc. Assuming all 

these devices have a low power radio, then the PDA would be able to engage any of these devices. The 

task could be printing documents. downloading documents, faxing a message or uploading data for 

storage. For the user, the inter-device communication will be transparent. The user will only be concerned 

with the task he / she is performing, not the devices with which they are connected. This type of 

communication between electronic devices can be achieved through transmission of beacon signals, 

which provide relevant information such as device capability and identification. As manufacturers 

throughout the world are currently incorporating the Bluetooth technology into their products, this 

concept is about to materialise 1261. 

The situation awareness concept can also be exploited in cellular networks. In current cellular systems, 

basestations transmit information on their broadcast control channel which can be used to implement this 

idea. Assuming this information includes: I =lid Oat y-long Tx 1, (BS identity, position in latitude and 

longitude, broadcast control channel transmit power), this enables the network to re-configure its 

basestations coverage areas when a basestation is removed or added to the network. This property is very 

interesting as it allows basestations to be inserted on an ad-hoc basis without any network wide re- 

configuration, much like 'plug and play' software for computers. In addition, it improves the quality of 

service when a basestation fails, as it enables the neighbouring basestations to try to cover the resulting 

coverage gap. Similarly, if new buildings are constructed, the basestations will detect changes in the 

propagation environment and try to optimise coverage area in accordance with this new environment. 
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The basestations can monitor each other's performance and take appropriate actions to adapt to the 

current changes. The aim of the adaptation is to meet the expected quality of service at any time. Small 

adaptive antenna units will be an important enabling technology as this will allow the basestations to 
determine their coverage area more accurately by beam steering their beacon signal in the wanted 
direction(s) to a much greater extent to that possible using current tri-sectored or dipole antennas. Figure 

5.6 illustrates this concept where a basestation is inserted into the network. The surrounding basestations 

detect this addition and adapt their coverage areas accordingly to accommodate the new cell. 

Figure 5.6. - Situation Awareness scenario- new basestation insertion 

Situation awareness is thus the enabling technology and therefore the key concept in self-organisation. 

Although the actual adaptation will be provided by other technologies, such as bunching or dynamic cell 

sizing, the situation awareness concept will control how and when it occurs. It is therefore essential to 

establish which variables should be monitored as well as the required quality and accuracy of the 

information. 

5.3.6 Dynamic cell sizing 

Traditionally, cell sizes in cellular networks are fixed. The size of a cell is determined by several factors. 

It depends on whether it is a macro, micro or a pico cell, as well as the expected traffic load and the 

desired coverage area. Hierarchical cell structures were developed so that both the coverage and the 

capacity requirements could be met in a cost-effective manner. While the larger cells provide good 

coverage, the smaller cells provide high capacity where it is required. 

Dynamic cell sizing is another emerging technique that has received some attention by the research 

community 1271. By dynamically adjusting the coverage areas of the cells (See Figure 5.7), optimum 

network performance can be achieved under any traffic conditions. When a single cell is heavily 

occupied, whilst the surrounding cells are lightly loaded, it is possible with this scheme to reduce the cell 
size of the loaded cell and to increase the size of the surrounding cells. In this manner, more users can be 

accommodated in the centre cell. The potential enhancements, that can be gained from dynamic cell 
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sizing will be discussed further in chapter 7. The following section discusses one possible implementation 

of this algorithm. 

New cel 

Figure 5.7: Cell radius reduction 

5.3.6.1 Revenue based cell size control 

This concept enables the individual basestation to create the highest possible revenue by serving as many 

users as possible at all times. The basestation controls its catchment area by increasing or decreasing its 

beacon transmit power (BCCH). Hence, increasing or decreasing the area in which mobiles will connect 

to the basestation. Under congestion the cell will contract so as to limit its service area and reduce the 

inter-BS interference. This will enable it to serve more users closer to the basestation. In the limit, the cell 

is so small that neighbouring basestations interference contribution can be ignored and maximum capacity 

is achieved. In light traffic conditions it will expand and hence improve the network coverage with cells 

overlapping the same area. The cell to which the user connects will therefore be a function of not only the 

pathloss between the BS and the user, but also the beacon transmit power. 

5.3.7 Radio Resource Management 

Radio Resource Management (RRM) is a familiar term in cellular communications. It often makes or 
breaks a cellular system. Ultimately. it is the manner in which the operator utilises the scarce spectrum 

resources which will determine the capacity available to the users. In FDMA and TDMA systems, the 

RRM mainly consists of ensuring that there is sufficient co-channel interference protection between cells. 

2 nd generation systems mainly use fixed frequency allocation (FCA), which means that the frequency plan 

is fixed on deployment and is only changed or optimised when the network is inoperative. Systems like 

IS-95, which are based on DS-CDMA, do not require frequency planning or any allocation of channels 

since the entire spectrum is available in all cells. Channel allocation is therefore no longer an issue. Power 

control on the other hand is vitally important in DS-CDMA as it greatly influences the capacity of the 

system. For UMTS, power control is required in both the paired and unpaired spectrum whilst channel 

allocation is required in the unpaired spectrum since this is designed using timeslots. RRM will therefore 

also be important in UMTS. 
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5.3.7.1 Power control 

Transmission power control plays an important part in today's cellular networks. It is vital to be able to 
minimise interference and reduce battery consumption. However, power control algorithms can also be 

utilised to ease the implementation of self-organisation in communication networks. Appropriate 

algorithms can efficiently combat network changes, a subject explored by N. Bambos in [28]. On its own, 

power control will ensure that the minimum required power to meet a certain QoS is used, as well as 
improving capacity. Various power control algorithms exist where existing connections are ensured for 

the wanted duration and new users are packed in the most efficient manner. This topic will be explored 
further in chapter 6. 

5.3.7.2 Channel allocation 

Channel allocation algorithms have been discussed extensively in the literature and 1. Katzela provides an 

excellent survey of the various strategies in [29]. The aim of any channel allocation strategy is to 

maximise resource utilisation. Second generation systems such, as GSM, utilise Fixed Channel Allocation 

(FCA). The Digital Enhanced Cordless Telephone standard (DECT), on the other hand, employs 
Dynamic Channel Allocation (DCA) which means that the system chooses a channel (timeslot and 
frequency) at random and measures the interference to determine its suitability. 

With the shift from FDMA/TDMA type access techniques to CDMA, the need for channel allocation and 
frequency planning have almost disappeared. However in the UMTS unpaired spectrum, a hybrid 

TDMA/CDMA scheme has been accepted, and this introduces the need for some sort of channel 

(timeslot) allocation strategy. 

5.3.8 Intelligent handover (11-1) 

Current handover strategies only consider parameters such as mobile speed and service type when 

deciding which cell should be allocated to a user. New evolving handover techniques can be made more 

intelligent, also considering parameters such as resource utilisation. Consider the scenario illustrated in 

Figure 5.8. A fast moving mobile user who is currently served by an umbrella cell will run into problems 

in the next cell because it is fully congested. An intelligent handover algorithm would be able to 

recognise this problem and try to solve it by handing the user down to the micro cellular layer2. The user 

will stay in this layer until the blocked cell has been passed, upon which it will be handed back to the 

macro layer. Similarly, if there is no coverage on the users home network in the area in which they are 

moving, then the IH algorithm should seek to maintain the connection by handing over to a competitors 

network or a private network offering capacity to external users. IH algorithms should enable seamless 

handover between networks of different quality of service [30] e. g. scaling the video connection to the 

networks varying capabilities [31]. Although this handover technique is more complex than current 

handover strategies, it should be achievable in the not too distant future. 

2 It is assumed that the different layers in the hierarchical cell structure are allocated separate frequency 
bands to minimise interference. 
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Figure 5.8: Intelligent handover - Network adaptation in real time 

5.4 Evaluation of the Technologies 

The criteria for evaluating the different techniques have already been discussed in this chapter. However, 

there is a need to clarify how each technique has been given a score for each of the categories discussed 

in sections 5.2.1 to 5.2.5. Firstly, the evaluation is divided into three parts, considering the earlier 

mentioned criteria in the planning stage, whilst in service and in the future when upgrades are required. 

By dividing the problem into these three main categories, a more detailed (and more accurate) analysis 

can be performed. The technologies and their abbreviations are listed in Table 5.1. 

Abbreviatio 

BU 

ns Technologies 

Bunched Networks 
DCC Dynamic Charging, Congestion control 
DCP Dynamic Charging, Power control 

_ DC Dynamic Charging, Utility function , 

D-CA Dynamic Channel Allocation 
DC 

_ 
Dynamic Cell sizing 

IR Intelli 
, vent Relaying 

SA Situation Awareness 
IH Intelli ent Handover 

Table 5.1: Abbreviations of the technologies 

5.4.1 Evaluation methodology 

The scores for each technology were obtained through combining the opinion of a group of researchers in 

wireless communication consisting of Dr. Mike Fitton of Toshiba Research Europe Ltd, Dr. Mark Beach, 

Dr. Andrew Nix and the author of this thesis, Mr. Anders Spilling, all of the University of Bristol. This 

method of evaluating technologies will be by no means accurate, but it provides an indication of what the 

research community believes to be significant for future developments. In addition, the evaluation will 

provide the required ranking of the technologies to determine which technologies will be examined in 

greater detail in chapter 7 of this thesis. 
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5.4.2 Comparison benchmark 

As a benchmark, a standard 4-carrier GSM basestation was chosen and given the normalised score of I in 

all categories. Hence technologies that are added to a basestation will either add or reduce the basestations 

performance in that category. Table 5.2 shows the evaluation categories and their definitions. 

Planning 

Cost 

in the planning 

Cost 

The cost of 

In se 

Capacity 

The capacity 

rvice 

Coverwe 

The coverage 

Upgrad 

flexibility 

This category 

ability 

Potential 

Is the 
stage, the cost of installing the gained by the achieved by the aims to address technology 
planning the RF technology as technology. Ibis technology. how flexible the saturated or is 
coverage with a well as the capacity gain Tries to address technology is in there some 
given hardware is can also be whether the terms of potential for 
technology is evaluated. considered as technology adapting to improvement? 
considered. The Again, a score improved enables the changes, and 
score each of I means that capacity network to enabling new 
technology is it has no impact utilisation. improve its services to be 
awarded in this on the cost in coverage in a added. 
category reflects the deployment given scenario 
whether phase. 
planning is 
made easier or 
more difficult. 

Table 5.2: Categoriesfor evaluating setf- organising technologies 

5.4.3 Technology and topology compatibility 
When evaluating the different technologies on their own, and in conjunction with one or more others, it is 

vital to ensure that the technologies are compatible with one another. Table 5.3 shows the compatibility 

matrix between technologies and network topologies. 

Macro Micro Pico TDD FDD 
BU 0 1 11 1 
DCC I I II I 

DCP 0 1 11 1 
DCU I I II I 
DCA 0 1/0, 11 0 
DC I I II I 
IR 1/0 1 11 1 
SA I I II I 
1H I I II I 

Table 5.3 Matrix ofcompatibility between technologies and network topologies 

A 'I' indicates compatibility, '0' that they are not compatible and '1/0' that they can be compatible, 

depending on the implementation. When the table was derived, the proposed UMTS standard [32] was 

used as a guideline. Technologies that are indicated as not being harmonious may be able to function 

together, but because of the implementations chosen in [32] they are mutually exclusive. An example is 

dynamic channel allocation, which is not compatible with a macrocell topology in UMTS. This 

incompatibility arises since although the FDD mode is split up into 15 timeslots, allocation of resources to 

a single service will be transmitted in all the timeslots in the radio frame [33]. 
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5.4.4 Technology compatibility 
From Table 5.4 it can be observed that most technologies are compatible with each other. The exceptions 

are that bunching, dynamic cell sizing and intelligent relaying are not considered compatible. This is 

because they are considered as competing technologies, addressing essentially the same capacity and 
flexibility issues. Although there is nothing physical that makes these combinations incompatible, the 

research group believes that there is very little to be gained by combining these technologies. 

molefol osiol: M91811 ploy-A NDISM 
BU I- t1 0 0 
DCC 

7 

DCP 
DCU 
DCA 
DC 0 1 1 1 1 
IR 1 0 
SA 
1H 

Table 5.4: Compatibility between technologies 

5.4.5 Technology scores 

Each technology was given a score for each category according to the criteria given in Table 5.2. The 

results are shown in Table 5.5. The scores reflect the research group's combined knowledge of the 

technologies and are expressed as multiples of the performance of a standard 4 carrier GSM basestation in 

the given category. It is important to stress that these numbers are only considered as indicators of the 

estimated relative benefit of implementing a technology. They are employed later in this chapter as a 

measure to evaluate the technologies relative impact and importance. Appendix C describes in detail how 

the scores of the technologies were obtained. 

Tech 

BU 

Planning 
Cost 
0.5 

Cost 

1 2.5 

In se 
Cover 

2 

rvice 
Capacity 

.5 

Flex 
4 

Future 
Potential 

2.5 
DCC 1 1.2 1 1.5 1.5 1.2 2 1 2 
DCP 1 1 2 0.75 F5 1.5 

ý ý 

1 

DCU 1 1.2 1 1.5 1.75 2.5 
DCA 1 1 1 FS 1.75 2 1 1 
DC 0.75 1 1.2 1.4 1.25 1.20 
IR 0.33 0.9 1.75 2 1.5 2 
SA 0.4 1.25 1.3 1.1 2 2 
1H 1 1.1 1 1.2 1.5 2 

Table 5.5: Score tablefor the technologies 

When technologies are combined, it is assumed that their joined performance in a given category is 

obtained by multiplying their factors in that category. 

3 Microcells might employ either FDD or TDD. TDD is assumed in this analysis. 
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5.5 Results 

5.5.1 Reducing the planning cost 

it becomes evident from Table 5.5 that technologies like intelligent relaying reduce the cost of planning 

significantly. Here we consider the potential cost reduction by applying two technologies. 

ao 
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Figure 5.9: Estimated reduction in planning costfor a macrocellular network 

As can be seen from Figure 5.9, the biggest reduction is achieved by using Intelligent Relaying and 

Situation Awareness. The estimated planning cost is approximately 1/10'h of a similar GSM network, at 

the same time this will give a 2x capacity improvement. With a slightly higher planning cost (1/3rd )a 3x 

capacity improvement can for example be achieved by employing Dynamic Charging Congestion control 

and Intelligent Relaying. Another interesting feature is that none of the methods proposed increase the 

planning cost, whilst they all provide reasonable capacity gains. 

5.5.2 Maximum capacity 

The maximum capacity gain for three combined technologies is shown in Figure 5.10. As can be seen 

from the graph, by utilising Bunching, Dynamic Charging Utility functions and Dynamic Channel 

allocation, a 7x capacity improvement over the reference system is reached. The same performance is 

achieved by swapping the Dynamic Charging Service price for Dynamic Charging Congestion control. 

There are numerous other combinations which also give a very high capacity gain, notably some 

combination of the Dynamic Charging algorithms with Intelligent Relaying, which provides a 5.5x 

capacity improvement. 
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Figure 5.10. Capacity increase with three technologies in a microcellular network regardless of cost 

5.5.3 Capacity scaled to Cost 

For cellular operators, the cost of planning and deploying these technologies are of paramount 
importance. Another important measure is therefore how the capacity increase compares with the cost of 
implementing the technologies. A score of I is achieved if the capacity increment is proportional to the 

increased cost. Figure 5.11 shows the worst combinations of technologies for this criterion. 
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Figure 5.11: The worst combinations of technologies on a capacity1cost basis (microcellular network) 
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Bunching, Dynamic charging Power Control (DCP) and Situation Awareness (SA) gives a score of just 
0.66. Notably both DCP and SA have a relatively low cost (1 and 1.25), but their capacity potential is 

only 0.75 and 1.1 respectively. Although Bunching potentially has a very high capacity, its cost is its 

major drawback, giving it a low score in this category. 

The best performance, which can be seen in Figure 5.12, is achieved by combinations of Dynamic 

Charging algorithms (DCC and DCU), Dynamic channel Allocation and Intelligent Relaying. A Capacity 

/ Cost gain of almost 5 is achieved, reflecting both the technologies excellent capacity attributes and their 

relatively low cost. These technologies may prove vital for future networks. The main reason for their 

good performance is that they do not require additional hardware to be installed in the network. Dynamic 

charging and channel allocation algorithms can simply be implemented in the existing network. A 

successful implementation of intelligent relaying will in fact reduce the hardware requirements as the 

mobile terminals act as relay-stations for the basestations. 
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Figure 5.12: The best combinations of technologies on a capacity/ cost basis (microcellular network) 

5.5.4 Absolute performance limits 

The results presented so far have shown the joint performance of a given number of technologies in 

different scenarios. In order to discover the true nature of the technologies, a number of binary tree 

searches were performed to find the combinations that gave the best and worst (where meaningful) 

performance according to the given criteria. Table 5.6 shows the score achieved with V technologies and 

the given combinations in a microcellular environment. In order to achieve the optimum capacity 

increment, the 6 technologies listed in row I of Table 5.6 must be utilised, giving a total score of 13. This 

is more than one order of magnitude increase in capacity compared with a traditional GSM network. 

While these numbers might be slightly optimistic, they do show that self-organisation can lead to a 

substantial capacity increase in the microcellular environment. If the emphasis is moved towards planning 
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costs, then by implementing environment Adaptation and intelligent relaying, the cost is reduced to 

almost one tenth of the reference systeM4 . Another interesting feature is that the flexibility in the network, 
which was not emphasised in 2d generation cellular design, can potentially be increased by almost two 

orders of magnitude. Whilst Bunching in combinations with other technologies seems to provide the 
highest capacity gain, it is also the most expensive technology on a capacity / cost basis. Intelligent 

relaying on the other hand, has both a very low planning cost and high deployment cost. The best capacity 
/ cost performance is therefore achieved by using DCC, DCU, DCA IR and IH, giving a score of almost 
7. 

Category 
Max Capacity 

No. ( 
6 

n) recimoiogics 
BU DCC DCU DCA SA 1H 

Factor 
13x 

Explanation 
Capacity increase 

Min Planning cost 2 SA IR _ I/lox Cost Reduction 
Max coverage 3 BU DCP SA 5x Coverage increase 
Max Flexibility 7 BU DCC DCP DCU DCA SA III 10OX Flexibility increase 
Lowest cost I IR 0.9X Cost Reduction 
Highest cost 4 BU DCC DCU SA 5x Max cost increase 
Future potential 6 BU DCC DCU DCA SA 1H 30X 

_ 
Future potential 

Worst Capacity / Cost 2 DCC SA 2/3x Capacity/Cost incr. 
Best Capacity / Cost 1 5 1 DCC DCU DCA IR 1H I 7x I Capacity/Cost incr. 

Table 5.6: Performance limitsfor the technologies in a inicrocellular en vironinvit 

Similarly, Table 5.7 lists the performance limits for a macrocellular network. The potential capacity 

improvement is notably more than halved relative to a microcellular system due to the unavailability of 

Bunching. The planning cost can be reduced by the same amount as for the microcells and the flexibility 

also stays the same. Again, implementation of Intelligent Relaying results in a lower deployment cost, 

whilst together with Situation Awareness it can provide good coverage in the geographic area covered by 

the network. 

l i Categor3 
Max Capacity 

Numb 
5 

er Technologies 
DCC DCU IR SA IH 

Factor 
6x 

Exp anat on 
Capacit7 increase 

_ Min Planning cost 2 SA IR I/lox Cost Reduction 
_ Max coverage 2 IR SA 2.3x Coverage increase 
_ Max Flexibility 5 DCC DCU IR SA IH 10OX Flexibility increase 
_ Lowest cost I IR 0.9x Cost Reduction 
Highest cost 4 DCC DCU IR IH 2x Max cost increase 

_ Future potential 5 DCC DCU IR SA 1H 24x Future potential 
_ Worst Capacity/ Cost 1 SA 0.9x Capacity/Cost incr. 
_ Best Capacity / Cost 4 DCC DCU IR 1H 3.8x Capacity/Cost incr. 

Table 5.7. Perfonnance lindtfor the technologies in a macrocellular environment 

5.5.5 Performance Limits when correlation exists between technologies 

In the analysis performed in this chapter, all technologies have been assumed to be independent and hence 

all gains are uncorrelated. This implies that the gain of utilising two different techniques is the product of 

the two techniques. However, the expert group believes that this might not always be the case. If there is 

4 Note that the planning cost is referenced to a macro cellular network since little data exists on the cost of 
planning a microcellular network. When planning tools for microcells are available, self-organisation is 
expected to compare even better to these on a cost basis. 

-121- 



Chapter Five 

significant correlation between the technologies, then this will have an impact on the estimated 
improvement. The issue of correlation can be considered as a probability problem where the potential 

gain in a given category is the sample space. If two technologies provide an improvement in the same 

sample space, then they are correlated. If through the application of one technology one achieves 100% 

occupation of the sample space, the addition of the other technology will have no impact, as there is no 

more sample space to be occupied. 

Considering the above mathematical argument and applying these to the technologies discussed here it 

becomes apparent that some techniques provide an improvement in the same area. If one considers the 

capacity category, this can be divided into the following sub-categories: improved hardware utilisation, 
improved spectrum utilisation and reduced pathloss (smaller cells). It now becomes evident that both 

Intelligent Relaying and Dynamic Cell sizing chiefly achieve their capacity gain through the reduction of 

the mobile to basestation pathloss. The application of both techniques will therefore not necessarily 

provide the multiplied capacity gain. 

It is not a trivial task to determine the correlation factor between different technologies. The exact nature 

of their benefit in the different categories must be determined and compared. This is outside the scope of 

this thesis and will therefore not be discussed any further. 
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5.6 Discussion 

With a major shift from voice to high data rate services expected in the future, there is an urgent need to 
increase the capacity of cellular networks by at least one order of magnitude. The move towards smaller 

cells will also make the planning process intrinsically more difficult and expensive. In light of this, it has 

been recognised that it will be essential for the success of future services that wireless networks be made 

more intelligent and situation aware. In this chapter various methods (or technologies) have been 

discussed that can enable the cellular network to become more self-organising. These independent 

technologies have been put into a novel theoretical framework developed earlier in this chapter, defining 

what self-organisation signifies for wireless communication. 

This chapter has discussed nine such technologies and ranked them according to their merit in 6 different 

categories, namely planning cost, cost of deployment, capacity, coverage, flexibility and future potentiaL 

The evaluation of the combined effect of implementing these technologies has clearly shown the potential 

benefits. A maximum capacity increment of 13x was estimated for a microcellular network. The biggest 

improvement the self-organising concept brings with it is the almost 2 orders of magnitude improvement 

in flexibility, something which will improve the perceived quality of service substantially. Self- 

organisation has also been shown to be capable of reducing the planning cost to 1/10'h of the current cost. 

Although in order to achieve the maximum possible capacity gain, a substantial cost increase is 

inevitable, technologies like Intelligent Relaying and Dynamic Charging Utility functions provide a cost 

effective capacity increment to existing wireless solutions. The technologies that appear to be the most 

successful from this survey are Bunching and Intelligent Relaying. Bunching because it provides high 

capacity and good resource utilisation, whilst Intelligent Relaying not only provides high capacity, but 

also reduces the planning and deployment cost substantially. The author therefore; believes that these 

technologies, together with situation awareness, are the key areas of research in self-organisation. 

Situation awareness, although not receiving a very high score, is the enabling technology for self- 

organisation, providing the means by which the network can allocate its resources intelligently and adapt 

to changes. However, in order to achieve the one order of magnitude enhancement in capacity and cost 

reduction estimated here, it is essential that the physical layer technologies are also able to support the 

required functionality. Further research into physical layer technologies will not only enable the self- 

organising concept to be implemented, but will also provide a significant capacity gain in their own right. 

In the light of these arguments, Chapters 6 and 7 will thus deal more thoroughly with the various aspects 

of self-organisation. Chapter 6 will look at the physical limitation of the planning process, with particular 

emphasis on the required accuracy in positioning of basestations, as well as exploring the issue of 

minimum basestation separation for microcellular networks. 
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Basestation sensitivity to positioning 
error and separation distances in 

cellular networks 

This chapter discusses the issue of the cellular network sensitivity to basestation positioning and the 

minimum required separation of the basestations. With regards to the first issue, it is established that the 

interference level increases substantially with basestation positioning error, resulting in unacceptable 

dropping probability. With the incorporation of a simple power control algorithm, the network's 

sensitivity to errors in basestation positioning was reduced significantly and an improvement in the 

performance is obtained. The second part of this chapter concentrates on issues concerning the radio 

interface, in particular identifying factors that impacted the minimum required basestation separation for 

correct operation. The investigation studies the impact of uncoffelated and correlated shadowing, power 

control error, pathloss models, maximum transmit power and the dynamic range of the mobile terminal. 

The effect of each individual factor is evaluated first before their combined influence is analysed. The 

results reveal that the minimum required separation is heavily dependent on the service requirement and 

the dynamic range of the uplink power control. 
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6 Basestation sensitivity to positioning errors and separation 
distances in cellular networks 

6.1 Introduction 

As outlined in Chapter 1. two fundamental issues are of great interest to ensure that self-organisation can 
function satisfactorily. The first is the issue concerning the positioning of the basestation. Currently, the 

positioning of the basestations is vital to achieve both good interference protection and the desired 

coverage area. With the implementation of self-organisation, a reduction in planning time and cost is a 

main goal. Therefore, if self-organisation is to be successful, the network performance must be relatively 
insensitive to the positioning of the basestations. This implies that certain algorithms or techniques must 

be applied to compensate for the error in the positioning. 

The second study consider how closely basestations or Remote Antenna Units (RAUs) can be spaced and 

still perform satisfactorily. The very high capacities the cellular operator will have to cater for in the next 

generation of wireless systems will inevitably lead to the deployment of networks with very small cell 

radii. The investigation undertaken here will therefore aim to find whether there are any factors associated 

with the propagation environment, hardware and algorithm implementation that will limit the minimum 

spacing in any way. This is of great interest for self-organising systems, as it will provide guidelines for 

the positioning of RAUs in bunched networks that will be discussed further in Chapter 7. 

The first topic was addressed through the application of the real-time TDMA simulation procedure as 

described in section 4.3.1. At the time when the research was performed, no decision had yet been made 

on the air interface access technique for UMTS. With regards to the second topic, it was researched 

subsequent to this decision [1], and in response to this, the access technique was changed to CDMA and 

the simulation procedure was altered to that discussed in section 4.3.2. 

6.2 The basestation positioning issue 

6.2.1 The Network simulation 

Parameter 
Simulation type 

Description 
Real time simulation with downlink only 

Network size 37 basestations 
Channels 3 carriers per BS, 8 channels per carrier 
Re-use distance 7 (total f 168 channels) 
Call characteristics voice only, birth-death process, no movement 
Call duration 120 seconds with 15 second standard deviation (Gaussian distributed)[2] 
Call arrival 6 per second - uniformly distributed (chosen to give high network loading) 
Propagation model Dual slope, breakpoint at I meters, (d", d'), log-normal shadowing of 8 dB 
Cell radius 600 meters 
BS Properties 30 dBm max. power, 8dBi antenna gain. no sectorisation 
BS power control Threshold -85 dBm min power experienced by the user 
User properties 0 dB antenna gain, 9dB C/I required, -105 dBrn min signal strength 

Table 6.1: Simulation parameters (GSM type network) 

The simulation was configured according to Table 6.1. TDMA was employed as the access method and 

only the downlink performance was investigated. The main purpose of the research was to unveil what 
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impact introducing inaccuracies in the basestation positioning will have on the performance of the 

network. Figure 6.1 visualises the network in a hexagonal layout where the basestations are moved to sub 

optimal positions. In order to achieve a satisfactory network loading, the initial blocking probability is 

rather high (5%). The network aspects are otherwise as for a GSM network, using theoretical values for 

S/N and C/I as given in the GSM specification [3]. A re-use distance of 7 is employed without 

sectorisation, which is less then the more common value of 12 often found in GSM macrocellular 

networks. Consequently, the dropping probability in the original network configuration is rather high, in 

excess of 6%. The blocking probability was monitored but ignored in the analysis, as the traffic level was 

the same for all simulation runs. 

0 19 

*- 0 

S 

6k 
BSk 

BSk The k th basestation 

R The Cell radius 
8k Error vector for the 

k th basestation. 
Equal magnitude 
and uniform angular 
distribution 

Figure 6.1: Sub optinwl positioning of basestations 

Four parameters were monitored during the simulation: 

L3 Blocking probability - Users are denied access due to the lack of available channels at the 

basestation. 

C] Blocking interference probability - Users are allocated a channel but the CA is too poor so the 

call is immediately lost. 

L3 Dropping probability - During a call, the C11 becomes unacceptable so the user is dropped 

0 Outage probability - Users receiving insufficient signal power to obtain communication 

6.2.1.1 The power control algorithm 

One method of reducing the co-channel interference, as discussed in section 3.3.3, is through the 

implementation of transmission power control. The principles of power control were briefly discussed in 

section 3.7.1.2. For the investigation undertaken here, a simple approach was employed. The received 

power threshold was set to -85 dBm, accounting for a 20 dB fade margin from the S/N limit of -105 dBm. 

Whenever a user makes a connection, the BS reduces its power such that the MS would only receive a 

signal of -85 dBm. All users in a cell will therefore experience this signal level, unless severe shadowing 

causes the pathloss to be greater than the levels that can be compensated at the BS. However, the BS 

transmit power was set such that the signal strength should be approximately -80 dBm at the cell 

boundary. Only a fraction of the users will therefore experience power levels below -85 dBm. As more 
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users enter the network, the interference level will rise. If the C/I criterion for a single user falls below the 
threshold, the transmit power is increased in steps of IdB. This is repeated until the C/I criterion is met, or 
the maximum transmit power is reached. The user was thus dropped if this procedure fails to produce a 

satisfactory C/I. 

6.2.2 Simulation Results 

The first set of results examine the performance of the network using the dual slope pathloss model 
described in section 2.3.2.1, with pathloss exponents of 2 and 4 with a breakpoint at 100 meters. The user 

arrival rate was 6 users per second, with fixed channel allocation. The performance, in terms of blocking 

and dropping probability, were recorded after every simulation run. A set of trials were performed with 
increasing positioning deviation of the basestations from their optimal position in a hexagonal network. 
The deviation is measured as a fraction of the cell radius. In this case the cell radius was approximately 
600 meters. Several samples were obtained for normalised deviation of 0,0.2,0.4,0.6,0.8 and I from the 

optimum position. All BS's are positioned at this distance from their original location but with a random 

angle. 
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Figure 6.2: Performance with sub-optimal BS positioning 

Figure 6.2 illustrates typical simulation results from several trials both with and without power control. 
The results clearly demonstrate the benefits of power control. Even in a hexagonal network with no 

positioning error, the power control algorithm provides a 66% improvement in dropping probability. As 

the error increases, the dropping probability rapidly becomes unacceptable without power control. With 

power control the dropping probability does not exceed 4% even with a 60% deviation in the BS 

placement. The deviation from the mean blocking probability increases with BS deviation, making 

performance predictions more uncertain. 

6.2.2.1 The accuracY of the power control 

Whilst power control is crucial in CDMA to achieve a satisfactorily performance, it is only incorporated 

in TDMA systems for capacity enhancing purposes. The power control investigation undertaken here is 

thus merely to establish the effect it has on the outage probability (CA performance) in the network. 
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In Figure 6.3 the network performance is shown as a function of the mean dropping probability for four 

simulation runs with increasing power control error. With a3 dB error, the performance is degraded by 

approximately 10 - 25% over the entire range. This level of power control accuracy is easily achievable 
in a practical system. Although not perfect, it still provides a substantial improvement in the dropping 

probability compared with no power control. With a6 dB error in power control, the degradation is 

substantial, but it still provides a performance improvement. 
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Figure 6.3: The impact ofpower control error on the network performance 

6.2.2.2 The impact of the propagation model 

Additional simulation runs were performed with pathloss exponents of 2 and 3.5, with the breakpoint 

remaining at 100 meters. For the lower pathloss coefficients, the maximum basestation transmit power 

had to be reduced to 16 dBm to maintain the size of the cells. Although the transmit power was reduced, 

the users experience the same power level at the edge of the cell due to the lower pathloss. However, with 

a higher pathloss exponent, interference would be reduced and hence a better C/I ratio was achieved. 
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Figure 6.4: The propagation models influence on network performance 

Figure 6.4 shows that without power control in a network where the pathloss exponent is smaller and the 

transmit power is reduced appropriately; the interference level will be higher for a lower pathloss 
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exponent. With power control, the relative improvement is greater with a pathloss exponent of 3.5 than 

for 4. However, the performance was again found to be better with a higher pathloss exponent. This 

illustrates that power control is more important when there is less urban clutter due to the higher 

interference levels 

6.2.2.3 Call interference level 

Throughout the simulation the C11 ratio experienced by each user was logged at the start of the call. 
Although the user is likely to experience a variation in the C11 during the call, the average remains the 

same for the length of the simulation. The initial C/I level will therefore provide a typical snapshot of the 

interference levels. Figure 6.5 illustrates the C/I distribution for the users without power control for BS 
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Figure 6.5: C11 ratio at start of call - No power control 

As the randomness in the network increases, the number of calls not accepted onto the network due to 

interference is seen to rise. On the other hand, the majority of the users experience an unnecessarily high 

C/I ratio, which suggests that spectrum is wasted. However, the graph does not show the users that are 

dropped during the call which suggests that the results are over optimistic. With the use of the DCA 

algorithm as discussed in section 4.9.2 (based on distributed interference measurements), the C11 level 

will be lowered and hence more users can be accommodated in the network. 
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Figure 6.6: Cumulative distribution - no power control 

The next graph, Figure 6.6 depicts the cumulative distribution of the carrier to interference ratio for the 

users in the network. Only the lower part of the distribution is displayed. The graph shows that the 

probability of failure increases with the basestation positioning error. Comparing the results from Figure 

6.2 with Figure 6.6, the probability for failure is significantly lower in the latter case. The reason for this 
inconsistency is the fact that the probability of users failing during the connection is not included in 

Figure 6.6. 

The next set of results illustrate the impact of power control has on the distribution of the CII ratio for the 

users in the network. Figure 6.7 illustrate the dramatic change in the probability density distribution when 

power control is applied according to the criteria outlined in section 6.2.1.1. 
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Figure 6.7: Pdfprofile of the CII ratio at the start of the connection - with power control 

The fraction of users that experience a C/I ratio greater than 36 dB is significantly reduced. In addition. 

the probability of experiencing a CII ratio of less than 9 dB, which is the threshold value, is almost 

reduced to 0. This explains the improvement power control brings to the system, as illustrated in Figure 

6.2. Figure 6.8 provides a detailed view of the cumulative distribution function of the CA ratio of the 

users. 
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Figure 6.8: Cdfprofile at the start of the connection - with power control 
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Figure 6.8 demonstrates that the power control algorithm can effectively overcome the effect of erroneous 
basestation placement. The results also show that the network could potentially employ a tighter re-use 
factor and thus support more users with the same number of channels. Ideally all users should experience 

a, C/I ratio in the 10 - 15 dB region for maximum spectrum utilisation. This could be achieved through the 

application of a slightly improved power control algorithm, aiming to reduce the transmit power of the 
basestation until a C/I ratio of 9 dB is obtained, rather than simply to adjust the received power to -85 
dBm, together with dynamic channel allocation as discussed earlier. A re-use factor of four could 

potentially also be used, but that might lead to channels being reused without sufficient separation 
distance in many cases and would lead to a higher probability of lost calls. DCA offers a better approach, 

since only channels that can tolerate more interference will be reused at distances shorter than the re-use 
distance. 

6.2.3 Discussion 

From the results shown in the previous sections, it is possible to conclude that the cellular network can be 

made relatively insensitive to erroneous basestation positioning through the application of power control 

on the downlink. This result is significant, as it implies that accurate planning of the network, at least 

from a propagation perspective, is not essential as appropriate algorithms such as power control can be 

employed to combat the effect of the sub-optimal network. In addition, dynamic channel allocation is 

ideally suited to provide resources in such a scenario, as nothing is assumed about the interference. 

Instead it is measured in real-time leading to correct decisions on the suitability of a particular channel. 
This is confirmed by the results obtained by Nettleton in [4], where DCA strategies are compared to FCA 

in a similar network simulation to that performed here. 

As the randomness in the network increases, the performance is severely degraded. This is due to there 
being active interfering connections too close to each other. The blocking probability increases due to the 

cells different coverage areas. Some cells will therefore cover larger areas but with no added capacity, 

resulting in increased blocking. This can be combated with dynamic cell sizes, where the user first tries to 

connect to the nearest basestation. If this fails, the user successively tries to connect to the next strongest 
BS. 

With power control, the results reveal that a definitive improvement in the performance can be achieved 

even in a severely distorted network, where a normalised BS error of 50% resulting in a 4% dropping 

rate. This result would improve if sectorisation were applied to the network. In the case of a microcellular 

network, the antenna is most likely to be mounted on a wall, effectively providing 180* interference 

protection. 
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6.3 The basestation separation issue 

6.3.1 Introduction 

Research reported in literature concerning the minimum required basestations separation, has focused on 
TDD issues, in particular how the cross operator interference will affect the capacity in the unpaired 
UNITS spectrum [5]. The results from [5] reveal that the system is relatively sensitive to the separation 
distance between different operators basestations. Asymmetric traffic is the cause of the majority of the 

problem in TDD, since different switching points between the uplink and the downlink will cause 

considerable cross-link interference for neighbouring basestations and terminals. 

For the individual operator, the issue of how close basestations or remote antenna units can be spaced is 

of significant interest. Ultimately, it is the minimum BS separation distance that determines how small the 

cell size each operator can deploy, something which also determines the maximum capacity. For the very 

small cell sizes discussed in this section, it is assumed that RAUs, as described in section 5.3.2, will be 

used to cover the area. This research is focused on the UMTS FDD mode and identifies the most 

significant factors when trying to achieve good performance in the cellular network. 

6.3.2 Analysis methodology 
The performance of the network is evaluated according to two different criteria. The first was the capacity 

per cell (RAU) and the second the total network capacity. In the first instance the capacity is denoted by 

the 'Number of users per cell'. In the latter case, it is denoted 'Number of users per kM2' . This allows the 

cellular operator to determine the appropriate cell size to support the required number of users per km 2 

and whether the resource utilisation per RAU is sufficient to justify its installation. 

6.3.3 Background information and system description 

The simulation was configured according to the UMTS specification as given in [6]. Table 6.2 lists the 

system parameters that are used for the simulation. 

Parameter 
Chipping rate 

Value / description 
3.84 Mcps 

User bit rate (voice) 15 kbps 
Voice activity factor 0.5 
Required Eb/No 3.3 dB (2.13 magnitude) 
Carrier frequency 2.0 GHz 
Maximum Mobile Tx power 30 / 21 dBm (2 classes) 
Dynamic range 60 - 80 (120) dB' 
Target Received power level -102 dBm 
Antenna gain + cable loss 8 dB 
Antenna characteristics Mono pole (not sectored) 
Link characteristics Uplink only 
Target outage level 0.01 
Tx / Rx height difference 3m 
Number of cells 2/10 

Table 6.2: SývStem parameters 

1 120 dB dynamic range is only included for comparison reasons 
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It is assumed that there is only voice traffic in the network. The initial scenario only contains two equally 

sized cells that are neighbours. For simplicity, users were deployed in each cell's area and connected to 

that cell. No comparisons of the pathloss from the user to the two cells were performed. As the cell size 

was reduced, so also was the area from which the users were distributed. Only issues concerning the radio 
interface were investigated with particular emphasis on the parameters which affect the minimum RAU 

separation. 

The users are distributed uniformly in the study area. Figure 6.9 illustrates that the coverage area of each 
RAU is also reduced when the separation of the RAUs becomes smaller. The number of users in each cell 
is kept constant if possible, such that the user density increases for smaller cell radii. None of the users are 
blocked 2 when they access the network. All users Eb/No are recorded. The number of users supported at 

any time, is determined by a 1% outage probability. 

-_ 

Figure 6.9: Illustration of the cell size reduction experienced as a function of the diminishing RAU 
separation distance 

6.3.3.1 Propagation issues 

6.3.3.1.1 The pathloss model 

For the simulations, a simple single slope statistical pathloss model was utilised as described in detail in 

section 2.2.1. Equation (6.1) describes the model. 

P, = -20. log f-I On - log d+ 20. lo - 41r 
C (6.1) 

wheref is the carrier frequency, n the pathloss exponent, d the distance from the transmitter to receiver in 

metres and c the speed of light. The pathloss exponent is the only parameter in the equation that will be 

altered according to the criteria set in Table 6.2. 

6.3.3.1.2 Shadowing model 

In addition to pathloss, the other principal propagation characteristic is the shadowing component, as 

discussed in detail in Chapter 2, sections 2.2.3 and 2.3.9. The significance of uncorrelated and correlated 

shadowing was covered in section 2.3.9. In the light of the arguments presented there, the shadowing was 

2 The term "blocked" implies that the user can not connect to the basestation due to a lack of channels. 
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modelled both as uncorrelated and correlated to the separation distance between two locations. From the 

microcellular trial in Stockholm discussed in the same section, a de-correlation distance of 5 meters was 
reported. In the simulations undertaken in this study, the impact of varying the de-correlation distance is 
investigated. 

6.3.3.1.3 Simulation variables (parameters) 

Table 6.3 lists all the parameters which were varied in the simulations. For all simulation runs, the RAU 

separation will be the main independent variable. 

Variable I Variable 2 Variable 3 Variable 4 Variable 5 Variable 6 
BS Pathloss Shadowing Dynamic Mobile Tx Power 
separation exponent (dB) range (dB) power (dBm) control 
(m) error (dB) 

Range 500-2(50 4-2 0-8 60,80 and 21 and 30 0-2 
to Im step (0.5 step (4 dB step 120 (0.25 step 
size) size) size) size) 

Table 6.3: Simulation parameters 

The pathloss coefficient for each run is set to the desired value. For LOS scenarios, a pathloss coefficient 

of 2 is used. For NLOS, the pathloss coefficient is varied between 3.5 and 4 to see if it has a significant 
impact on the capacity. 

The shadowing parameter has already been discussed in some detail. Simulation runs are performed with 

shadowing variations from 0 to 8 dB. The impact of correlated shadowing versus uncorrelated shadowing 
is also investigated. 

Another important parameter is the dynamic range of the mobile transmit power. The impact of dynamic 

range on the capacity and the minimum RAU separation is also evaluated. 

The mobile terminal's maximum transmit power is of great importance, since it determines the maximum 

cell size. Maximum transmit powers of 21 dBm and 30 dBrn are used in the simulation. 

Finally, the impact of the error introduced by the power control is evaluated. The standard deviation of 

the power control error is increased in step sizes of 0.25 dB, up to a maximum value of 2 dB. 

6.3.3.1.4 Interference calculations 

The analyses are performed on the uplink only since it has been identified as the capacity limiting link in 

CDMA systems [7]. Thus, the interference in the system will be experienced at the RAU. The RAU 

receives the signals from all the mobile terminals in its own coverage area as well as the interfering 

signals from the users in the neighbouring cells. The Eb/NO experienced by each user is given by the 

CDMA equation described in section 3.7.1.3, equation (3.17). 

When the users are deployed, their transmit powers are determined prior to the execution of the 

interference calculations. The Eb/No ratio experienced for each user is then calculated by applying 

equation (3-16). Since all the users are deployed simultaneously, none of the users will try to improve 

their Eb/No. 
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User generation and channel calculations 
Do while BS separation < Minimum AND Continue = True 

Do while REPEATS >0 
For cell I and 2 Do 

For N Users Do 
Generate user position 
Calculate pathloss 
Generate shadowing deviate 
If correlated shadowing 

Work out Correlation factor (based on distance) 
Correlate deviate from reference value 

End if 

, Add shadowing, component, to-, the pathloss 
Find required transmit power 
Limit transmit power if outside dynamic range 
Store Tx power, Rx power and shadowing component 

Next User 
Next Cell 

Interference calculations 
For cell 1 and 2 Do 

**** work out other cell interference 
For N Users Do, 

Work out distance to user in other cell 
Calculate pathloss 
Generate shadowing deviate - 
If correlated shadowing 

Work out correlation factor 
End if 
Add shadowing to pathloss 
Work out received interference and add up 

Next user 
**** work out home cell interference 
For N users 

Calculate interference contribution from users in the cell 
Add contribution from neighbour(s) cell 

Next user 
Next Cell 

Storing Eb/No distribution 
For cell I and 2 Do 

For N Users Do 
Work out Eb/No for user 
Store result in the correct bin 

Next user 
Next Cell 

******* outside control loop 
If REPEATS = TEST 

If correct Eb/No distribution > too high 
Increase N (number of users) 
REPEATS = Initial value 

Else if Eb/No distribution < too low 
Decrease N 
REPEATS = Initial value 

End if 
End if 
Reduce REPEATS 

End While Loop 
Reduce BS separation 

End While Loop 
******* Output results 
Output 

Number of users for each cell radius 
Received power distribution 
PDF distribution Eb/No 
CDF distribution Eb/No 

End Output 

Figure 6. JO. - Pseudo code listingfor the simulation 
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If the outage probability is found to be unacceptable, a new trial is performed with a reduced number of 

users. The process is then repeated until a satisfactorily probability of failure is obtained. The first tier 
interference is generated by multiplying the interference contribution from the neighbouring cell by 6, so 

as to simulate the effect of having 6 interfering cells. Although the distribution of users in separate cells 

will vary according to the arguments presented in chapter 4, section 4.9.3, on average their interference 

contribution will be the same. 

6.3.3.1.5 Power control error 

CDMA systems rely heavily upon power control on the uplink to provide the required capacity. To 

simulate the impact of errors in the power control, a normally distributed random variable with a given 

standard deviation is added to the received power prior to the execution of the interference calculations. 

6.3.3.1.6 Data output 

The Eb/No distribution from each simulation is stored in bins of 0.2 dB. This provides sufficient 

granularity to gain a representative picture of the network performance. 

6.3.3.2 The simulation procedure 
The pseudo code for the Monte Carlo simulation utilised for investigating the impact of RAU separation 
is listed in Figure 6.10. The code was implemented in Excel, utilising the VBA macro language. The 

software consists of a number of loops, but can roughly be divided into four main parts. namely user 

generation, channel calculations, interference calculations and a control section. 

For the simulation, a number of users are generated and deployed in the two cells. Next the uplink 

channel calculations for each user are performed, power controlled to the desired receive level. Any 

power control error is added at this stage. Then the interference calculations are accomplished for each 
individual user. The data is stored in an Eb/No list. If the target outage level is achieved, this process is 

repeated a number of times so as to obtain good statistical averaging. If this is not the case, a new trial is 

performed with a reduced or increased number of users to ensure that the target outage level is met. 

6.3.4 Simulation Results 

The results can be divided into three sections, where the first section is simply an introductory 

investigation to verify the suitability of the simulation procedure. This is followed by the analysis of the 

capacity of a single RAU under various conditions. The third section discusses the implications for the 
2 network of RAUs, both in terms of the number of users supported per km , the network performance with 

high rate data services and the cost of the infrastructure both in real terms and as a function of the number 

of subscribers. 

6.3.4.1 Introductory investigations 

The first set of trials was performed to confirm that the simulation procedure was working correctly. The 

simulation parameters were set to the values listed in the table associated with Figure 6.11. As expected, 
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for large RAU separations, the results show that the impact of the interference from the neighbouring cell 
is very small. 

Parameters 

BS separation 

Value 

500- 50 m 
Pathloss exponent 4 
Shadowing 8 dB 
Max Tx power 30 dBm 

Dynamic range 80 dB 

Power control error 0 dB 

Required Eb/No 3.3 dB 

Tx/Rx height diff. 0m 

Number of cells 2 
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Figure 6.11: Simulation parameters and Pdffor RAU separationsfrom 500 to 50 meters 

For the same propagation conditions, the proportion of users that experience an acceptable quality 
diminishes rapidly for smaller cell sizes. This is both due to the increased density of users and the fact 

that the shadowing component becomes a more significant part of the total pathloss. By inspection of the 
Eb/No Cdf shown in Figure 6.12, one can also observe that the most dramatic changes occur between cell 

radii of 450 to 50 meters. 
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Figure 6.12: Cdffor RAU separation from 500 to 50 meters 

The results of real interest however, are the number of users that can be supported for varying cell radii 

under a defined set of conditions. On the uplink in a CDMA system, it is essential that all mobiles are 

received at the same power level (the target level) to achieve the maximum capacity [81. In a practical 

system, as discussed here, there will however always be a limit on both the mobiles maximum transmit 

power and the dynamic range of the power control. If one considers a propagation scenario with a single 

slope pathloss model with no shadowing, then the maximum and the minimum distances between the 

mobile station and the RAU can be calculated. Table 6.4 illustrates this minimum distance for the two 

systems discussed here (plus a nominal 120 dB range) for varying pathloss coefficients from 2 to 4. The 

numbers are derived assuming the target receive power is -102 dBm with a total antenna gain and cable 
loss of 8 dB. This demonstrates the limitations of the system performance in terms of its maximum cell 

6 
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radius and the exclusion zone close to the RAU. If one then adds a shadowing component, the exclusion 

zone will be increased and the cell radius decreased. 

gýý IM-4 w. ur TYA 
Min dist. 

ýý 
Max dist. Min dist. 

i 
Max dist. 

aKqRürllgrllwj 
Min dist. 

WBKI]rlll 
Max dist. 

47 6.5 m 205.7 m 3.5 m 345 m 0.35 m 345 m 

3.5 3.5 8.5 m 440.4 m 4.1 m 796 m 0.29 m 796 m 
3 12.2 m 1.22 km 5.2 m 2.42 km 0.24 m 2.42 km 
2.5 20.0 m 5.03 km 7.3 m 11.5 km 0.18m 11.5 km 

l 

2 42.3 m 42.3 km 11.9m 119.4 km 0.12 m 119.4 km 

Table 6.4: The maximum transmit power and dynamic range impact on min. and max. distance between 
the mobile station and the RA U 

To demonstrate the effect of a limited dynamic range on the power control 3 simulations were performed 
for a dynamic range of 60,80 and 120 dB. 150 users were deployed in two cells and the target received 

level was set to -102 dBm. To obtain a good statistical sample, the process was repeated 200 times, 

giving a total of 120,000 users. Figure 6.13 shows the results from the three scenarios. 
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Figure 6.13: Probability Density profile of the Received mobile power 

From the first plot, one can observe that half the users (60,000) are received at the target level, whilst the 

other half, which are the interfering users from the other cell, are received at power levels varying from 

-140 dBm to just below -102 dBm. Due to the resolution of the first plot, it is not possible to observe 

whether any of the users are received at higher power levels. From the expanded plot it is evident that 

some users are received at power levels as high as -60 dBm. This demonstrates the importance of the 

dynamic range of the power control. Whilst at 80 dB, and less so at 60 dB range, enables the vast majority 

of the users to be power controlled to the correct level, however, it still leaves some users at significantly 

higher power levels. The number of users in the region above -102 dBrn might seem very small 

compared to the (almost) 60,000 correct users. The fact is, however, that if even just one user is received 

at -70 dBm, it effectively terminates all other users connections unless they also increase their power to 

the same level. The plot shows that a 120 dB range enables all the cell's users to be received at the target 

level. If one now considers a more realistic propagation scenario that includes the shadowing, the 

dynamic range of the power control becomes even more important as the transmitted power is now not 

only dependent on the distance from the RAU, but also the shadowing component. 
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ier cells are 
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Figure 6.14: The two-cell scenario with /" tier of interferers 

A full-scale simulation of a network with 10 cells was then undertaken. Only the data from the two centre 

cells, as illustrated in Figure 6.14 was analysed. The surrounding cells were simply included to achieve a 

more realistic interference scenario. The simulation trials in the next sections investigate the impact of 

each parameter separately before their combined impact is considered. 

6.3.4.2 The impact of the pathloss coefficient 

Parameters 

BS separation 

Value / Setting 

500 -2 meters 

Pathloss exPonent 2-4 

Shadowing 0 dB 

Max Tx power 30 dBm 

Dynamic range 80 dB 

Power cntrI error 0 

Required Eb/No 3.3 dB 

Tx/Rx height diff 3m 

Number of cells 10 
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Figure 6.15: The Pathloss coefficient impact on the capacity 

A series of trials were undertaken to quantifies the impact of varying the pathloss exponent on the overall 

capacity. As expected, the results shown in Figure 6.15 illustrates that higher capacity is achieved for 

greater pathloss coefficients. For all, but the Exp 2 pathloss model, the capacity per cell starts de- 

generating at cell separations of 30 meters. The LOS case (Exp 2) shows an interesting behaviour, in that 

the capacity reaches a local minimum for a RAU separation of 20 meters before it increases again to 10 

meters. The reason for this can be found in Table 6.4. For LOS the power control fails for distances 

smaller than 12 meters. At a 30 metre separation, assuming the users are uniformly distributed, 62.9 'Yr of 

the users are closer than this minimum distance, and hence the majority of the users in the cell are 

received at a higher power level than the target level, causing the more distant users to fail. For an RAU 

spacing of 10 meters or less, all users transmit at their minimum transmit power and are received at levels 
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higher than the target level. The same capacity would therefore have been achieved with no power 

control. A full discussion of this effect can be found in Appendix B. 

6.3.4.3 The impact of Power Control dynamic range 
Three separate simulations were performed for dynamic ranges of 60,80 and 120 dB. The results are 
shown in Figure 6.16. The trials were performed under ideal conditions with no shadowing. From the 

graph, the impact of both altering the transmit power and the dynamic range of the power control can be 

observed. For larger values of dynamic range, the capacity for each cell is maintained until the RAU 

separation becomes smaller than 50 meters. However, a reasonable capacity is still maintained all the way 
down to a 10-metre separation. 

Parameters 

BS separation 

Value 

500 -2m 
Pathloss exPonent 3.5 

Shadowing OdB 

Max Tx power 21-30 dBm 

Dynamic range 60-120 dB 

Power cntri error 0 dB 

Required Eb/No 3.3 dB 

Tx/Rx height diff 3m 

Number of cells 10 
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Figure 6.16: The effect ofpower control dynamic range on the systent capacity in ideal conditions 

For a 21 dBm transmit power and a 60 dB dynamic range, the loss in capacity commences much earlier. 
The capacity for each cell is more than halved for a 100 meters RAU separation. From the graph, it is also 

possible to observe the impact of the collapse in the power control as explained in the previous section. 
From Table 6.4, the minimum distance between the user and the RAU for correct power control with a 60 

dB range, is 8.5 meters (assuming no shadowing). 

6.3.4.4 The impact of uncorrelated shadowing 

A number of simulations were performed for varying RAU separations to investigate the impact of 

uncorrelated shadowing on capacity. The results shown in Figure 6.17 are intuitive with the expected 
degradation in capacity occuring for higher values of shadowing. As the RAU separation diminishes. the 

ability of the power control to reduce the inter-cell interference is severely restricted. In the no shadowing 

and 4 dB shadowing cases, a high capacity utilisation is maintained down to a 20 metre RAU separation. 
For 8 dB shadowing, the capacity degradation commences at a 150 metre RAU separation. Depending on 

the required capacity utilisation (in terms of spectrum usage) RAU separations down to 50 metres are 

possible if halving of the capacity per RAU from 120 to 60 users is acceptable. 
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Figure 6.17: Capacityfor varying shadowing values 

6.3.4.5 The impact of correlated shadowing 
Research in [91 has shown that the shadowing is correlated over small distances. This implies that the 

interference environment is less harsh than that suggested by the analysis of the uncorrelated shadowing 

results. A number of trials for a decorrelation distance of 10 and 50 meters were performed and the results 

are depicted in Figure 6.18. 

Parameters. 

BS separation 

Value 

500 -2m 
Pathloss exponent 3.5 

Shadowing correlated 
Max Tx power 30 dBm 

Dynamic range 80 dB 

Power cntrl error OdB 

Required Eb/No 3.3 dB 

Tx/Rx height diff 3m 

Number of cells 10 
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8 dB - 50m 
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Figure 6.18: The impact of capacit-y on correlated shadowing 

The correlation was modelled as discussed in section 6.3.3.1.2. From the graph, one can observe how the 

capacity in fact increases for smaller RAU separations as a function of the correlated shadowing. The 

point at which the shadowing can be treated as correlated is of profound importance for larger shadowing 

standard deviations. As expected, a decorrelation distance of 50 meters results in higher capacity for 

smaller separations than the 10 meters decorrelation distance. Comparing the results with the uncorrelated 

case also shown in Figure 6.18 illustrates that the capacity is increased substantially for lower values of 

RAU separation. However, a decorrelation distance of less than 10 meters is likely to be more realistic. 

For the case with 8 dB shadowing and a decorrelation distance of 5 meters, the capacity improvement is 

slight compared to the uncorrelated case and is in line with results reported in the literature [9]. Also note 

- 143- 



Chapter Six 

the collapse of the power control which can be observed for the 8 dB - 10 m graph resulting in a local 

minimum at a separation distance of 30 meters. 

6.3.4.6 The impact of power control error 

Power control error will also reduce the capacity. Scenarios with 0.5,1 and 2 dB standard deviation on 

the power control were investigated in Figure 6.19. As expected, the capacity is reduced for higher 

standard deviations of the power control error. However, the cut-off distance marking the start of a rapid 
degradation in capacity per cell does not move significantly. 

Simulation paranL Value 

Cell radius 500 -2m 
Pathloss exponent 3.5 

Shadowing 0 dB 

Max Tx power 30 dBm 

Dynamic range 80 dB 

Power control error 0.5 -2 dB 

Required Eb/No 3.3 dB 

Tx / Rx height diff. 3m 

Number of cells 10 

140 

120 

1 
100 

80 

60 

1 40 

20 

0 
10 100 

RAU separation distance/ rn 

Figure 6.19: The capacity degradation resulting from power control error 

1000 

6.3.4.7 The impact of the combined propagation mechanisms 

The final results consider the combined impact of all the parameters on the capacity of the system. The 

results in Figure 6.20 confirm that the capacity per cell is reduced for lower pathloss exponents. 

120 
Parameters Value 

Cell radius 500 -2m 
Pathloss exponent 2-4 
Shadowing 
Decorrelation dist. 

8 dB 
5m 

Max Tx power 30 dBm 

Dynamic range 80 dB 

Power cntrl. error 0.5 dB 

Required Eb/No 3.3 dB 

Tx/Rx height diff. 3m 

Number of cells 10 

100 
19 

80 

60 

40 

20 

0 

1 10 100 1000 
RAU sepamtIo nd Istance /m 

Figure 6.20: The capacitY degradation resultingfrom changes ill the pathloss model 

As expected, for line-of-sight locations, the interference introduced from the neighbouring cells is greatly 

increased compared with the higher order pathloss models. As the RAU separation is reduced to 

approximately 100 meters, the capacity is almost halved compared to the RAU separation of 500 meters. 

The impact of the limited maximum transmit power can also be observed for the scenario with a pathloss 
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exponent of 4 (Exp 4), where the capacity reaches its maximum for a cell radius of 250 meters. The effect 

of correlated shadowing for small RAU separations can also be seen from the results, where capacity 
increases slightly as the separation approaches the correlation distance of 5 meters. 

The simulations were then repeated for a 60 dB power control range and 21 dBm maximum transmit 

power. The results in Figure 6.21 show that the performance for all the pathloss models are degraded 

substantially. If 150 users per cell is set as the maximum achievable and 75 users as the minimum 

acceptable level, then the range over which this is achieved is minimal, so other compensatory techniques 

like sectorisation, interference cancellation or joint detection must be applied. 

Parameters. 

Cell radius 

Value 

500 -2m 
Pathloss exponent 2-4 
Shadowing 
Correlated: 

8 dB 
5m 

Max Tx power 21 dBm 

Dynamic range 60 dB 

Power cntrl error 0.5 dB 

Required Eb/No 3.3 dB 

Tx/Rx height diff. 3m 

Number of cells 10 

100 

80 

60 

0 
ki 40 

z 
20 

0 

--0-- Exp 4 
Exp 3.5 
Exp 3 
Exp 2 

10 100 1000 
RAU separation distance/ m 

Figure 6.2 1: The capacity degradation resulting from changes in the pathloss model (2) 

6.3.5 Implications for the planning of a microcellular network 
So far the capacity of individual cells in various conditions has been discussed. The results show that the 

capacity of each RAU is reduced significantly for smaller RAU separations. However, the total network 

capacity is not obvious. This leads to a second evaluation criterion, namely the number of users supported 

per kM2. 
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Figure 6.22: Capacity improvement by reducing the cell size 
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The purpose of the graph in Figure 6.22 is to illustrate the number of users that can be supported per km 2 

assuming that one RAU covering I krn 2 can support 150 users. For smaller cell radii (and hence coverage 

area), more users can be supported. The graph marked 'Unlimited' illustrates the case where the capacity 

per cell does not decrease as a function of the cell radius. This is clearly unrealistic, as the inter-cell 

interference will dramatically reduce the capacity. The 'Limited' graph illustrates the case where the 

capacity of each RAU is reduced linearly from 150 users per cel 13 (in the scenario where I RAU is 

covering I krn 2) to 1.5 users when each cell has a radius of 5m. Although the capacity is increased 100 

times for a cell radius of 5 meters, the number of RAUs has increased 12,732 times. The following 

sections will apply this criteria to the data and investigate whether there is a minimum separation distance 

that yields a maximum network capacity. 

6.3.5.1 Number of users supported per km 2 

The discussion in the previous section was based on the theoretical (and hypothetical) results from Figure 

6.22. The same criteria must now be applied to the actual results from earlier sections. The two graphs in 

Figure 6.23 illustrates the capacity per krn 2 as a function of the RAU separation based on the results 

shown in Figures 6.16 and 6.17 respectively. The theoretical curve illustrates how the capacity would 

increase if the system was not interference limited. Given that the antenna height difference between the 

transmitter and receiver is 3 meters, which thus becomes the minimum possible distance between the 

transmitter and receiver, the 120 dB dynamic range does not provide any significant improvement over 

the 80 dB range. 
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I Figure 6.23: Capacity per km for varývingJynainic range and shadowing values (respectively) 

The 60 dB dynamic range deviates from the theoretical curve, but still provides a significant capacity 

improvement up to a RAU separation of 6 meters. For shorter separation distances the effect of the 

collapsed power control can be observed. The second graph illustrates the impact of shadowing on the 

capacity for a dynamic range of 80 dB- Whilst the capacity reduction for 0 and 4 dB shadowing is 

marginal, one can observe that for 8 dB shadowing there is a minimum RAU separation for a maximum 

number of supported users. The highest capacity is achieved for an RAU separation of 30 meters. 

3 Due to the expected increase in inter cell interference 
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As demonstrated in Figure 6.18, modelling the shadowing as a correlated mechanism increases the 

predicted capacity compared with the uncoffelated case. The obtained capacity per kM2 from Figure 6.18 

is shown in Figure 6.24. 
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Figure 6.24: Capacity per area for correlated shadowing and power control error 

Unlike the previous case with correlated shadowing, the capacity increases monotonically for smaller 
RAU separations down to 10 meters. The number of users supported in the worst-case scenario is not 

altered dramatically either (bottom legend on the graph). When the power control error is introduced, the 

capacity is reduced further. There is, however, no point where the capacity per area is not increasing. For 

a2 dB power control error, the number of users that can be supported per RAU is rather low and 
decreases to approximately 30 users for an RAU separation of 10 meters. 
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Figure 6.25: Capacity per area with 80 and 60 dB power control range respectively 

Figure 6.25 illustrates the impact of the combined parameters. For an 80 dB power control range. the 

capacity increases for all but the LOS scenario. Under LOS conditions, the maximum network capacity is 

achieved for a 60 metre separation. The next graph visualises the importance of the dynamic range of the 
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system. When the dynamic range of the power control is reduced to 60 dB, the performance of the system 
is significantly degraded. For large RAU separation distances, the normalised capacity is smaller than 1. 

This illustrates the fact that the performance is worse than for a single RAU under normal conditions 

where approximately 35% of the capacity is lost due to the first tier interference. 

6.3.6 Implications for higher bitrate data services 

The investigation undertaken up until this point has only considered voice services. Clearly, the main 

purpose of UMTS is to accommodate higher bitrate data services. A significant proportion of this traffic 

will be packet orientated, with no permanent dedicated data channel being set up between the transmitter 

and receiver. Time critical data on the other hand, will be treated as speech, but with a much higher data 

rate. In the light of this, the results from the earlier sections can be extrapolated for time sensitive higher 

bitrate services, but not for packet services. In section 3.8 and the associated sub sections, the 

implementation of the UMTS architecture is covered with a particular emphasis on how the various 

services requiring dedicated data channels are supported on the uplink in the FDD mode. Assuming that 

time sensitive data services ranging from 64 to 384 kbps can be accommodated employing only one 
dedicated data channel, Table 6.5 can be derived for the equivalent number of voice users, considering the 

capacity for activity factors of 1.0 and 0.5. 

Channel rate 

Activity 
factor 8 kbps 

15 kbps 

64 kbps 

120 kbp, 

384 kbps 

920kh ps 

8/ 64 /. 384 kbps 

15/ 120/920 
Max Support 0.5 146 20 2 36/5/ 1 
Max Support 1.0 73 10 1 18/2/0 
Min support (chosen) 0.5 16 4 1 4/1/1 
Min support (chosen) 1.0 16 4 1 4/l/I 
Equivalent 15 kb 0.5 16 29 73 4/30/73 
Equivalent 15 kb 1.0 32 58 146 64 8/60/14 

Table 6.5: Conversion tablefor higher bitrate services 

The maximum number of 15 kbps users with voice activity of 0.5 is derived from equation (3.18) in 

chapter 3 accounting for the other tier interferers. When the voice activity factor is 1.0, the capacity is 

simply half that of the 0.5 case. The maximum capacity for the higher data rate services assuming an 

activity factor of 0.5, is derived from the same equation (3.18). Again, the maximum capacity when (fie 

activity factor is 1.0, is half that of the 0.5 case. For each service, a minimum number of connections are 

selected and these are employed as an evaluation criterion in the next section. The actual value for each 

service is set such that one can reasonably expect a basestation to be able to support that number of' 

connections at the given data rate. In the case of the mixed services scenario, it is initially assumed that 

the 384 kbps service has half the resources, whilst the other half is split equally between the 8 and 64 

kbps service. For each case, the number (or sum of numbers) of equivalent 15 kbps channel rate services 

will provide the value that should be considered as the minimum required capacity per RAU in each 

scenario. To find the minimum required separation distance, it is necessary to refer back to the results 

from the earlier section taking the number of equivalent 8 kbps users in each case. The results shown in 

4 This service mixture can not be supported in the given bandwidth 
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Figure 6.26 (which are the same as Figure 6.20 and Figure 6.21 respectively) were employed to determine 

the separation distance shown in Table 6.6 with an activity factor of 0.5 

Pe range PL E 
80 dB 3.5 

xp 8 kbps 
3m 

64 kbps 
25 m 

384 kbps 
60 m 

Mixed 
not supported 

2 100 m 220 m 450 m not supported 
60 dB 3.5 

2 
80 m 
500 m 

200 m 
not supported 

350 m 
not supported 

not supported 
not supported 

Table 6.6: Performance limitsfor higher bitrate services (minimum RAU separation), activityJactor 0.5 
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Figure 6.26: Minimum separation distancefor a given capacity per RAU - 80 dB and 60 dB dynamic 
range respectively (Same as Figure 6.20 and Figure 6.21) 

The results demonstrate that the RAU separation is dependent not only upon the pathloss and the dynamic 

range of the power control, but also the minimum number of users that should be supported by an RAU at 

the desired bit rate. For an 80 dB range, services up to 384 kbps can be supported. In LOS propagation 

environments, the RAU separation would have to be at least 60 meters to achieve the wanted number of 

users per RAU. The results also illustrate that the mixed service case can not be supported for any of the 

scenarios investigated here. If the 384 kbps user employed multiple dedicated data channels, it could 

potentially be supported. From Figure 6.26 it is also evident, that for higher pathloss coefficients (d'4) 

sufficient protection from intercell interference is obtained such that the mixed service scenario can be 

supported with a basestation separation of between 100 and 300 meters. 

Table 6.7 shows the results from the same scenario again, but this time assuming a data activity factor of 

1.0. The results are again deducted from Figure 6.20 and Figure 6.21 and are illustrated in Figure 6.27 

employing the number of equivalent 15 kbps channel rate services with an activity factor of 1.0 from 

Table 6.6. With the higher activity factor, for the same number of active users per basestation on the 

given service, the basestation separation will have to be considerable higher than for the case when the 

activity factor is 0.5. Neither the 384 kbps service nor the mixed service scenario can be supported under 

the given conditions. These results illustrate the impact the service mix will have upon the required RAU 

separation. Prior to deployment, the operator will thus have to consider what mixture of services should 

be supported by each basestation (or RAU). An iteration process is then required to investigate whether 

the limitations on cell size imposed by the service mix is compatible with the expected capacity in the 

service area. 
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8 kb 4 kb Pc range 
80 dB 

Pl, 
d' 

ps 
25 m 

6 ps 
55 m 

384 kbps 
not supported 

NI ixed 

not supported 

d-l' 200 m 300 m not supported not supported 
60 dB I-TT- d' 200 m 250 m not supported 

I 
F not supported not supported , not supported , not supported 

Table 6.7: Performance limits for higher bitrate services (minimum RAU separation), activityjactor 1.0 
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Figure 6.27. - Minimum separation distancefor a given capacity per RA U- 80 dB and 60 dB dynamic 

range respectively (Same as Figure 6.20 and Figure 6.2 1) 

6.3.6.1 Support for the 2.048 Mbps service 

The 2.048 Mbps service is supported on the uplink through the means of multiple orthogonal codes as 

discussed in section 3.8.1.3. Assuming the channel does not degrade the orthogonality significantly, the 

service will appear like a single 384 kbps service encoded in 920 kbps. However, if the orthogonality is 

reduced, then the cross code interference will make the service difficult to support, in particular, if one 

considers interference introduced by neighbouring cells. In addition, operators will not be required to 

support any higher data rates outdoors than 384 kbps which is the scenario that is of most interest in this 

study. In the light of this, no analyses will be performed on the available capacity for 2.048 Mbps service. 

6.3.7 A city centre scenario 

The implications of the research undertaken so far can best be illustrated with a practical coverage 

example of a city centre with as many as 100,000 subscribers within I km 2. Table 6.8 describes the 

relevant parameters in the scenario. 

P Val arameter 
Area 

ue 
I km- 

Number of subscribers 100,000 
Req. voice Capacity per subsCriber 0.07 - 0.025 Eflang / subscriber 
Req. data Capacity per subscriber 300 kB during peak hour (2.4 Mb) 
Service mixture 1 50% voice, 50% data 

Table 6.8: Traffic parameters in a city centre scenario 

It is relatively simple to work out the required capacity of the system for the voice. The difficulty arises 

from the data traffic. Very little is known about the expected increase in data traffic. Services like 

downloading and uploading documents, reading e-mails. browsing web pages, Internet shopping and 
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video conferencing all have very different characteristics. No equivalent method to ErIang B for voice 

exists for data traffic. The transmission is often connectionless, packet oriented, asynchronous, 

asymmetric and bursty. Some developments have been made in the modelling of data traffic, but they 

require a packet level approach [101. For simplicity, the Erlang B model will be applied here through a 

scaling process. Research has shown that the average HTML document is 6.4 kB long (51.2 kb), whilst 

the average image file size is 13.9 kB (I II kb) [II]. Bearing this in mind, an average transmitted data of 
300 kB for data users during the peak hour seems reasonable. 

Data rate Duration 
8 kbps 300s 
64 kbps 38s 
384 kbps 6.5s 

Table 6.9: Time duration for transmitting 300 kB of data at different rates 

Considering the results from Table 6.5, one can support a maximum of 20 users at 64 kbps in the given 

bandwidth. The maximum number of 8 kbps users is 146, thus one 64 kbps user is equivalent to 7.3 8 

kbps users. Rounding up, this means 8 voice connections for 38 seconds (from Table 6.9), which results 
in a total duration of 304 seconds. The equivalent 'data-Erlang' per subscriber then becomes: 304 %/3600 

s=0.08 Erlang. For a service mixture of 50% voice and 50% data, the total required capacity becomes 

0.053 - 0.092 Erlang / subscriber. For 100,000 subscribers, the total required capacity thus ranges from 

5300 to 8900 Erlang. Employing the Erlang B table, as discussed in section 3.4.1.1, for a 1% blockage 

probability, the equivalent number of channels required to support this traffic intensity is in the range 
5308 to 8879 from Figure 6.25. These numbers can then be employed to find the required basestation or 

RAU separation from Figure 6.21 to achieve this capacity in the given bandwidth. From Table 6.10. it is 

evident that the capacities required in this scenario can only be supported with an 80 dB power control 

range. Additionally, it can only be supported when the interference isolation between the RAUs are 

greater than that achievable in LOS. For the largest capacity, the cell radius must be a maximum of 30 

meters. This implies that the lkm 2 area must be divided up into 128 cells for the lowest capacity, each 

covered by one RAU. 

It would not only be practically impossible to install fully equipped basestations with this separation, but 

the cost would also increase dramatically. Instead, through the use of RAUs for a fraction of the cost ( 10s 

of pounds), the capacity can be achieved and the cost kept at bay. 

The previous example had rather high traffic intensity. An example taken from [ 12] suggests that 5017c of 

the subscribers use speech and only 10% voice at the respective intensities of 0.03 and 0.1 Eriang. For 

100,000 subscribers the required capacity for voice becomes 1500 Erlang and 1000 Erlang for the data 

service, a total of 2500 Erlang. For a 1% blockage probability, using the Erlang B tables, requires 2520 

channels referring back to Figure 6.25 yields: 
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Pov%er control range 80 dB 60 dB 
Required Capacity 2526 2526 
Pathloss exponent d not supported not supported 
Pathloss exponent d"'*' 150 1 30m 

Table 6.11: Required cell radius to support 2500 Erlang combined voice and data traffic 

With an 80 dB power control range, the cell radius must be no larger than 75 meters, implying that 57 cell 

sites are required within the I km 2 area. 

6.3.8 Discussion 

An analysis of the capacity of the UNITS FDD CDMA uplink has been performed under varying 

propagation conditions. The aim of the investigation was to find whether there was a minimum distance 

with which RAUs must be separated to maintain good performance. The parameters which were thought 

to have a bearing on the capacity were investigated individually and in combination. These parameters 

were: pathloss coefficient, shadowing (correlated / uncorrelated), power control error, maxilnuin 

transmit power and dynamic range of the power control. The performance of the network under different 

conditions was finally evaluated for the following two criteria: 

What is the RAU separation distance under the given conditions that provides the highest capacity 
29 

per km . 

2. What is the required RAU separation distance under the given conditions that provides the desired 

capacity per RAU? 

The answer to the first question is not all together conclusive. For a pathloss coefficient of 3.5, with 

uncorrelated shadowing and with an 80 dB power control range, the minimum RAU separation was 4 

meters. If the shadowing was correlated, the results show no lower limit except under LOS propagation 

condition where the minimum RAU separation is increased to 60 meters. However, if the power control 
dynamic range is reduced to 60 dB (and the transmit power to 21 dBm), the system fails completely under 
LOS conditions and very poor capacity is achieved for higher pathloss coefficients. For the highest 

pathloss coefficient, a minimum RAU separation of 30 meters is required, but the capacity has only 
increased by a factor of 10 compared with the 100-fold increase in the number of RAUs which is not 

economic. Provided there is sufficient power control dynamic range, the investigation revealed that there 

is no practical lower limit for the spacing of RAUs. 

The second criterion, where the answers proved more conclusive, enables the planner to determine the 

minimum possible RAU separation according to the propagation environment and the services that must 

be supported. From Table 6.6 one can conclude that under LOS conditions for 384 kbps services, the 

minimum RAU separation requirement is 450 meters. In NLOS conditions, the separation can be reduced 

to 80 meters. For voice services under ideal conditions, a RAU separation of 3 meters is possible. 

Finally, a plausible scenario for a city centre was discussed in detail, where 100,000 subscribers were 

located in aI km 2 area. The traffic was a mixture of voice and data according to the given criteria. With a 

simple adaptation of the Erlang B capacity formula, the total voice and data traffic was estimated to be 

4400 and 8900 Erlangs in the first scenario and 2500 in the second scenario. In the first case for the lower 

capacity, an RAU separation of 100 meters was required whilst for the higher capacity, the separation 
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distance would have to be reduced to 50 meters to support the traffic. In the second scenario, a cell radius 

of 75 meters (separation distance of 150 meters) was sufficient. Unlike in the first scenario, this capacity 

can also be supported with a 60 dB power control range with a separation distance of 30 meters. 

6.3.8.1 Open issues 

Only the impact of the RAU separation for the uplink at link level has been covered. Techniques like 

interference cancellation, joint detection, beam steering, receiver diversity or sectorisation have not been 

considered. Limitations imposed by issues concerning the downlink have not been discussed either. There 

is, however, scope for further investigation into the limitations imposed by the physical layer of the 

system. 

6.4 Conclusions 

This chapter has covered two of the fundamental issues concerning self-organisation. The scenarios laid 

out in chapter 5, to introduce the aspects of various self-organising, assumed that accurate planning is not 

required. In this chapter, it has been established that the network is relatively insensitive to basestation 

positioning errors, and that with appropriate techniques such as power control and Situation Awareness, 

which will be discussed further in chapter 7, it can be implemented. In addition, from the 'minimum RAU 

separation distance' investigation, it has been shown that there is in practice no lower limit on how 

closely one can space RAUs in a cellular network. However, careful consideration must be made to the 

service mix which is to be supported by each RAU, as this will have some implications on the required 
interference protection between cells. Self-organisation can thus from this perspective be implemented, 

minimising the planning process and maximising the capacity in the network. The next chapter will 
discuss in detail three of the technologies covered in chapter 5, namely Bunching of basestations, 
Dynamic Cell Sizing and Situation Awareness. 
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Chapter Seven 

Perdormance analyses of self- 
organisation techniques 

Three promising self-organisation technologies are investigated further in this chapter, namely the Bunch 

Concept, Dynamic Cell Sizing, and the Situation Awareness concept. Each technology is evaluated 
according to the criteria in which they are expected to provide an enhancement. For the bunch concept, 
this involves the support of traffic in hotspot conditions as well as the capacity gain obtained through the 

application of distributed antennas. The second issue, dynamic cell sizing, is assessed according to its 

ability to provide more local capacity through dynamically adjusting its cell size. The performance in 

hotspot conditions is also explored. Finally, the situation awareness concept is explored further, with 

emphasis on the role it may have in future mobile communication. The importance of controlling the cell 

area is highlighted, and the section concludes with a performance analysis of the 'overlaid sector' 

concept. 
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7 Performance analyses of self-organisation techniques 

7.1 Introduction 

In chapter 5, several self-organising technologies were discussed in terms of their potential benefit in 

enhancing the flexibility, coverage and capacity of the networks as well as the reduction of the planning 

cost. From the conclusions, bunching'was' regarded as the technology that would provide the greatest 

capacity gain, and hence it deserves further investigation. Similarly, the situation awareness concept was 

rated as the most important enabling technology for self-organisation and also requires further attention. 
The application of the situation awareness concept is easily observed in dynamic cell sizing. Additionally, 

dynamic cell sizing provides flexibility which was another important evaluation criterion, and it will 

therefore also be analysed in this chapter. The characteristics of each technology (or technique) will be 

exposed, and their performance in their respective areas analysed. 

The chapter is divided into four main sections. In section 7.2 the UMTS bunch concept is analysed. 
Section 7.3 discusses Dynamic Cell Sizing whilst section 7.4 deals with the Situation Awareness Concept. 

Finally, a set of conclusions are drawn in section 7.5 

Z2 The UMTS bunch concept 

7.2.1 Introduction 

The bunch concept, as introduced in chapter 5 section 5.3.2, consists of one Central Unit (CU) and several 
Remote Antenna Units (RAU). It has been proposed as an architecture for UMTS microcells [1]. The 

purpose of this section is to investigate how effective this new architecture is in handling unevenly 
distributed traffic. In addition, a capacity analysis is undertaken to see how much additional capacity the 
distributed antenna system can potentially provide. 

7.2.2 Link budget analysis 
Some initial analysis must be undertaken to ensure that a practical solution exists to implement bunched 

networks. Starting with a simple link-budget analysis, as discussed in section 3.3 and its subsections, one 

should consider the effects of potentially introducing hundreds of meters of cable between the antenna 

and the central unit. It becomes immediately evident that a Low Noise Amplifier (LNA) would be 

required at the front end to reduce the over all noise factor of the receiver chain. 

Consider the scenario depicted in Figure 7.1, illustrating the gains and losses in a receiver chain with 100 

meters of cable between the antenna and receiver. Using an LNA with noise figure, FLNA, of 1.5 dB and 

gain, GLNA, of 20 dB, one can accept relatively poor quality cable between the RAU and CU without 

significant loss of signal to noise ratio. Especially when considering that a poor cable operating at 2 GHz 

with a bandwidth of 5 MHz only gives a loss, L,,, u,, of 24 dB per 100 meters [2]. Free space propagation 

will, on the other hand, attenuate the signal by 78 dB over the same distance. From section 3.3.1 the 

thermal noise at the input of the receiver is -174 dBm/Hz and the receiver noise figure is 5 dB. This gives 

a total noise power of -102 dBm in a5 MHz bandwidth at the input of the receiver. In section 3.7.1.3 it 
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was established that on the uplink, all users should be received at the thermal noise power level if 

possible. 

Thennal noise input: 
Nth = kTB = -174 dBrn 

Gant 8 dB 
Fant 0 dB 

Lcable 24 dB 

'-% b. 

GLNA= 20 dB 
d= 100 m GRx= 20 dB 

FLNA 
=1.5 dB FRx= 5 dB 

Figure 7.1: Link budgetfor transmission from RAU to CU 

The total noise factor of a receiver chain is given by [31: 

F=F, + 
Fý -1 + 

Fý3 
-1+ FN -I( 

G, GI, G, k=N-1 
fl Gk 

k=l 

where the Fv is the noise factor of the M6 stage and Gk is the gain of the kh stage. It is generally accepted 

that the antenna does not contribute significantly to the noise of the system and is thus ignored when 

computing the overall noise factor. The loss of the cable also becomes the noise factor of the cable, as the 

cable attenuates the signal, whilst the noise remains the same. Substituting the numbers from Figure 7.1 

into equation (7.1) yields: 

F= 10'*" 10 + 
io24/10 

-i+ lo5/10 
- i- 

= 3.95 e* Fd, 9 = 5.96dB ( 7.2) 
io20/10 io20/10 . io0/10 

The introduction of the cable has thus not increased the noise figure of the receiver chain significantly, as 
it has only risen from 5 to 6 dB. With an even higher gain LNA and a shorter cable, the noise figure could 

potentially be improved. As a result, the noise contribution from the cables between the antennas and the 

CU can safely be ignored in the link budget calculations. 

7.2.2.1 Radio over fibre 

An alternative approach is offered by modulating the radio signals onto fibre. Fibre has very low loss and 

can be an effective way of connecting remote antenna units to central units. The technology to achieve 

this exists and a practical solution is offered by the Passive Pico Cell concept as developed by British 

Telecom [4]. 
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7.2.3 The Network Simulation 

The network was configured in a micro cellular environment with a varying number of basestations. 

Figure 7.2 visualises the network deployed with nodes and illustrates typical coverage for each 
basestation. 

Figure 7.2: Typical coverage area for each RAU 

The specifications for the system follow the UMTS link budget template as described in detail in section 
3.3.2. The mobile terminals are dropped into the network and then try to connect to the nearest 

basestation in terms of pathloss and shadowing. The terminal can either be accepted onto the network or 

blocked. Blockage occurs in two instances, 1) due to a lack of available transceivers in the basestation 

(hardware limited) and 2) due to unacceptable interference (interference limited). 

A mobile can also be dropped after it has been accepted onto the network if, as a result of a new 

connection, the existing mobile experiences an Eb/No below the minimum required level. All other 

relevant parameters are listed in Table 7.1. 

Parameter 
Net, Aork size 

Specification 
I-9 nodes (basestations) 

- Codes 2ý per BS7 unlimited 
Path Loss Coefficient 2! ý 100m 

3.5 > 100m 
Network area 420 x 420 M2 

Shadowing St Dev. 8 dB 
Voice Activity Factor 0.5 

Chipping Rate 3.84 Mcps 
User data bitrate 8 kbps 
Channel data rate 15 kbps 

Eb/No for Up Link 3.1 dB 
UL Power Control range 80 dB 

UL PC error St Dev. I dB 

Table 7.1: Simulation parameters 
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7.2.4 Network performance in traffic hot-spots 

In the first scenario, the performance of a bunch with 8 RAUs and a CU is compared to a similar 

microcellular network with nine basestations. The network area is divided into nine squares and the traffic 

distribution is decided by assigning an attractivity factor to the different regions according to the Gravity 

model as discussed in section 3.5.1.3. In this particular case, only the middle region is assigned a higher 

attractivity factor than the other regions. The surrounding regions have an attractivity factor of- 

rk =I- 
rh 

E (k = 1,2.. n Ik n) 73 
n-I 

Where rh is the probability of a user appearing in the hotspot region, rk is the probability of a user 

appearing in any of the surrounding regions and n is the total number of regions. 

Figure 7.2 illustrates the network with nine basestations. The network performance was monitored for 

varying load levels with the probability of a user appearing in the hotspot changing from rk = 
[0.1,0.5 1. 

The hotspot is at the centre of the network. Each basestation has a limited number of codes and the 

loading level is determined by dividing the total number of users that try to enter the network by the total 

number of codes, in this case 216. The blocking probability was monitored and is depicted in Figure 7.3. 

I 
Hotspot5u 

Hots pot4 
Hotspc 

Fbts 

Figure 7.3: Conventional microcellular network with traffic hotspois 

The results show that even at moderate loading levels, the blocking probability rapidly becomes 

unacceptable. When half the overall traffic is carried in the hotspot cell, the outage probability is at its 

best, i. e. a value of 0.2. This poor performance is not surprising considering that all the basestations have 

a limited number of codes. This is what a cellular operator may experience when large concentrations of 

users appear in parts of the network with inadequate capacity. From the cellular operator's point of view, 

this means a loss of revenue. However, the few occasions that this occurs may not justify the addition of' 

more transceivers in the basestation. 

1 The number of codes is limited to 24 as this is a typical value for the number of transceivers in a GSM 
basestation 
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In the next scenario, the microcellular network is substituted with a bunch consisting of one CU and eight 
RAUs with the same capacity of 216 codes, which can be freely allocated to any of the remote antenna 

units. Effectively, all users will therefore be connected to the CU through one of its branches (i. e. an 
RAU). One would expect that this should solve the problem, as all the capacity is available everywhere in 

the network. However, a rise in interference may still cause users to fail. 

25 

t 

I 
hot-spot5O 

hot-Spot, 

hot-sp 

hot- 

Figure 7.4: Bunch network with traffic hotspots 

Figure 7.4, demonstrates that traffic hotspots have no significant impact on the performance of the 

network. Only when the loading level exceeds the number of available codes, does the outage probability 
increase above 0.02. Whilst the bunched network has no more capacity in terms of hardware than the 

microcellular network in the previous example, its flexibility reduces the blocking probability from 121%, 

to 1% for uniform traffic. For traffic hotspots with rh = 0.5, the blocking probability is reduced even 
further, from 28% to 1%. This is a significant improvement, which will allow the cellular operator to 

meet local traffic demands without installing additional hardware, as capacity can be diverted from 

elsewhere in the network. 

7.2.5 Capacity with distributed antennas 
Another way of viewing the bunch concept is to consider it as a basestation with distributed antennas. 

Distributed antennas reduce the pathloss between the mobile and the basestation and hence the required 

transmit power [5]. Reduced transmit power also implies that the overall interference will be reduced, and 

thus a capacity improvement can be obtained. In the simulation, a single microcell was compared with 
bunches with varying number of distributed antennas. It is assumed that there are an infinite number of 

codes and that the system is interference limited rather than hardware limited as was the case in the 

previous two studies. Note that no external interference is considered and that the simulation parameters 

are listed in Table 7.1. 

Figure 7.5 visualises the capacity for a single basestation, and for a basestation with one, four and eight 

distributed antennas. In the first case the basestation can support approximately 40 users per MHz for an 
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outage probability of 0.01. The introduction of another antenna increases the capacity to 60 users/MHz. 
Bearing in mind that intercell interference is not included, the addition of another antenna will effectively 
introduce this effect and thus explains the moderate increase in capacity. With four extra antennas, the 

effect of intercell interference is significantly suppressed by the gain of reducing the overall transmit 

power. The capacity is tripled, and the basestation can now support 140 users. By adding another four 

antennas, the capacity is increased further to a value in excess of 180 users/MHz. 

10 0.0 

10-1.0 

0 
?L 10-10 
0 

10-3.0 

10-4.0 

-. o- One BS 
-n- CU -RAU 

C)_ CU -4 RAU 
CU-8 RAU 

0 40 80 120 160 200 

Capacity - Users/Cell/MHz 

Figure 75: Capacity with distributed antennas 

The addition of distributed antennas also reduces the rapid degradation of the performance if more users 

are added, effectively providing soft capacity if a higher outage probability is acceptable. Clearly. in a 

more realistic scenario, basestations will experience intercell interference from the surrounding 
basestations. For the first result regarding a single basestation, the interference contribution from other 

cells will significantly reduce capacity. However, the situation is different for the basestation with eight 

distributed antennas. From the viewpoint of one of the antennas, all the mobiles connected to the other 

antennas can be considered as providing intercell interference. The addition of other cells around it will 

therefore not have such a significant impact on the capacity. 

10 0. ( 

10' 1.0 

20 
cl lo- 

10-3.0 

10-4.0 

At' 

One BS 
CU - RAU 

-. D-- CU -4 RAU 
CU-8RAU 

0 40 80 120 160 

Capacity - Users/Cell/MHz 

200 

Figure 7.6: Capacity with distributed antennas with traffic hotspots 
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A further simulation was performed under the same conditions with the traffic having an uneven 
distribution with 40% being carried in the centre of the network. The results are shown in Figure 7.6. 

From the figure one can observe that the capacity gain is significantly reduced for four and eight RAU's. 

As would be expected, the one cell scenario remains unchanged. The reason for this degradation in 

capacity is that for the case with five and nine nodes, one node is positioned right in the middle of the 

traffic hotspot. Thus, the centre node quickly becomes saturated, causing the outage probability to rise. 
However, the capacity improvement is still significant compared to the single basestation scenario. To 

achieve maximum capacity improvement, it is therefore essential that more than one RAU serve the 
hotspot area to avoid saturating any one of them. 

7.2.6 Discussion 

The performance of the proposed UMTS bunch concept has been evaluated according to its ability to 

support traffic in hotspot areas and the-provision of additional capacity in a micro and picocellular 
environment. Simulations were undertaken for various conditions to clarify its behaviour. 

The results presented here demonstrate the suitability of the bunch concept to deal with unevenly 
distributed traffic. The bunch's central unit containing the radio transceivers provides the flexibility in the 

system. In a rapidly changing traffic scenario, it is essential to be able to divert capacity to the locations 

where it is required. As the results show, this can reduce the outage probability from over 20 to 1%. 

The use of distributed antennas in the bunch concept also increases the spectral efficiency, and thus the 

capacity, dramatically. With eight extra antennas covering the same , area as one basestation, the capacity 

can be increase by in excess of 400%. Best performance is achieved if the hotspot is served by more than 

one RAU. 

Although intercell interference is not considered, the results give a good indication of how much capacity 
improvement can be expected. With the addition of uplink diversity and interference cancellation 
techniques, even greater capacity gains are considered possible. 
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73 Dynamic Cell Sizing 

7.3.1 Introduction 

In section 5.3.10, the dynamic cell sizing concept was introduced as an effective method of optimising the 

network performance under a variety of conditions. In light of this, it is of interest to investigate the 

potential benefits of dynamically controlling the size of any given cell within a layer of hierarchical cells. 
The control of cell size in this context is distinctly different from cell breathing which is normally 

experienced in CDMA systems due to different loading levels [6]. Here it is assumed that the power 

amplifier's operational point is approximately half its maximum power so that when required it can 
increase its transmit power to obtain range extension and reduction. 

There are three main advantages to this approach. Firstly by dynamically controlling the cell size, 
flexibility is brought into the network. Secondly, basestations can now effectively borrow neighbouring 

resources as and when required. Finally, increasing or reducing cell sizes will also provide a potential 

capacily gain as well as enabling the network to modify its coverage area at any given time to optimisc its 

performance. 

Old cell radius 

New Cell I 

Nei 
inci 
am 

7.3.2 Dynamic cell sizing 

In essence, dynamic cell sizing involves an increase or decrease in cell size to obtain a network 

performance advantage. Figure 7.7 illustrates how two neighbouring cells can interact with one another 

when one cell reduces its cell radius. Ideally the neighbouring cell will be able to increase its coverage 

area to prevent the creation of a gap in the network coverage (alternatively, an umbrella cell could be 

installed to cover such gaps). The interaction between cells will require sectored basestation antennas that 

can increase or decrease their coverage area in any one sector. The algorithms which will be required w 

implement this, will not be discussed any further. The main emphasis of this work will he to establish 
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which factors influence the capacity of the cell. However, before this investigation can proceed, it is 

necessary to establish the theoretical limits of the system. These limits are discussed in the next section. 

7.3.3 CDMA uplink capacity 
Section 3.7.1.3 discussed the capacity of a CDMA system and it was demonstrated that the number of 

users that can be supported by a single cell in a cellular system is given by: 

N=I+ y 
Eb INO 

la 
(7.4) 

where N is the total number of users, y represents the processing gain, Eb/No is the required energy per bii 

to noise and interference ratio, q,, the total intercell interference, nh is the thermal noise, a the voice 

activity factor and p the received power from the wanted user. 

From the same section, it was also established that intercell interference accounts for approximately 2714. 

of the total interference. The capacity of the single cell is thus reduced accordingly to 0.73 of its original 

value when deployed in a network. 

The purpose of the investigation undertaken here is to uncover whether capacity can be improved by 
dynamically adjusting the cell size. From equation (7.4) it is evident that the capacity of a given cell 

would increase if it were possible to reduce the impact of the intercell interference. There are two options 

available to achieve this. Either the transmit power of all users in a cell must be increased, or 

alternatively, a method is found to suppress the interference from other cells. In the next section, a 

strategy based on the first of these ideas (i. e. home users increasing their transmit po)wer) will be 

investigated in detail. 

7.3.4 Increasing the capacity by optimising the cell size 
An initial investigation was performed by simulating traffic in a single cell, assuming interference 

contributions from neighbouring cells remains constant at 27% of their own interference level 171. The 

simulation parameters are given in Table 7.2 

P nwter Value ara 
Chipping rate 3.84 Mcps 

Data rate 8.0 kbps 
Channel rate 15 kbps 

Voice activity 0.5 
Et/No 4 dB (magnitude 2.5 1) 

Pathloss model Dual slope, -2, -4,100 m 
Shadowing 0 and 8 dB 

Power control error 0- 1 dB 
Target Rx power -100 dBm 

E Minimum cell radius 200 meters 
Maximum cell radius 500 meters 

Table 7.2: Simulation parameters 

It was established in chapter 3 (section 3.7.1.3) that the target received power should be set to the 

equivalent noise power in the bandwidth. The noise power in the 5 MHz bandwidth is -102 dBm, and the 
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target received power is set slightly higher than this at -100 dBm. Substituting the numbers from Table 

7.2 into equation (7.4) (assuming there is no intercell interference), the capacity of the cell can be found 

to equal 204 users. Accounting for the intercell interference, the theoretical capacity for the cell is 

reduced to 148 users. To enable a single cell to accommodate more users, each user in the cell must be 

received at a higher power level. However, to avoid introducing more interference to the surrounding 

cells, the average pathloss from the home cells to the users must also be reduced. This effectively means 

that the cell radius will be shrunk, dropping users at the cell border to accommodate more users closer to 

the basestation. 

7.3.5 Increasing the received power 
The initial investigation aims to discover how much the received power for each user must be increased to 

provide a given capacity gain. The results are shown in Figure 7.8, assuming the external interference 

remains constant. 

200 

I 
190 

180 

170 

160 

150 

-100 -98 -96 -94 -92 -90 
Reoeived power peruser/ dBm 

Figure 7.8: Increase in received power 

As one would expect, the results demonstrate that capacity is gained by increasing the received power. An 

increment of 2 dB in received power would potentially enable the cell to support an additional 20 users, 
Increasing the power to -90 dBm enables the cell to support almost 200 users, very close to the upper 

theoretical limit of 204 users. 

The next step is to ensure that this increment in received power does not cause the surrounding 

basestations to experience increased levels of interference. This can only be achieved if the average user 

transmit power remains constant. This implies that the pathloss must be reduced. which is achieved 

through the reduction of cell radius. The effect on the total user transmit power when the cell radius is 

reduced is shown in Figure 7.9. The number of users remains the same for all radii. The results 

demonstrate that reducing the radius significantly decreases the total required transmit power in this 

scenario. This will enable the transmit power to be increased accordingly, such that more users can he 

supported. By reducing the maximum allowable pathloss and keeping the total user transmit power 

constant, it is possible for the cell to support more users without introducing additional interference to the 

surrounding cells. 
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Figure 7.9: Reduction in total transmit power 

However, the interference contribution to any of the surrounding cells will vary in accordance with the 
distribution of the users in that cell at any given instance in time. Assuming the users are uniformly 
distributed, there is a finite probability that all the users are located in one half of the cell's coverage area. 
This will significantly increase the interference experienced by cells on that side of the cell (and similarly 
reduce it for the others). Simulations were performed to investigate the variation in the received 
interference levels by the six surrounding cells, both with and without a shadowing component on the 

pathloss. 

Table 7.3: Received interference at the neighbouring basestation 

The average received power is shown in Table 7.3. As expected, there is some variation in the received 
interference between the six surrounding cells. The average received power level is significantly 
influenced by the amount of shadowing assumed. However, the standard deviation of the received power 
for both cases of 0 and 8 dB shadowing, reveal only minor differences. The standard deviation is 

approximately 5 dB, which represents a significant variation. However, in a real scenario the surrounding 

cells will also receive interference from their neighbouring cells. This will tend to average out the large 

variations in received interference from any of the neighbouring cells. 

As can be observed from Figure 7.10, the capacity increase was obtained through the reduction of the cel I 

radius and an increase in the received power for each user. The total user transmit power rernain% 

constant, which implies that the interference introduced into neighbouring cells is not effected by the 

increased number of users in the centre cell. By reducing the cell radius from 500 meters to 200 meters. 

the capacity of the cell has been increased by 33 %. 

- 166- 



Chaptcr Scvcn 

30 

10 

-10 

-30 

50 

-70 

-110 

--0- Target Receiver power 
-n--- Supported users 

C ý- Total transmit power 

-90 

500 450 400 350 300 250 200 
Coll radius/ m 

Figure 7.10: Impact of cell size on capacitY 

7.3.6 User distribution in the cell 
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So far only the theoretical capacity gain, which can be achieved through dynamic cell %i/mg, has Ix-i-n 

discussed. The question of whether it is feasible to implement such techniques within a cellular nclwoik 

remains open. The analysis from the previous sections assumed that the users were uniformly distributcd 

in the cell's coverage area. If the user distribution is to remain uniform. the density of the users in the ccll 

must also increase to enable the basestation to support more users by reducing its cell radius. 
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Figure 7 11: Total number of users in the cells original coverage area 

Figure 7.11 illustrates the relationship between the number of users supported in the cell when [tic cell 

radius is reduced from 500 to 200 meters (x-axis) and the total number ofusers in the cell's original arca. 

i. e. cell radius of 500 meters (y-axis). Even for very small capacity improvements, the required user 

density rapidly becomes large. To achieve the maximum capacity, there must be almost 13M users in the 

cell's original coverage area. Clearly, for traffic loads of that dimension very little can be achieved with 

dynamic cell sizing. The only viable option for the operator is to split the cell's coverage area into %evcral 
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smaller cells. However, if the network has been planned such that the basestations are located in the 

centre of the traffic hotspots, then the distribution of users may be approximated by a Normal distribution 

with a given standard deviation. Figure 7.12 visualises the user density profile across the entire cell for a 

normal distribution with I standard deviation. It is assumed that the basestation is located at the point (x, 

Y) = 0. 

Co ä 

(0 
ci 

ei 
:: 3 0 

0 
0 

Figure 7.12: Normal distribution of users in the cell 

The original cell radius (500 meters) reaches the equivalent position of 4 standard deviations of the 

standardised normal distribution, i. e. 99.97% (virtually 100%) of the users arc located within the cell*% 

original area. To investigate the impact of both the distribution and the location of' (he ho(SI-A)I. (he 

standard deviation and mean were varied. The mean controls the location of the hot, %rx)t. whiki the 

standard deviation regulates the density of the distribution. This is illustrated in Figure 7.13 where the 

standard deviation is reduced to 0.5 and the mean is moved to 2 standard deviations (which is equivalent 

to half the cell radius, i. e. in this case 250 meters). 
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Figure 7.13: Normal distribution of users in the cell with inean of 2 and 0.5 standard deviation 
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A number of simulations were undertaken to characterise the performance enhancement of dynamic cell 

sizing under non-uniform traffic conditions. The first set of results is shown in Figure 7.14 where the 

hotspot is assumed to be co-located with the basestation. The results show supported u%ers normaliscd to 

the offered traffic according to the given distribution. 
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Figure 7.14: Fraction of supported usersfor varying Standard Deviations 

It is evident from the graph that in uniform traffic for the minimum cell radius. the cell can acco ill lilt ldlitc 

less than 20% (0.2) of the offered traffic in the cell. However, the performance improves significantly it' 

the traffic is normally distributed. For a standard deviation of 1, the basestation can always support more 

than 50% (0.5) of the offered traffic load. For smaller values of standard deviation, the performance 

improves further and becomes close to 100% of the load (0.5 standard deviation). As the location of' the 

hotspot within the cell is uncertain, an investigation was performed into how well dynamic cell sizing can 

accommodate the offered traffic load when the hotspot is placed somewhere other then the centre of tile 

cell 
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The results in Figure 7.15 show the performance when the hotspot is located 60 to 200 meters from the 

centre of the cell (0.5 and 1.5 standard deviations respectively). Under these conditions, dynamic cell 

sizing is able to support 75% to almost 100% of the offered load. When the hotspot is located further out 
(200 meters), the ratio of supported to offered traffic falls to approximately 50%. which is still 
significantly better than the performance in uniform traffic conditions. 

7.3.7 Discussion 

This section has discussed the possible benefits of implementing dynamic cell sizing in a cellular 

network. A CDMA network was assumed for the analysis. The purpose of dynamically adjusting the cell 

size was to increase the capacity of the cell in question. Extra capacity was obtained through increasing 

the target received power level. However, the average pathloss (and hence the cell radius) of the users 

was reduced accordingly, to ensure that there was no increase in the interference experienced in 

neighbouring cells. 

The results illustrated that under certain conditions, it was possible to increase the capacity of a single cell 
by 38% whilst not introducing extra interference. This was achieved by reducing the cell radius from 500 

to 200 meters. However, to achieve this capacity enhancement under uniform traffic conditions, the cell is 

only able to support 20% of the offered traffic. Therefore, in uniform traffic conditions, dynamic cell 

sizing provides very little additional capacity. When the traffic load across the network is increased 

dramatically, the only option will be to deploy more basestations. On the other hand, when the traffic is 

normally distributed in the cell, with the basestation positioned at the centre of the hotspot, the basestation 

is capable of supporting 50 to 100% of the offered traffic load depending on the standard deviation of the 

distribution. Dynamic cell sizing also performed well when the hotspot was not co-located with the 

basestation. When the location of the hotspot moved from 60 to 200 meters from the basestation, the 

performance varied from 50 to 95% of the offered traffic. 

Results from this study show that dynamic cell sizing can have a significant part to play in future 

hierarchical cellular networks. Although the method cannot be utilised to significantly increase overall 

network capacity, it can be employed to accommodate small fluctuations in local traffic levels. This 

enables the technique to reduce infrastructure requirements, particularly in areas with occasional hotspots. 
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Z4 Situation Awareness 

7.4.1 Introduction 

In this third part of the chapter, the Situation Awareness (SA) concept will be investigated, as outlined in 

section 5.3.9. The main purpose of this section is to explore the application of SA in cellular networks. 
The first section describes the SA concept in more detail and introduces the main principles of SA. The 

second section focuses on a study of adaptive coverage. The analysis includes a full system description 

and a detailed performance analysis. 

7.4.2 Applying the situation awareness concept to cellular networks 
Current cellular systems such as GSM rely heavily on the fact that their coverage and spectrum usage has 

been accurately planned to ensure satisfactory performance. There is a need to move away from these 

stringent planning requirements since planning costs are a significant proportion of the total network 

rollout cost. SA is a step towards the realisation of more dynamic network behaviour. This can be partly 

accomplished through the utilisation of information that is already present in the system, and partly 

through the deployment of additional hardware. An example of an SA enabled basestation with 

appropriate inputs is illustrated in Figure 7.16. 
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Figure 7.16: Input parametersfor a situation aware basestation 

The SA basestation must be able to monitor several parameters that will affect its performance. The goal 

for the basestation is to optimise its performance according to the current conditions. This can be 

achieved through the recording and monitoring of the following parameters: 
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U The severity of the propagation environment 

[3 The type of services supported by the basestation (voice / video / data / online shopping etc. ) 

a The traffic intensity 

C3 Any changes in the network - newly inserted basestations, congested basestations, and failed 

basestations. 

Each of these categories will have a number of sensors associated with them that will enable the 

basestation to optimise its performance according to the current situation. 

7.4.2.1 The propagation environment 

The basestation must acquire accurate information about its coverage area. In the planning process, an 

estimation of the local signal strength in-a given area will be obtained. However, this may not be 

sufficient to guarantee support of some services. Assuming all mobile terminals have knowledge of their 

own position, then they will be able to provide temporal and spatial information about the propagation 

conditions at their current location. This will typically include received signal strength, delay spread or 

any other relevant parameter. Gradually, the basestation will be able to develop an accurate picture of the 

propagation parameters in its coverage area. Once this information has been acquired, the basestation can 

take appropriate action to optimise its performance. This can be achieved either through directing beams 

towards problem areas, or if the problem can not be rectified by the BS itself, request the installation of 

repeaters to cover the black spots. 

7.4.2.2 The service requirements 

The basestation will also have full knowledge of how its resources are utilised at any given point in time. 

On-going services will determine how remaining resources should be allocated, or if any other action is 

required to successfully complete a current engagement. 

7.4.2.3 Variation in traffic intensity 

Variations in the traffic will clearly have an impact on whether the basestation will be able to 

accommodate more traffic. The aim of the operator is obviously to maintain the highest hardware 

utilisation possible. Therefore when congestion occurs in a cell, the basestation should take appropriate 

action to reduce this by handing connections up or down (in a hierarchical system), or to any of its 

neighbours with available resources. 

7.4.2.4 Changes in the network 

Finally, the basestation should also have full knowledge of its neighbouring basestations, also any 

additional micro / pico cells in its area as well as umbrella cells. All basestations should report their 

loading level such that when a cell becomes congested, it knows to which basestation a service handover 

could be attempted. Similarly, if a basestation becomes inoperative for any reason, the neighbours should 

be able to cover the traffic from that region. 
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7.4.3 The information requirement to achieve dynamic coverage 
The SA concept was introduced in chapter 5, section 5.3.9. There, it was established that by enabling each 
basestation to broadcast their location and the power level, at which they are transmitting, it would enable 

neighbouring basestations to establish the distance and the pathloss between themselves. This information 

can in turn be utilised by each basestation to calculate where the edge of the cell is as depicted in Figure 

7.17. 

Rx 1 (dB m) Pathloss TX2 - Rx, Tx, (dBm) 
Location (xi, yj) Location (x2. y2) 

Mobile 

Radius 

Actual pathloss 

(J 
0 ; Predicted pathloss 

Cell radius /m 

Figure 7.17. - Cell radius prediction 

However, as the basestations are elevated, the BS to BS pathloss is most likely to be less than the 

equivalent basestation to mobile pathloss. This must be taken into account when the cell radius is 

predicted. This can either be achieved through models derived from measurements, or through mobiles 

reporting back the actual received power at locations close to the expected edge of the cell. Efficient 

algorithms must be devised such that the information overhead is as small as possible, whilst the 

flexibility of the network is maximised. Such algorithms will be subject to future research. 

Having established the coverage area of each individual basestation using the method described above. 

the basestation will now be in a position to interact with other basestations when required. The next 

section will discuss how this flexibility can be employed to alleviate congestion in a neighbouring cell. 

7.4.4 Supporting users in a neighbouring cell 

Some research has already been performed in this area, particularly on the use of adaptive antenna arrays 

to support users in a neighbouring cell [8][91. 

One of the main problems associated with the support of users in a neighbouring cell, is the general need 

to increase transmit power on both the up and downlink. This will cause unwanted interference. It would 

- 173- 



Chapter Sevcn 

therefore be of great significance if one could find a method in which the transmission power did not need 

to be increased. The aim of the following investigation is to determine what fraction of users in a 

neighbouring cell can be supported without increasing the transmit power in the home cell. 

7.4.5 The overlaid sector 

With this technique, the basic configuration of the original antenna can either be omni-directional or tri- 

sectored. In this example it is assumed that the cells are equipped with omni-directional antennas. 
Overlaid on this, one or more adaptive antennas with a variable degree beam width can be deployed to 

obtain the required range extension as depicted in Figure 7.18. 

Figure 7.18: Overlaid sectorfor the reduced impact of the interference 

Unlike the original antenna configuration (which receives all intra and inter-cell interference). users 

within the overlaid sector will only receive interference from mobile terminals in its sector. Assuming 

traffic to be uniformly distributed in the cells, and that all the surrounding cells are equally loaded, a 60- 

degree beamwidth would reduce the interference by a factor of six for users within that sector. This will 

potentially allow users in a neighbouring cell to connect to the new cell without increasing their transmit 

power on the uplink. 

7.4.6 Simulation Configuration 
In order to demonstrate the feasibility of the 'overlaid sector' method operating in the same frequency 

band, a set of simulations were undertaken. The simulation was performed using a Monte-Carlo approach 

with ten cells, where a given number of users were deployed in each cell. Only data from cell I and cell 2 

were analysed (see Figure 7.18). The Eb[No for each user is then calculated. This is followed by an 

analysis of whether traffic from cell 2 can be supported under the given conditions employing the 

- 174- 



Chapter Seven 

overlaid sector from cell 1. The system specifications are listed below in Table 7.4. The values in brackets 

signify default values for each parameter (when it is not the independent variable). 

Parameter 
Network size 

Specif ication 
10 basestations 

Path loss coefficient 1.6 - 4.4 (3.5) 

Cell radii 100 - 1000 m (250) 
Shadowing stdev. 0- 12 dB (8) 
Voice Activity factor 0.5 

Chipping Rate 3.84 Mcps 

User Bitrate 8 kbps 

Channel Bitrate 15 kbps 

Eb/No for uplink 3.3 dB 

Overlaid sector (01) 5- 60 ' (30') 
Receiver sensitivity -120 to -110 dBrn 120) 

Uplink PC error stdev 0- 1 dB (1) 

Uplink PC range 80 dB 

Cell load 0.4 - 1.0 (0.67) 

Table 7.4: Sývstem simulation parameters 

The simulation aims to identify how large a portion of the users in cell 2 could realistically be supported 
by the overlaid sector from cell I under various conditions. It is clear that the most significant limiting 

factor is going to be the interference. For the users in cell 2 covered by the sector, users from cell I will 
interfere significantly since they are received at much higher power levels. Realistically, only users from 

cell 2 that are received at cell I above a certain threshold value can be supported. From [ 101. the receiver 

sensitivity is assumed to be -124 dBm. The limited processing gain prevents the suppression of users 
from cell I if they are received at a 20dB higher power level. As a consequence, the first set of simulation 

results focused on determining the optimum received power level to support the maximum number of 

users from cell 2. For all the results, the term 'Supported users' refers to the fraction of users in cell 2 that 

can be supported for the given set of parameters. 
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Figure 7.19: The impact of the receiver sensitivity 
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From Figure 7.19 it is evident that it is possible to support a larger fraction of the users in cell 2 for higher 

receiver sensitivity levels. The capacity is almost doubled as the receiver sensitivity is increased from 

-110 dBrn to -120 dBm. The graph also demonstrates that the system saturates when the sensitivity 

reaches -118 dBm. No significant gain is obtained beyond this sensitivity level. 

Another parameter that impacts the fraction of users in cell 2 that can be supported from cell I is the 

loading of cell 1. This is illustrated in Figure 7.20, where the fraction of users supported in cell 2 

increases from 0.08 to 0.23, depending on the propagation conditions. The simulation was performed with 
0 and 8 dB standard deviation shadowing. 
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Figure 7.20: The impact of loading in cell I 

Another interesting observation from Figure 7.20 is the impact that shadowing appears to have on the 

capacity. Shadowing is normally detrimental in cellular systems as it results in increased transmission 

powers and hence increased interference levels. 
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Figure 7.2 1: The impact of shadowing on capacity 
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However, in this particular case it is the interfering part, as seen from cell 1, that is of interest. Therefore, 

the increased transmit power resulting from shadowing enables a larger fraction of the users in cell 2 to be 

received in cell 1. The impact of the shadowing component is investigated further in Figure 7.21 for two 

different cell radii, 250 and 100 meters. The fraction of users that can be supported in cell 2 as a function 

of the shadowing is monotonically increasing up to approximately 8 dB. Higher shadowing standard 
deviations result in a loss of capacity as the dynamic range of the power control is exceeded, causing the 

interference levels to increase dramatically. The two different curves for cell radii of 100 and 250 meters 
do not differ significantly. Figure 7.22 confirms this observation and shows that the capacity is not altered 

significantly for cell radii from 100 meters to 800 meters. 
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Figure 7.22: The impact of the cell radius 

For cell radii larger than this, the capacity drops off as the maximum range of the system is reached. The 

range of the overlaid sector depends heavily upon the propagation environment and, in particular. the 

pathloss exponent. A number of trials were performed to determine range for pathloss exponents from 1.4 

to 4.4. The results are shown in Figure 7.23. 
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Figure 7.23: The impact of the pathloss exponent 
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Three different cell radii were applied in the trial, but very little variation was observed, except for the 

extreme pathloss exponents at both ends. A maximum in the capacity was obtained for a pathloss 

exponent of 3. Clearly, for large exponents the range of the overlaid sector becomes small and hence 

capacity is reduced. For small exponents the range becomes too large, causing unwanted interference. 

Finally, the last parameter to be investigated in this study was the overlaid sector angle. In this particular 

case, cell 2 was assumed to lie at a bearing of 900 from cell 1. Hence, a 60-degree sector from cell I is 

sufficient to cover all of cell 2 (see Figure 3). The results shown in Figure 7.24 illustrate that the highest 

capacity is achieved with a 60-degree sector. As the sector angle is reduced gradually in 5' decrements, 

the capacity decreases monotonically. However, the capacity of the sector was also recorded, and this 

reveals that the fraction of supported users in the sector is increasing. 
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Figure 7.24: The impact of the sector angle 

The results from Figure 7.24 imply that although the capacity of the sector is reduced for smaller sector 

angles, the application of two or more smaller adjacent sectors would outperform a single large one. Two 

adjacent 30' sectors will provided a normalised capacity of 0.28, whilst a single 60' sector would support 
0.25 of the users in cell 2. If multiple narrow beams were employed, then the antenna gain would increase 

and the fraction of users which could be supported would potentially increase significantly. However, 

narrow beams are difficult to maintain in an urban environment with significant amounts of clutter. 

7.4.7 Discussion 

Section 7.4 has covered the concept of the Situation Aware Network. The technique addresses the need 

for next generation systems to become more flexible and intelligent. Various technologies must be 

incorporated into the basestation to make the network truly situation aware. One of the fundamental 

functionalities is the ability to dynamically adjust the coverage area of cells in the network. 

The concept of overlaying a steerable sector on a cell already covered by an omni directional antenna was 

described in detail. An investigation was undertaken to determine how much traffic in the neightx)uring 

cell could be supported by this sector without increasing the uplink transmit power. The results 
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demonstrated that this concept was feasible for a wideband CDMA network. It was shown that under 
optimum propagation conditions, a quarter of the users in cell 2 could be supported with the overlaid 
sector from cell 1. 

The factors that most influence the number of users supported in the neighbouring cell were the standard 
deviation of the shadowing and the angle of the overlaid sector. A shadowing standard deviation of 8 dB 

was found to give the highest capacity. The reason for this optimum value was that although shadowing 
tends to increase the interference, in this case it is the signals from the neighbouring cell that are of 
interest to us. If the shadowing is increased further, capacity is reduced as the dynamic range of the power 
control is exceeded. 
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Z5 Conclusions 

The emphasis of the material covered in this chapter has been on establishing the performance gain of 
three technologies which were considered to be important in chapter 5. The results for the first 

technology, basestation bunching, verified that the use of remote antenna units will have a beneficial 

effect on both the capacity that can be supported in a given area, as well as its resilience to traffic 

fluctuations. The architecture also offers significantly improved hardware utilisation, as fewer 

transceivers are required in this centralised architecture than in the equivalent microcellular topology. The 

ability to accommodate local hotspots; was also demonstrated by the dynamic cell-sizing concept. By 

reducing the cell size, it was confirmed that more users could be accommodated by reducing the impact 

of the intercell interference. This technology could potentially be combined with bunching for evcn 
further enhancements. Finally, two properties of situation awareness were discussed, in particular its 

ability to make intelligent decisions based on the current operational environment. One of the tasks of the 

situation awareness algorithm would be to control the cell's coverage area and potentially provide support 
for congested neighbouring cells. The cells capacity to provide this support was demonstrated through a 

case study involving overlaying a beam or sector on an existing cell site to accommodate traffic from the 

neighbouring cell. 

The studies of these three technologies have established that there are indeed methods available to the 

cellular operators that would make the system more flexible and resilient to failure. More importantly 

though, the quality of service experienced by users in congested cells could be improved dramatically as 
the network now has more options to alleviate congestion. 
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Conclusions and future work 

In this final chapter the main results of this thesis are outlined. The implications of the theoretical study 

performed in chapter 5 are covered in detail and a set of conclusions is drawn based on these results. 
Some concluding remarks are made on the research into the impact of basestation positioning and 

separation as well as the implications of the results from chapter 7. Finally, a set of recommendations for 

further work is provided. These include an increased focus on the Situation Awareness concept and the 
implementation of a self-organisation demonstrator based on Bluetooth technology. 
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8 Conclusions and future work 

8.1 Introduction 

Chapter 1 outlined the history and the development of many of the current radio standards. The future of 
mobile communication was also discussed in some detail. The merging influences of politics, economics 
and technology have created one of the most exciting research fields where many factors beside 
technology have to be considered by the research community. The complex wireless systems of the future 

require novel management strategies to maximise capacity, reduce deployment and running cost, increase 

the return on investment and meet the required quality of service. These issues are partly incompatible, 

and thus a compromise must be reached. 

The issues that have a bearing on the performance of a cellular network (at link and network level) were 
identified in this thesis and divided into two separate categories, namely external and intcrijal influences. 

External influences included temporal and spatial changes in the propagation environment, cross-network 
interference and the insertion and removal of basestations. Amongst the internal influences, efficient 

resource allocation was shown to be significant particularly in the light of the complex service mixture 

which must be supported. The following section outlines the most significant findings in this thesis with 

respect to the internal and external influences. Section 8.3 identifies areas requiring further attention 
including proposals for further work. 

8.2 Main results 

8.2.1 Defining the theoretical framework for self-organisation 
Perhaps the most significant finding in this thesis is the development of the theoretical framework 

characterising self-organisation. This was explored in chapter 5 and the following definition of self- 

organisation was offered: 

Functionality that allows the network to detect changes, make intelligent decisions based upon 
these inputs, and then implement the appropriate action, either mininjising or inaxindsing the 

effect of the changes. 

Thus, one can conclude that self-organisation is not one single technology, but comprises a number of 

technologies which together offer the advantages of the above statement. Self-organisation is the 

underlying principle by which system-enhancing technologies can be managed. 

Chapter 5 further identified some of the key concepts in self-organisation. These were then evaluated 

according to five criteria, namely planning and deployment cost, capacity, coverage, flexibility andfuture 

potential. The first three criteria also played 'a significant part when technologies for 2"d generation 
systems were selected. Flexibility is likely to be equally significant for 3"' generation system as one 
moves towards Software Defined Radio (SDR) for similar reasons, i. e. that it allows the system (or the 

user) to choose the most appropriate method of communication, being service, access scheme, 

modulation, coding scheme or data rate. Flexibility for cellular systems implies that it has the ability to 

adapt or 'self-organise' according to changes in the operational environment. The evaluation in this thesis 
has shown that potentially one order of magnitude improvement could be acquired by implementing self- 
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organisation, both in terms of capacity and flexibility. The measure of improvement in terms of capacity 
is well understood. For a cellular'network this would typically be measured as 'users per cell', 'users / 

MHz / cell', 'kbps / Hz / cell' or some other quantity that assesses the maximum amount of traffic that 

can be supported. Flexibility is more difficult to quantify as its meaning is entirely different in each 

scenario. It is more a 'qualitative' than 'quantitative' measure, but it is nevertheless very significant for 

cellular networks. The approach taken here considered whether each technology was flexible or whether 

there were any inherent restrictions that consequently reduced its ability to adapt according to the 

operational environment. 

Nine technologies, or concepts, were assessed in chapter 5. Each concept brought an enhancement to at 
least one of the areas covered by the evaluation criteria. The bunching of basestations was given a high 

score since it increases both the capacity and flexibility of the network considerably. However, to 
implement bunching, extra hardware and infrastructure would be required which would also increase the 

cost of deployment. A contrasting approach was offered by intelligent relaying, since it requires less 

planning and infrastructure. The network behaviour will however become difficult to estimate as the 
basestations, or relay stations, are effectively moving around the network. With the optimum combination 
of technologies, capacity improvement in excess of one order of magnitude are expected. clearly 
illustrating the unrealised potential in cellular networks. However, to control the performance of the 

network, the Situation Awareness (SA) concept needs to be fully developed. The main task of SA is to 

monitor the system operation and control the other technologies accordingly to maximise the performance 
in any given scenario. The SA concept has been singled out as being the underlying principle enabling 
other technologies to provide the appropriate response to the working conditions. 

8.2.2 The network's sensitivity to basestation positioning and spacing 
In chapter one, the two issues of basestations sensitivity to positioning error and separation distance were 
identified as critical when considering the implementation feasibility of self-organisation. One of the 

main thrusts behind self-organisation is the desire to relax the planning requirement, this implies that the 

network must not be sensitive to errors in the positioning of the basestations. In addition, very small cell 

sizes will be required to provide the very high traffic capacity anticipated in future networks. In the light 

of this, any technological or environmental constraints that influence the minimum cell radius must be 

identified. 

The results from chapter 6, suggest that the basestations are relatively insensitive to positioning error. 
With the application of power control, large positioning errors could be tolerated without the generation 

of unacceptable outage or blocking probabilities. However, the errors did have a detrimental effect on the 

capacity. Maximum capacity is attained when the network is deployed in a perfectly hexagonal network. 

The cost saved from simplifying the planning process must thus be compared to the loss in capacity (and 

ultimately revenue) due to the sub-optimal layout of the network. -However, the loss in capacity is 

marginal for location errors up to 0.2 times the cell radius, when power control is implemented. This level 

of accuracy is easily obtained from commercial planning tools and can be achieved at a significantly 

reduced cost. 

The second issue concerning the minimum required basestation separation would potentially have 

implications for the maximum capacity in a cellular network. The investigation in this study revealed that 
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there was no lower limit of any practical implications when one simply considered the number of users 
that could be supported per km2. However, the propagation environment had a significant impact on the 
high data rate services that could be supported. For instance, to support a 384 kbps service, the required 
BS separation in LOS conditions was found to be 450 meters. In NLOS conditions, the distance could be 

reduced to 80 meters. The propagation environment determines how much interference protection is 

available and thus has an impact upon the capacity for each service. This complicates the planning 
procedure significantly since the service mixture to be supported in each instance will have an impact on 
the layout of the cellular network. 

8.2.3 Evaluating the performance of self-organisation technologies 

In the last part of this thesis, the performance of three important technologies was evaluated. These 

technologies were identified in chapter 5 as an integral part of self-organisation. Bunching, dynamic cell 
sizing and situation awareness represent three different aspects, of self-organisation. Bunching implies a 
new type of infrastructure, where basestations (or RAUs) are connected directly to each other. The 

enhancement from dynamic cell sizing comes from the cell's ability to adjust its size according to the 
operational requirements. Finally, the situation awareness concept provides each basestation with the 
decision-making capability to analyse its own performance in terms of the environment and current 
traffic, as well as the behaviour of neighbouring basestations. 

A significant capacity gain was reported by bunching basestations together, which was mainly due to the 

effect of distributed antennas. However, the most significant impact of bunching is the flexibility it 

provides in terms of the ability to switch hardware capacity to the RAU when required. This implies that 
near 100% transceiver utilisation is possible, unlike conventional microcellular networks where the 
transceiver utilisation in uniform traffic conditions is only 60-65% assuming a 1% outage probability. The 

ability to switch capacity to locations where it is required will improve the network's capability to handle 
fluctuations in the traffic intensity whilst reducing hardware redundancy. This flexibility will in turn 

simplify the dimensioning of the planning process. 

Dynamic cell sizing provides a gain in performance through dynamically adjusting the cell size such as to 

reduce the impact of intercell interference and thus increase the number of users that can be supported. In 

chapter 7 section 7.3. it was demonstrated that the individual cell could increase its capacity by 

approximately 30% without raising the interference level experienced by neighbouring cells. This is a 
significant finding since it provides the cells in normal network configuration of a method of supporting 
surplus traffic in periods with high traffic intensity. However, the penalty is that as the cell radius shrinks, 
coverage gaps will emerge. This situation can be salvaged if neighbouring basestations have spare 

capacity that can be directed to the area abandoned by the original cell. Although this method does not 

provide a significant performance improvement in uniform traffic conditions, it does perform well when 
there are local hotspots; in the cell. Results from this study illustrated that by reducing the cell radius from 

500 to 200 meters, the basestation could support between 30 to 95% of the total traffic in the cell, 
depending on its distribution. 

Unlike bunching and dynamic cell sizing, situation awareness does not provide any direct capacity gain. 
Nevertheless, it is an essential part of self-organisation since it provides the means of controlling the 

performance of each technology, as well as the overall performance of the cellular network. An example 
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was given in chapter 7 section 7.4, of a basestation with the ability to overlay a sector such as to reach 
into a neighbouring cell's coverage area. The purpose of the overlaid sector was to support users in the 
neighbouring cell without the users having to increase their transmit power. This would enable 
basestations to provide support for users outside their own coverage area as discussed in the last 

paragraph of this section. The results illustrated that depending on the propagation characteristics; the 
loading of the cell and the beam width of the sector, up to 35% of the users in the neighbouring cell could 
be supported. In addition, the overlaid sector (or beam) provides existing basestations with the means to 
become more flexible. However, the most significant implication of this research is that with appropriate 
algorithms, SA can control many of the critical processes in the cellular network in order to achieve near 
optimum performance in a wide variety of conditions. 

8.2.4 Final observations 
The main thrust of the research performed in this thesis has been the feasibility of implementing self- 

organisation in a cellular network. The results from the investigation imply that the performance of 

cellular networks will greatly improve, both in terms of flexibility and capacity, if self-orgunisation is 

implemented. The most significant contribution from this thesis was the development of an understanding 

of what self-organisation signifies for cellular networks. The work in this thesis has shown that self. 

organisation is not one technology but the 'end-product' when new and existing technologies are 
beneficially combined and controlled intelligently. Another important observation is that although self- 

organisation enables the coverage and capacity planning to be relaxed, combined with advanced planning 

methods, the performance gain will be even more significant as we move towards 3" and 4'h generation 

systems. 

8.3 Future Work 

The concept of applying self-organising principles to cellular networks is a relatively novel idea and there 
has not been a great deal of research performed in this area. This thesis has focused on establishing the 

underlying principles for self-organisation and has consequently raised many new questions which 

require further attention and study before self-organisation becomes a practically viable option. Some of 
the most important issues for further work will be discussed in the forthcoming sections. 

8.3.1 Development of the Situation Awareness framework 

In chapter 5 it was argued that the situation awareness concept was the key to the implementation of self- 

organisation. In the light of this, it is therefore essential that a greater understanding of the technological 

limitations is obtained regarding SA. From the SA investigation performed into the in chapter 7 (section 

7.4 and onwards), four key areas were identified as essential to enable the basestation to make intelligent 

decisions. These were, the propagation environment, ongoing services, traffic intensity and changes in the 

network. For each of these areas, there are several parameters that must be monitored. 

8.3.1.1 Propagation quality map 

The success of 3G systems will be dependent on the cellular networks' ability to support high data rate 

services. The services have different BER and latency requirements and it would therefore be of 
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significant interest if the basestations could have a complete knowledge of the performance at the various 
locations in their coverage areas. This could be obtained through the construction of a quality map of the 

cell's coverage area as depicted in Figure 8.1. 

Coverage area 

Poorchannel 

Good channel 

Figure 8.1: Qualiry inap of the basestations coverage area 

Each basestation will maintain a database containing information on the propagation conditions at each 
location. This information can be obtained from the mobile terminals, as they are expected to be location 

aware in the near future. The network will then have to go through a learning process where it gradually 
improves the information in the database. When it is fully trained, it will be able to rapidly decide which 

transfer mode and bitrate to employ for a given service in accordance with the operational envin)nmen(. 

A direct mapping between received signal strength, RMS delay spread and interference to maximise (he 

supportable bitrate for a give BER for each location, will be of significant value. Some research has 

already been performed in this area, but only speech services at 50 km/h were considered I 11. The method 

could potentially be expanded to cover all the supported UNITS services at a range of' velocities. It' a 

closed form expression exists, then this would provide the ultimate flexibility with minimum impact on 

processing power and memory. However, if such a solution does not exist, look-up tables with sufficient 

granularity will offer an attractive alternative. 

8.3.1.2 Adaptive coverage 

One of the main features of self-organisation is the ability to adapt the coverage area according to both 

the coverage and capacity criteria. The scenarios that were outlined and discussed in both chapter 5 and 

chapter 7, only considered whether 1) it was achievable and 2) quantification of the potential benefit. The 

next step will thus be to consider how this can be achieved in practice. The main focus of this work 

should therefore be on devising algorithms that will enable the networks to adapt to changes in the 

performance. The quality map discussed in the previous section will provide the data that will be required 

to determine the cells normal coverage area. Based on various factors, each individual basestation will try 

to optimise its own performance. These input parameters would typically be: 

Ej Inoperative basestations / insertion of new basestations 

L3 Local traffic hotspots 

L3 Changes in the environment - i. e. changing propagation characteristics 

Li Areas with unacceptable service quality 
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The network will then adapt in real time according to these parameters. However, to enable this 

adaptation to be effective and beneficial, a suitable figure of merit must be established such that crror 
vectors can be generated to determine the effectiveness of each solution. The measure of goodness must 
consider both the coverage and the capacity of the network. 

8.3.1.3 Advanced radio resource management 
Another factor to consider is the various access technologies that will be available to the flexible 

terminals of the future. Consider the scenario depicted in Figure 8.2. 
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Figure 8.2: User equipment's access to various standards 

Depending on the current scenario, the network will choose the optimum transfer mode according to the 

current situation. The access methods could be any of the standards listed in Figure 8.2. although some 
terminals might only be able to access a subset of these. In light of this, new resource management 

strategies must be devised to ensure that the scarce radio resources are utilised efficiently. When a service 
is requested at a particular location, the basestation will have to consider whether it can support it or not 
(derived from the quality map), what standard to employ (depending on terminal capability and the radio 

environment) and the impact of the service, locally as well as globally. If a service can not be supported, 
then a downgraded version might be acceptable with longer latency or lower bitrate. The algorithm can be 

taken one step further and also consider the performance of the physical layer. Higher-level modulation 

schemes could potentially be employed such that the throughput is maximised when permitted by [lie 

radio environment. Similarly, when the conditions are harsh, lower level modulation schemes will he- 

used. Considerable research will have to be undertaken to find out how the resource algorithms can 
jointly optimise the higher and lower layer performance. 
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8.3.2 Development of a Self-organisation demonstrator 

It would be desirable to develop a demonstrator where the self-organisation concepts could be evaluated 
in practice. Although the aim of the self-organisation research is to improve the performance in cellular 

networks, it is not a practically viable option to test it on GSM or UMTS WCDMA hardware. Alternative 

platforms must therefore be identified. Both DECT and Bluetooth could potentially provide the required 
functionality if access to both the RIF and baseband part of the transceiver units could be obtained. 

However, Bluetooth would be the preferred option as it is both situation aware, and is capable of forming 

ad-hoc networks between Bluetooth enabled devices [2]. Significant modifications to the hardware and 

the software would be required, so acquisition of Bluetooth development units would be essential. 
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Figure 8.3: Schematic layout of the Bluetooth radio modens [3] 

-189- 



Chapter Eight 

The Bluetooth Development kit as depicted in Figure 8.3, offers the functionality that is required, as each 

unit can be viewed as a mini-basestation supporting data and control traffic. The development kit offers 
access to the RF, baseband and the higher layers of the software protocol such that the various situation 
awareness algorithms can be tested. This will require a minimum of 3 Bluetooth units, such that a 
network can be formed. 

Quality map demonstratiOn 

With two Bluetooth modules it is possible to demonstrate the capability to build a propagation quality 
map of the coverage area. Transmission of data between the two devices will reveal the performance in 

the given conditions. Consider the scenario depicted in Figure 8.4. Communication between two 
Bluetooth units, where one becomes the master of the piconet and the other the slave, can be employed to 
build such a map. A subset of the coverage area can be accurately measured such that exact locations arc 

obtained for the slave. At each location tests with data and voice services will be performed, the C11, the 
BER and the Received power will be recorded and transmitted back to the master together with the 
location information. The master will then add this information to its quality map. Having performed this 

process at each location in the test area, repeat trials should be undertaken to establish the temporal 

variation in the channel and the impact it has on the quality of the service that is provided. 

`E:: J-<4Emulated Mobile Terminal 

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

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

................... ............................. 
-Kid 

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

Figure 8.4: Measurement of service quality in the coverage area 

Another interesting area, which is well worth investigating, is the impact location error has on the 

accuracy of the quality map and ultimately the performance of the system. This can simply be modelled 

as an additional error vector added to the real location data. The investigation should reveal how sensitive 

the system would be to such errors and provide valuable feedback into the accuracy of the required 
location finding algorithms. 

Dynamic coverage area demonstratio 

With the inclusion of a third Bluetooth module, it is possible to demonstrate other aspects of self- 

organisation. Dynamic coverage areas based on the insertion and removal of a basestation could be 

demonstrated by applying the algorithms developed from the research described in section 8.3.1.2. 

Changes in cell radius could also be triggered by the traffic intensity in the cell area. Although the traffic 

intensity can not be generated directly through many Bluetooth modules, the stimuli could be provided as 

a combination of software simulation and wideband interference. 

-190- 



Chapter Eight 

&4 Concluding remarks 

The study that has been presented here has considered the potential benefit of including self-organisation 
in cellular networks. Many of the various technologies that are considered to be encompassed by self- 

organisation have been discussed in detail. The recent developments within wireless communication will 

result in a plethora of services with widely varying performance requirements. New strategies to cater for 

these developments must be considered and self-organisation is suggested as a way forward. Although 

self-organisation is still in its infancy with many questions left unanswered, the results from this thesis 

suggest there are distinct advantages associated with making the networks self-configuring and 

autonomous. Many other advances in cellular technologies will be required, but truly dynamic network 
behaviour will only come as a result of overall resource management strategies with the capability to 

combine performance measures all the way from the physical layer to the application layer. Self- 

organisation in its fully developed form will have the ability to unleash the true capability of wireless 

networks. 
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Appendix A Correlated Shadowing 

A. 1 Introduction 

Uncoffelated shadowing is widely used in propagation modelling due to its simplicity and ease of use. For 

statistical analysis, it is normally sufficient. However, when one is dealing with moving users then the 

model is no longer appropriate. The nature of lognormal shadowing is that it is completely deterministic. 

The signal strength and shadowing along the same drive route will not change from day to day. To model 

the shadowing as a Gaussian distributed random variable is therefore unsatisfactory. In the next section a 

method of implementing a correlated shadowing process is described for simulation purposes. 

A. 2 Correlated Linear Pathloss Modek Single Radial Model 

Consider a linear pathloss model described by a fixed component, A, the distance between transmitter and 

receiver, r, and a shadowing component, Y, expressed as: PL: =A+B loglo r+Y. If the shadowing 

was to be modelled as an uncorrelated function it would simply be X- N(P, a) where the mean is 

. u=O. To model it as correlated between two positions, i. e. the adjacent value is dependent on the previous 

value, an infinite impulse response filter can be employed. 

X-N(r-O, cr=l) y 

IP, H(z) P, 

Figure AJ: 7he use ofan infinite impulse responsefilter to model correlated shadowing 

The transfer function must be realised with an IIR structure rather than a FIR structure as the output, Y, is 

dependent not only on the current input, but also the previous output. This can be expressed 

mathematically with the difference equation as 

,v 
y(n) akx(n - k) - 

.., 
bky(n - k) (AJ) 

k=O k-I 

This can be visualised as a tapped delay line structure as depicted in Figure A. 2. 

x[n-2] 

x[n] 

y[n-kl 

x[n-k] 

y[n] 

Figure A. 2: IN structure with tapped delay lines and coefficients 
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Applying the z-transform, this becomes 

m 
Z-kX(Z)_ E -ky(Z) Y(Z) ak 

, 
bkz 

k=O k-I 
(A. 2) 

The system transfer function H(z) can then be described as: 

ýy 
L(Z) 

x(z) 
Nmk Y(Z) 

2:, akz-k -Ybkz- 

k=O k-1 
x(z) (A. 3) 

H(z)= 
Y(Z) 
X(Z) 

N 
jak 

Z-k 

/1 

+i bk Z-k 

k=O j k-I 
(A. 4) 

Using this transfer function it is now possible to map this to the wanted expression for the correlated 

shadowing equation. Assuming the shadowing at position y(n) is only dependent on the Gaussian 

distributed noise x(n) and the previous shadowing value y(n-1) yields 

y(n) = ay(n - 1) + bx(n) (A. 5) 

where a and b are the weights of the filter. Applying the z-transform to (A. 5) noting the sign difference 

and the swapped notation (a for b and vice versa) we yield: - 

ak Z-' for b. =O, bl =l andal =1<--*H(Z)= (A. 6) H(z)=Y, bk -Z 
k=O 

/l 

k=I az-1 

Now we are left to determine the coefficients a and b. To find them, the gain of a low pass filter with 

white Gaussian noise as the input must be determined. The auto-coffelation of the input data (the noise) 

can be expressed as the sums of the squared deviations: 

sxx =1 
(x 

- 
A2 

(A. 7) 

The gain of the low-pass filter with Gaussian noise with standard deviation arpresent at the input can then 

be expressed as 

S"�(jW)=iU2 
lnl -jm lnl jan 

-2 lnl jm 
-2 ae =ju'a e- +Zu a e- or (A. 8) 

0 

s. (jw) 
=iu2an eim +Zu 

2an CJ(m - or 
2 (A. 9) 

00 

S. (jm) 
= or 2 (aejw + or 

2 (ae-J'o ý 
-er 

2 

00 
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By dividing the series up into two parts, expanding them and multiplying by 
(ae jw YI 

and 
(ae-J-) 

respectively, the series can be expressed in its compact form: 

22 

IS. 
(jo)) 76- 

or 
2 

(A. H) 
aeJ' 

+ 
ae-J' 

Expanding the denominators to the common factor yields: 

-a 
(1-a )-=H 

(jw)H * (jw) S'(j(o) = TI 
- aeJ'Xl - ae-9 

Finally, by taking the casual part of the system we yield the gain of the low-pass filter is obtained: 

(jo)) = (I 
- ae-Jw) 

By comparing (A. 13) with (A. 6) it can be observed that a would have the following value: 

b=all-a2 where a= e 

Substituting (A. 14) back into (A. 5) the wanted expression is obtained. 

y(n) = e-vry(n - 1) + aýl - 
(e-vr Yx(n) 

From (A. 15) it is obvious that when lim y(n) = bx(n). Hence there is no correlation since y(n) is only 
r-+0 

dependent on the present input x(n). On the other hand when limy(n) = ay(n - 1). As the output now is 
T-ý- 

only dependent on the previous output, they are perfectly correlated. Employing this argument then it is 

clear from equation ( A. 15 ) that to achieve perfect correlation then T must tend to infinity. Similarly, for 

no correlation, -r must approach (but never become) 0. 
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Appendix B Power control issues 

1 Introduction 

Accurate power control on the uplink is an essential and integral part of any CDMA system as discussed 

in section 3.7.1.2. The study undertaken in this chapter 6, utilised a simple power control algorithm. The 

aim of it is to reduce the received power at the RAU to a specified target level which is defined by the 

thermal noise, the amplifier noise figure (5 dB) and the spreading bandwidth. In this particular case this 

becomes -102 dBm. In Table 6.4, the range is listed over which the power control functions correctly. 
When users are positioned closer to the RAU than this minimum distance, the users will not be power 

controlled correctly. This appendix aims to clarify why the power control algorithm collapses under these 

conditions. 

B. 2 Implications for the power control 
Figure B. 1 and Figure B. 2 illustrates the received power profile for varying RAU separations for a fixed 

number of users and a dynamic range of 80 and 60 dB respectively. 
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Figure B. 1: The distribution of the received power with 80 dB dývnann .c range 
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The power control scheme aims to receive all users in the home cell at -102 dBm. From the 80 dB graph, 
it is evident for a BS separation distance of 30 meters that most users (in the home cell) are received at the 

target level. As the separation distance is reduced, the graph is shifted to the right, implying that more 

users are received at higher power levels. The users received at the target level will now experience 

rapidly deteriorating Eb/No levels. The effect is even clearer for the 60 dB scenario, where for smaller 
RAU separations the received power has a normal distribution, as if it had not been power controlled at 

all. 
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Figure B. 3: Number of users supported with power control and mininium Tx power 
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Figure B. 4: User distribution function in the cell 

The impact of the failure in the power control can be observed in Figure B. 3. As the RAU separation is 

reduced below 100 meters, the deterioration increases rapidly down to 20 meters. From Table 6.4 in 

chapter 6, it is clear that for a pathloss exponent of 3.5 and a dynamic range of 60 dB, the minimum 

distance (assuming no shadowing) the user can be from the RAU is 8.5 meters. From Figure BA it is 

possible to observe how large fraction of the users are closer than this to the BS. 8.5 meters represent 

0.425 of the cell radius of 20 meters. The Cdf curve then reveals that approximately 15% of the users are 
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closer to the RAU than the minimum distance. As the separation distance is reduced further, more and 

more users will be pushed into this region. This is the point where the power control scheme fails. Due to 

the number of users received at a higher than desired power level, the target level should be increased 

accordingly to avoid correctly controlled users to fail. As the cell radius is reduced further, the fraction of 

the users which are received at the target level is reduced, causing the increase in the capacity observed 
between 20 and 8 meters. When all the users are closer than the minimum distance, the capacity is 

identical to the case when all the users transmit with minimum power. 
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Appendix C Evaluation of technologies 

1 Introduction 

The purpose of this evaluation is to assess the various technologies importance when employed in a 

context of self-organisation. This appendix will therefore elaborate on the main criteria that were used to 
determine each technology's score. It is important to stress that these numbers were arrived at with the 
best knowledge of the group which assessed the technologies. For some technologies capacity 
improvements have been evaluated in the literature, and are therefore known 

C. 2 Evaluation questions 

C. 2.1 Cost implications 
The following paragraph include the questions the panel applied to determine the cost implications of the 
individual technologies. 

1. Does the technology require any additional hardware? 

2. If yes, how much more hardware is required (extra 10%, 100%, 200% (or more))? 

3. Is the technology new, i. e. introduces a new concept into the design / planning process or is it merely 
an improvement of an already existing concept? 

4. If this technology were not to be used, would another technology be required to perform its function? 

If the technology does not require any additional hardware, then the cost implication is considered to be 
zero. It is assumed that technologies that only comprise of one or more algorithms have no negative cost 
implication for the planning process nor the deployment of hardware. For technologies that require 
additional hardware, the panel made an estimate whether the cost implication of this hardware was 
marginal (10%), significant (100%) or considerable (200% or more). The third question would clarify 
whether the technology introduces new concepts into the planning process and thus have a negative cost 
implication. Finally, if the technology is not used, would another technology have to be employed 
instead? Again, if the technology is meeting an already existing requirement but performs better than 

current methods, then it will have no negative cost implication provided it meats the above constraints. 

C. 2.2 Coverage implications 

An improvement in coverage is difficult to estimate, but is nevertheless an important parameter. 
Technologies, which improve the coverage probability, will typically result from the basestation's 

increased awareness of its local coverage area or due to the deployment of many remote antenna units in 

its coverage area. The following question was applied. 

1. Does the technology have any implications for the achievable network coverage? Will the coverage 

probability improve as a result of the introduction of the technology in question? 
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C. 2.3 Capacity implications 
Capacity will be the dominating issue in UMTS as a result of the arrival of new data services. It is 

therefore important to evaluate the potential capacity improvement each technology can offer. The 

following questions were employed to establish this: 

1. Does the technology "create" new capacity or does it make use of already existing capacity more 

efficiently? 

2. Will the technology complement other technologies, or does it make the use of other technologies 

redundant? 

Whenever possible, the estimated capacity improvement will be based on results reported in literature. If 

results are not available, the knowledge of the panel will be employed to estimate the capacity 
improvement as marginal (10%), significant (100%) or considerable (200% or more). 

C. 2.4 Flexibility implications 
This is the most challenging criterion to make a judgement on, as it has no formal definition. When 

considering this issue, the panel considered flexibility as consisting of three separate parts. The first 
involves the use of the available radio resources in the network. Secondly, the utilisation of the hardware 
in the network, transceivers etc. Then finally, the third criterion considers the technology's capability to 
accommodate architectural changes in the network. The following three questions were employed to 
address these issues: 

1. Does the technology allow the radio resources to be re-allocated everywhere in the network (100% 
flexibility)? 

2. Does the technology allow the transceivers in neighbouring basestations to be employed to support 
traffic in the desired cell? 

3. Does the technology improve utilisation of existing radio resources (also capacity related)? 

C. 2.5 Future potential 
This final category considers the overall impact of the technology for future wireless systems. The panel 

will decide on the basis of the scores achieved in the other categories the relative importance of the 

technologies. The amount of research that has been performed in the area will also be considered when 

evaluating the future potential. A technology which has been researched extensively, will therefore 

receive a low score in this category. 

1. Based on the scores achieved in the other categories does the technology look promising? 

2. Has the technology been researched extensively in literature? Are the improvements reported 

converging towards an upper limit? 

C. 3 Example of how the technologies were evaluated 
The next sections will give an example on how the score for bunched networks was obtained. The same 

approach was employed to determine the score for the other technologies as well. 
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C. 3.1 Planning Cost 

The planning of the capacity for bunched networks does not need to be as accurate as is required in 

current GSM network since all transceivers are positioned in the central unit. Similarly, since new remote 

antenna units can be positioned in areas with poor coverage at very little cost, detailed coverage planning 

may not be required either. The planning cost was therefore estimated at approximately 0.5 of that of a 
GSM network. 

C. 3.2 Deployment cost (in service) 
Given that bigger and more expensive central units are required, the deployment costs are expected to be 

higher. In addition, a substantial amount of cabling will be required to connect all the remote antenna 
units to the central unit. The cost was therefore estimated (perhaps pessimistically) to be 2.5 times a 
similar GSM network. 

C. 3.3 Coverage 
The coverage, which can potentially be provided by a bunched network, is substantially better than 

current technologies. This is due to the fact that antennas can be positioned at remote locations, well 

outside a normal basestations coverage area. In addition, the RAUs can be distributed in a manner such 
that the coverage area can have any desired geometrical shape. In the light of this, a score of 2 was 
awarded in this category 

C. 3.4 Capacity 

Because of the inherent flexibility in the bunch, the transceivers can be utilised 100% of the time, unlike 
in a GSM network where an unacceptable blocking probability is reached in uniform traffic at 60% 
loading. In addition, distributed antennas provide a substantial capacity gain because of the lowered 
transmit power and hence reduced interference level. Research has shown that the capacity can be 
increased by a factor of 2.5 compared with a conventional network [Chapter 2, Ref. 141. 

C. 3.5 Flexibility 

A bunched network topology provides significant amount of flexibility as all the transceivers can be 

allocated to anyone of the RAUs. Similarly, the radio resources can all be utilised at any of the remote 

antenna units. Finally, it allows the network to both adapt its coverage area and provide capacity where it 

is required in real time. In light of the scoring criteria in section C. 2.4, it receives a score of 4, which is 

the maximum achievable. 

C. 3.6 Future potential 
Bunched networks is a new technology. Unlike techniques such as Dynamic Channel Allocation, which 
have been researched extensively over the last decade, it has potential for future improvements. In 

addition, it scored highly in the other categories and was therefore awarded a score of 2.5 in this category. 
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