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ABSTRACT 

Radio resource has always been a bottleneck in mobile cellular communications so that 

historically a large amount of research had been carried out on frequency spectrum 

reuse. With the introduction of third generation CDMA networks, the methods from 

the first and second generation network are no longer applicable since the same 

frequency spectrum is reused in each cell, so new methods making use of the features 

of CDMA are required. 

However, the methods described in the literature use mathematical algorithms to 

calculate changes to the CDMA configuration and this calculation requires large 

amounts of calculation. By using machine learning methods it is possible to avoid these 

excessive calculations. 

In this work “collaborating smart antennas” change their radiation patterns to manage 

the radio resources in the network; what is new is that Case Base Reasoning is used to 

monitor the network conditions and to change the patterns without having to perform 

substantial calculations each time the network conditions are checked. Since this check 

happens at very frequent intervals the consequent savings are significant. 

Because learning is used, the system can predict traffic load changes if it can match a 

scenario it has seen before and hence can change the radiation pattern in advance to 

avoid congestion and call blocking. However, the main benefit of prediction is that if a 

scenario can be matched, then the number of antenna changes is reduced, so reducing 

the amount of forced handovers and hence reducing the signalling load on the 

network. 
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Chapter 1. Introduction 

Chapter 1 INTRODUCTION 

1.1 Introduction 

In third-generation mobile systems, the use of CDMA (code division multiple access) 

enlarges the capacity of the network and makes it easier to offer services with different 

bit rates. However, even with the increased efficiency of CDMA, the increasing number 

of users and high bit-rate services require more radio resource. This has driven the 

need to increase system capacity through more efficient ways of utilising the frequency 

spectrum, given the finite spectrum available.  

Because each cell at the same level 1  in a CDMA network uses the same set of 

frequencies, all the work of 1G and 2G systems in using difference frequency channel 

assignment is not relevant. As will be explained in section 2.4 there have been different 

approaches to radio resource management in 3G networks, including reducing the 

bitrate of some users or denying power-up commands. 

An alternative approach is to dynamically change the radiation patterns of the cells to 

reduce congestion in local hotspots. However, the research work in this area used 

complex algorithms with a considerable amount of calculation, which limits their 

applicability.  

In this work, a novel approach using Case-Based Reasoning (CBR) is used to 

dynamically change the size and shapes of the cells in the mobile network in order to 

balance the load. 

Case-based reasoning is the process of solving new problems based on the solutions to 

similar problems seen in the past. It has been widely used in various research areas 

such as information retrieval [GL03] [DR95], medical assistant system [ABW98], 

robotics [Fox00], autonomous vehicles [VG96] and even to generate poetry [Ger01], but 

                                                      
1 i.e. overlay cells to provide hotspot capacity would use a different frequency 

allocation to the main layer. 
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it has never before been applied in mobile cellular networks for changing radiation 

coverage. 

Another aspect of congestion in civilian terrestrial mobile networks is that it often 

follows certain patterns. For example, when a football match is over, people will call 

their family and friends when they walk out of the stadium, causing a massive increase 

in demand in radio resources from that location. Similar situations are seen on the 

roads and at locations like shopping centres, railway stations and airports. This 

phenomenon offers the possibility of predicting changes so leading to more efficient 

network control. 

1.2 Scope of the research 

The goal of the research is to investigate the use of a case-based reasoning model that 

reacts dynamically to the mobile traffic changes in CDMA network and controls the 

antenna radiation patterns co-operatively to optimise the radio resources, particularly 

when congestion occurs. 

Previous work on collaborative semi-smart antennas used extensive calculations to 

determine the optimum pattern, whereas the goal of this work is to learn the pattern to 

use from experience. To get that experience, results from previous work [Du04] are 

used to build up the initial case library.  

In the work reported in this thesis, the congestion pattern and corresponding radiation 

patterns are combined to generate a case library, which serves to store past useful 

solutions. When a new situation/problem (the problem being congestion) arises, the 

system searches the case library and finds a similar case that can be applied to the new 

problem.  

This scheme of load balancing is different from previous schemes in that the radiation 

patterns are not generated by calculations, which means that it can have a very quick 

reaction to changing traffic loads.  

In addition, the use of learning allows predictions to be handled, so that the system can 

spot congestion as it starts to occur. Moreover, prediction has the potential to generate 
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fewer changes in radiation pattern, leading to fewer forced handovers and hence lower 

signalling load. The practicality of prediction is also investigated in this thesis. 

1.3 Research Contributions 

The work reported in this thesis is novel. The main contributions are: 

• Using CBR to manage collaborating smart antennas to minimise congestion. 

This leads to significant performance gains in the network without the 

overhead of having to recalculate from new each time a pattern is updated. 

• A demonstration that CBR can be used successfully for both developing 

hotspots and for those that move. 

• An approach that allows matching to be made incrementally so the congestion 

does not have to be recalculated based on the network being reset to the 

conventional form.  

• Prediction of congestion build-up to allow a planned sequence of antenna 

changes to be applied, so reducing the overhead associated with changing 

patterns even further. The thesis includes an assessment as to where this is 

practicable and where it is not. 

In addition, these contributions are backed up by investigations into aspects such as 

the granularity of the representation, the appropriate definition of congestion in a 

segment and the use of congestion patterns only for matching, rather than considering 

both congestion and previous radiation pattern; these are tested on scenarios that 

include developing and moving hotspots. 

1.4 Author’s Publications 

[Yao-1] N. Yao and L. Cuthbert, “Case Matching for Resource Management in 

WCDMA Network,” in Proceedings of the 19th International Teletraffic 

Congress (ITC 19), Beijing, China, August 2005. 

 16 



Chapter 1. Introduction 

[Yao-2] N. Yao and L. Cuthbert, “Resource Management in WCDMA Network using 

Learning,” in Proceedings of the fourth IASTED International Conference on 

Communication Systems & Networks (CSN 2005), Benidorm, Spain, 

September 2005. 

[Yao-3] N. Yao and L. Cuthbert, “Resource Management in 3G Networks using 

Case-Based Reasoning,” in Proceedings of the 8th ACM/IEEE International 

Symposium on Modeling, Analysis and Simulation of Wireless and Mobile 

Systems (MSWiM 2005), Montreal, Canada, October 2005. 

[Yao-4] N. Yao and L. Cuthbert, “Prediction of Antenna Patterns for Hotspots in 

WCDMA Networks,” in Proceedings of the 12th European Wireless 

Conference (EW 2006), Athens, Greece, April 2006. 

[Yao-5] N. Yao and L. Cuthbert, “Prediction of Antenna Patterns over Hotspot 

Cluster in WCDMA Networks,” in Proceedings of the sixth IASTED 

International Multi-conference on Wireless and Optical Communications 

(WOC 2006), Banff, Canada, July 2006. 

[Yao-6] N. Yao and L. Cuthbert, “Reducing congestion over Hotspot Clusters in 

WCDMA Networks,” accepted for IEEE Wireless Communications and 

Networking Conference 2007(WCNC 2007), Hong Kong, March 2007. 

[Yao-7] N. Yao and L. Cuthbert, “Managing Moving Congestion Patterns in Mobile 

Networks,” accepted for European Wireless Conference 2007 (EW 2007), 

Paris, France, April 2007. 

[Yao-8] N. Yao and L. Cuthbert, “Managing Moving Hotspots in W-CDMA 

Networks through Prediction,” submitted to the 20th International Teletraffic 

Congress (ITC 2007), Ottawa, Canada, June 2007. 
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Chapter 1. Introduction 

1.5 Organisation of this thesis 

The remainder of this thesis is organised as follows. 

Chapter 2 gives the background of the research, including a brief summary of mobile 

networks with a focus on 3G Networks. Smart antennas are then introduced as the 

physical background to the resource management, together with research work on 

dynamically changing cell size and shape. Lastly, Case-Based Reasoning (features, 

benefits and architecture) is explained together with previous work in the area.  

Chapter 3 presents the principle behind the matching approach used here with the 

CBR, including system design, cell model, case library structure and basic matching 

algorithm. One aspect of this work is the choice of similarity function that measures 

how good the fit is to a certain situation; this is also considered again later. The chapter 

also explains how the network simulator is integrated into the overall simulation and 

importantly discusses validation and as such it represents the first part of the novel 

work of this thesis. 

Chapters 4, 5 and 6 are all novel. Chapter 4 presents the initial results on matching and 

then goes on to show how the approach is affected by the choice of similarity function, 

granularity of modelling. Following that, it includes a technique for matching cases 

over a cluster of cells and shows that using this achieves (i) better matching and (ii) 

removal of gaps between cells that were inherent in the first results of the chapter. Also 

included in this chapter is a consideration of the density of cases in the case library. 

A significant demonstration in Chapter 4 is that the CBR approach can be applied to 

moving hotspots. 

A premise of Chapter 4 was that the congestion patterns would need to be calculated 

from the traffic distribution calculated against a network of cells laid out in a 

conventional manner. In Chapter 5 it is shown that incremental matching can be used to 

match congestion patterns that use the previous radiation patterns and that this is 

much more applicable to a real network. Moreover, matching on congestion pattern 

only is almost as effective as matching on congestion and radiation pattern, so that it 

simplifies the whole approach, particularly for incremental matching. 
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The applicability of prediction based on the congestion and radiation patterns alone is 

one of the aims of this work and this aspect is reported in Chapter 6. It is shown that 

prediction does have potential to reduce the “cost” of antenna reshaping on the 

network, but mainly for growing hotspots rather than moving ones. However, the 

approach coming out of this research does automatically distinguish between scenarios 

with developing congestion and those with moving hotspots. 

The thesis concludes in Chapter 7 by giving the findings from this research together 

with an assessment as to how the work could be extended. 

The appendix explains the operation of the network simulator.  

 19 



Chapter 2. Background 

Chapter 2 BACKGROUND 

2.1 Introduction 

This chapter discusses the background state-of-the-art relevant to this thesis. It starts 

with an overview of the relevant features in CDMA systems before moving on to smart 

antennas and how they can be used to improve the performance when there is 

congestion. As explained in section 1.1, the use of Case Based Reasoning allows 

radiation patterns to be chosen from a library of solutions to similar cases – the 

emphasis here is on how to match those cases and how suitable are the patterns. CBR 

itself is introduced in section 2.5 and its applicability to this and to similar problems is 

discussed. However, this chapter is not intended to give an in-depth summary of 

mobile networks in general or of wider uses of Case Based Reasoning.  

2.2 Mobile networks 

The concept of mobile telephone networks is now well known. The basic cellular 

system consists of mobile stations, base stations, and mobile switching centres that are 

responsible for routing connections. Radio access is organised into “cells” to allow 

resource re-use (frequencies in GSM, codes in CDMA). Figure 2.1 illustrates the 

principle, showing the main elements only, for a current mixed 2G/3G network.  

Each cell has a radio transmitter/receiver (the Base Transceiver Station (BTS) in GSM or 

Node B in 3G) that provides the radio link with the mobile terminal. A group of radio 

cells is managed by a Base Station Controller (BSC) in 2G networks, or a Radio Network 

Controller (RNC) in 3G. This forms the radio access network - called Base Station 

Subsystem (BSS) in GSM or UMTS Radio Access Network (UTRAN) in 3G (sometimes 

Radio Network Subsystem (RNS)). 
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Chapter 2. Background 

The core network is split into two parts (the circuit-switched part and the packet-data 

part), although it is expected that there will be a rapid transition to an all-IP structure 

so that the circuit switched part will disappear, even for carrying voice services. 

However, the core network is not used in the research reported here so it will not be 

considered further. 

GSM BSS

MSC
MT BTS

Circuit Switched 
Fixed Network

PSTN
PLMN

External 
networks

3G: UTRAN

UE
Node B

RNC
Internet

GPRS
Backbone
IP Network

GMSC

GGSNSGSN

BSC

Radio access network Core network

GSM BSS

MSC
MT BTS

Circuit Switched 
Fixed Network

PSTN
PLMN

External 
networks

3G: UTRAN

UE
Node B

RNC
Internet

GPRS
Backbone
IP Network

GMSC

GGSNSGSN

BSC

Radio access network Core network  

Figure 2.1 Mobile network architecture 

The main change, therefore, in establishing a 3G network is to set up a new radio access 

network and this is the most important area where standards have diverged. There are 

three major camps:  

• UMTS (Universal Mobile Telecommunications System), more often known as 

Wideband CDMA (W-CDMA), which is based on backwards compatibility with 

GSM). This is being co-ordinated through 3GPP - the 3G Partnership Project. 

[3GPP97] 
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• The cdma2000 standard, (a successor to the IS-95 narrowband CDMA 

standards) developed by the Telecommunications Industry Association (TIA) 

of the United States. [Rap02]. 

• TD-SCDMA (Time Division Synchronous Code Division Multiple Access) system 

developed jointly by Siemens and the China Academy of Telecommunications 

Technology (CATT) [CFL02].  

This thesis considers W-CDMA only as it is the dominant standard in Europe. 

3G is designed essentially to offer higher bit-rate mobile data, so allowing new services 

to be offered to the user. 

The main design objectives for W-CDMA 3G systems can be summarised as follows: 

• Full coverage and mobility for 144 kbit/s, preferably 384 kbit/s; 

• Limited coverage and mobility for 2 Mbit/s; 

• Symmetric and asymmetric data transmission; 

• Circuit switched and packet switched connections; 

• Capable of carrying Internet Protocol (IP) traffic; 

• Global roaming capabilities; 

• High spectrum efficiency compared to existing systems; 

• High flexibility to introduce new services. 

In the radio access network, Code Division Multiple Access (CDMA) is used to allow 

multiple terminals to access the UMTS network within a cell and this is the subject of 

the next section. 

2.2.1 Multiple access techniques 

In general, the three methods for multiple access that could be used for mobile 

networks are shown in Figure 2.2. Originally most mobile technologies used FDMA 
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Chapter 2. Background 

(Frequency Division Multiple Access), TDMA (Time Division Multiple Access) or a 

combination. However, with the introduction of IS-95 in the US, Code Division 

Multiple Access (CDMA) was introduced. Since this thesis is concerned only with 

networks that use CDMA, this technique is the only one that will be considered here. 

  
FDMA 

f1 f2 fM 

t 

p

f
t1

t2
tM

p

f 
t1 

t2
tM

TDMA CDMA 
p 

 

Figure 2.2 Multiple access technologies1

In CDMA, signals for different users are transmitted in the same frequency band at the 

same time; moreover, each cell uses the same frequency band so the frequency re-use 

concept of earlier systems is not relevant. 

In CDMA Users are separated by assigning a different “code” to each. The data to be 

transmitted is “spread” through multiplication operation with the code. The code 

sequences assigned to the users who share the same channel are selected so that there is 

very little correlation between them [Rap02]. Thus in theory, the interference between 

the various signals is completely eliminated. However, in practice, the orthogonality 

conditions are degraded so that the number that can be superimposed on the same 

channel is limited [Mur01]. Consequently, the capacity of a CDMA system is related 

closely to the interference level and the system is considered a soft capacity system 

because the number of users is generally limited by the total interference that occurs 

from other users and base stations (Figure 2.3) and noise, rather than by the number of 

                                                      
1 Figure 2.9 from [Chen03] 
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codes available. New calls can be accepted until the interference is too high to 

guarantee the desired quality. 

Since the interference depends on the geographical distribution of users, the 

determination of capacity is complex. 

Uplink Downlink

Desired signal
Intra-cell interference
Inter-cell interference

Uplink Downlink

Desired signal
Intra-cell interference
Inter-cell interference  

Figure 2.3 Interference in uplink and downlink 

Generally it is the function of Radio Resource Management to take action to maximise 

the system capacity and this is generally considered to have five aspects: 

• power control; 

• handover control; 

• admission control;  

• load control (congestion control); and 

• packet scheduling. 

Each of these aspects (apart from packet scheduling which is not relevant to this 

research) is considered in turn. 
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2.2.2 Power control 

Power control is essential in CDMA systems since interference comes from other 

mobile terminals. Those that are located nearer the base station need to be told to 

transmit at a lower power than those further away in order to minimise this 

interference. Power control is the mechanism that enables mobiles to adjust the power 

at which they transmit and ensures that only the minimum required power is 

transmitted in the network.  

Three forms of power control are used in W-CDMA: open-loop power control, 

outer-loop power control, and closed-loop power control.  

• Open-loop power control: When a mobile terminal needs to set up a new 

connection it must first set the power to be used. It does this by measuring the 

received signal strength and then estimating the path loss between the base 

station and the mobile. This is not very accurate. [Mur01] 

• Outer loop power control is used to calculate the target threshold for the 

closed-loop power control: it is the minimum value that just meets the required 

target quality. [OP98]  

• Closed-loop power control 1 [SC01] provides the accurate power control (for both 

the uplink and the downlink) needed to optimise the overall interference levels 

– i.e. to meet the target SIR set by the outer-loop power control.  

o For the uplink: the base station compares the received SIR with the 

target SIR and changes the transmitted power in the next control cycle to 

meet the target.  

                                                      
1 Also known as fast power control 
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o In the downlink: mobile terminals at the cell edge see increased 

interference from other cells (Figure 2.3) so the power control has to be 

used to ensure that these terminals see sufficient signal from the base 

station with which they are associated. 

The simulator used in this research implements all the three forms of power control 

described above; how it does that is described in the Appendix.  

2.2.3 Handover 

As mobile terminals move between cells, any connection in progress has to be handed 

over to the new cell. This has been a standard process in all cellular mobile 

technologies since their inception, but CDMA allows for an additional form of 

handover called soft handover 1 . (The traditional type of handover is called hard 

handover.) 

• Hard handover: The connection to the current cell is broken, and then the 

connection to the new cell is made. This is essential in systems like GSM 

because the two cells involved in the handover use difference frequencies. 

• Soft handover: All cells in CDMA use the same frequency so it is possible to 

make the connection to the new cell before leaving the current cell; this means 

that the mobile terminal is effectively connected to two base stations while it is 

in the soft handover zone and this increases the power seen by the terminal (a 

process known as macrodiversity gain) without having to increase the power of 

the base stations. This is an advantage since it reduces the interference and 

hence increases capacity. However, using two connections also uses more 

                                                      
1 There is an additional form of handover called “softer handover” which is effectively 

soft handover between sectors within a cell. 

 26 



Chapter 2. Background 

resource (two connections rather than one) so capacity could also be reduced. A 

good description of how to optimize the size of the soft handover zone to 

optimise capacity is given in [Chen03]. 

The simulator described in the Appendix takes soft handover into account. 

The other aspect of handover is how the handover is initiated. Three standard 

approaches are: 

• Mobile-controlled handover, which is triggered by the poor link quality measured 

by the mobile.  

• Network-controlled handover where the network initiates the decision to hand 

over for any reason, such as to control traffic distribution between cells.  

• Mobile-assisted handover where the mobile reports the measured signal from 

nearby base stations and the network makes the decision of handing over or 

not. 

In this research, the network capacity is managed by changing the radiation patterns of 

cells so that mobile terminals see changing signal strengths and hence can initiate 

mobile controlled handovers. Network-controlled handover and mobile-assisted 

handover are also possible with this approach. 

2.2.4 Admission control  

Connection Admission Control (CAC) determines the base station assignment. In 

order for a connection request to be admitted, the base station must have sufficient 

spare capacity for the new connection, without any of the existing connections being 

dropped. The capacity calculations have to be made separately for the uplink and 

downlink, and the connection is only admitted when both are satisfied. 
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A great deal of work has been done in this area, but the one adopted in the simulator is 

throughput based admission control [LWN02]. This technique makes accept or reject 

decisions based only on the total load that is calculated after admitting the new 

connection according to the threshold defined by the radio network planning. 

2.2.5 Congestion control 

When the network starts to become congested, action needs to be taken to mitigate the 

effects. Some existing methods for congestion control have been given in [HT02]: 

• deny downlink power-up commands for the downlink;  

• reduce SIR target of uplink inner-loop power control for the uplink; 

• handover to another W-CDMA carrier or another network (GSM); 

• reduce the bit-rate allowed for real time users; and 

• reduce for packet data traffic 

This research is about congestion control, but using an entirely different approach: 

changing the radiation pattern of the antennas to optimise the radio coverage (and 

hence power) in order to minimise the congestion. This concept has been described in 

the literature by other QM researchers (e.g. [CRTBB01] [DBC03a] [DBC03b]) but the 

approach taken here is new as it uses learning rather than calculation; it has been 

reported (for example in [Yao-3], [Yao-4], [Yao-5]).  

2.3 Smart antennas 

A smart antenna system has multiple antenna elements, each of which can be 

separately excited to optimise the radiation (or reception) pattern for a particular need 

[ArrayComm]. A considerable amount of work has been published in the literature on 

smart antenna systems, for example [Chry00] [GL04] [Go97] [TAP00] [ZIYH03]; that 

work in the literature leads to the conclusion that using smart antennas can increase 
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system performance because of their ability to automatically change their radiation 

patterns in response to changing conditions.  

The radiation pattern can be regarded in a broader sense as cell size and shape, and the 

work in, for example, [DBC03a] has already shown that changing both cell size and 

shape is feasible and can increase system capacity.  

There are two main types of smart antennas [ArrayComm] that are illustrated in Figure 

2.4. 

  

a) Switched-beam b) Adaptive Array 

Figure 2.4 Illustration of smart antenna types1

• Switched beam: in this approach, the smart antenna has a finite number of 

fixed, predefined patterns. These antenna systems choose from one of several 

predetermined, fixed beams, and switch from one beam to another as the 

mobile moves throughout the sector.  

• Adaptive array antennas: here the number of patterns is not chosen in 

advance, but are adjusted in real time. The adaptive system can locate and 

track signals to (in this context) dynamically minimise interference. The use of 

adaptive array antennas makes it possible to change the cell size and shape 

dynamically. It is a form of adaptive array antennas that is considered in this research 

work. 
                                                      
1 Source [ArrayComm] figure 6 & 7 
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Using an adaptive antenna array for a 3G base station effectively adds an extra 

dimension1 (radiation shape) that can be used to optimise the performance of the 

network. 

In this work, a broad change in cell coverage is required, rather than a narrow lobe: this 

can be readily implemented using adaptive arrays with a fairly small number of 

elements. This type of antenna has been named a semi-smart antenna and the concept of 

using such antennas for 3G networks was implemented in the EU project SHUFFLE 

[CRTBB01]. Figure 2.5 shows the four-element array used for testing in that project. 

 

Figure 2.5 Prototype smart antenna2

With only 4 elements, it is still possible to change the shape and size of the radiation 

pattern sufficiently: the principle is illustrated in Figure 2.6. This shows a six-sector 

antenna pattern with four elements in each sector. In Figure 2.6 (a) equal excitation is 

used on each antenna element and for each antenna sector, so producing a nominally 

                                                      
1 Here dimension means another system parameter that can be controlled. 

2 Constructed from four conventional base station antennas placed side by side (with 

built-in remote electrical tilting and phase shifting – a proprietary system from Alan 

Dick & Company) 
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circular radiation pattern. In (b) the excitation1 of each element is varied to produce a 

shaped pattern for each sector, and those shapes vary sector by sector to produce the 

overall shaped radiation pattern for the cell. 

In this research (to match that of Du [Du04]) six sectors and four elements for each 

sector antenna are used. The more elements and sectors that are used, the more degrees 

of freedom there will be and hence a greater variety of shapes; however, in a real 

system more elements would mean a higher cost. 

Note that in this thesis, the model used for matching uses a different meaning for the 

term “sector” and this is explained on page 69. 
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Figure 2.6 Beamforming: six sectors, each with a four-element array 

                                                      
1 In general the amplitude and phase of each element can be varied. 
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2.4 Smart antennas in 3G networks 

The principle behind using semi-smart antennas for congestion control in 3G networks 

has been reported in, for example, [DBC04]. The concept is to extend the cell-breathing 

that happens with power-control in CDMA networks in a controlled way: congestion 

in a heavily loaded cell can be reduced by contracting the radiation pattern around the 

hot-spot and expanding adjacent radiation patterns to fill in the coverage loss, as 

illustrated in Figure 2.7.  

 UserBase Station

Cell Coverage

Hotspot

UserBase Station

Cell Coverage

Hotspot

 

 Surrounding cells 
adjust cooperatively

“Hotspot” cell 
reduced in size

Surrounding cells 
adjust cooperatively
Surrounding cells 

adjust cooperatively

“Hotspot” cell 
reduced in size  

 

a) Conventional fixed radiation patterns b) Cells adjust shape to handle congestion 

Figure 2.7 Illustration of radiation pattern change 

If there is congestion in one cell then collaboration takes place between that cell and its 

neighbours in order to collaboratively optimise the radiation patterns to allow the 

congested cell to shrink and neighbouring cells to expand. In this way the radiation is 

adjusted in such a way that interference is controlled and hence congestion is 

minimised. 

Such a system needs the ability to approximately locate and track mobiles in order to 

determine how to change the radiation patterns. Existing mobile networks have a 
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limited capability for locating mobile terminals, but this is expected to change in order 

to facilitate next-generation location-based services. 

An elegant feature of this approach is that as hotspots move, the system can track those 

changes (Figure 2.8) and, by changing radiation patterns co-operatively, can ensure 

that there are no gaps in the coverage. 

 Patterns change to cope 
with new congestion 

Hotspot moving

 

Figure 2.8 Hotspot moving 

Having got antennas that can change the radiation patterns, it is necessary to design 

algorithms that allow these changes to take place in an optimum way: co-operatively. It 

should be noted that although the congestion in the hotspot cell will be reduced, there 

may be losses produced in the neighbouring cells and the objective of the control 

algorithm is to achieve a local optimum for the network around the hotspot, rather 

than in an individual cell. 

In previous work in the literature [DBCNP03] [DBC03b] [DBC04], three different 

algorithms have been applied to this specific problem: co-operative negotiation, 

utility-based negotiation and bubble oscillation. These methods are briefly described 

below. 
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• Cooperative Negotiation Approach 

In this method [DBCNP03], each base station is assigned an agent1. When a 

base station agent observes that its local traffic exceeds a certain threshold, it 

starts negotiations with its neighbours.  

The initial agent proposes a set of hypotheses (suggested solutions) to adjacent 

base station agents, which will send messages agreeing immediately if they 

have enough resources; if they do not, further negotiation with other base 

station agents will take place. 

Once the initial agent has received enough replies from other base station 

agents, it chooses the “cheapest”2 one, sends a message to its antenna agents, 

and then the radiation patterns are finally changed. 

This approach has been shown to be effective, having been compared in 

[DBC03a] against global optimisation. However, this method can become very 

complex and hence is difficult to scale. 

• Utility-Based Method 

An alternative is a utility-based algorithm 0. In this approach, a base station will 

calculate the utility value (benefit) for each connection request it receives using 

a function defined in that paper. If the utility exceeds some pre-determined 

threshold and if the base station has enough capacity spare, then that 

connection request is granted. 

                                                      
1 An intelligent agent in the multi-agent system sense. 

2 Measured in terms of the losses (blocked/dropped calls) in the region surrounding 

the hotspot.  
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If the base station does not have sufficient capacity, it checks the utility value 

for the mobile terminals it is serving to see if there are any with a lower value 

than the new request; if there are, then the lowest is moved to an adjacent cell (if 

feasible) or dropped. 

The conclusion of [DBC03b] is that the approach is much more scalable than 

co-operative negotiation and gives performance results that are nearly as good.  

• Bubble Oscillation Approach 

A very different approach is the “bubble oscillation” approach in [DBC04]. The 

concept in that paper is to use an analogy with bubbles: the bubble surface is 

analogous to the cell contour; the air within each bubble to the traffic served by 

each cell; and the volume of each bubble to the capacity of each base station. 

Areas of congestion appear as areas of “vacuum” between the bubbles and 

bubble oscillation takes place to minimise these vacuum pockets. 

The mathematics of this approach follows the physics of bubbles and the results 

show that it is (i) efficient and (ii) very effective. Because it is so effective, 

bubble oscillation is used as the basis for comparison in this work, and also to 

derive initial libraries of cases used for the Case Based Reasoning of this 

research. 

In [Du04] there is a comparison between the performance of the different techniques – 

and this is summarised in Figure 2.9.  

However, it must be remembered that all of these approaches need calculation every 

time congestion occurs, so that they can be computationally heavy. In this thesis Case- 

Based Reasoning (CBR) is used to allow the learning of situations so that radiation 

patterns can be selected from the set of pre-calculated patterns rather than computed. 
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The novel aspect of this is not only the application of CBR in this way, but also the 

matching and prediction of traffic patterns. 

  
Figure 2.9 Comparison of approaches 1

2.5 Case-Based Reasoning 

The approach in the research described in this thesis is to learn from previous 

successful cases to select the most suitable radiation patterns for a particular situation. 

The attraction in using learning is to be able to jump straight to a set of patterns that 

worked in a similar situation previously, so leading to less computational complexity 

and faster response times because the patterns would not have to be calculated ab initio. 

The choice of learning method is important. Case Based Reasoning (CBR) is chosen 

here but an obvious alternative would have been Artificial Neural Networks (ANN) 

[JMM96] [LRLHS05].  

An ANN takes a set of input values and processes that set by multiplying each value 

with a weight and then summing the weighted values. This may be done in more than 

one layer and the value of the final output is used to select an action to take. An ANN 

has to be “trained” from a large number of examples where the correct output for each 
                                                      
1 Figure 5.4 and 6.9 from [Du04] 
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set of input values is known. In a complex system such as that described here the time 

to train could be exceptionally large and it would be difficult to generate enough 

training data in advance. CBR systems on the other hand can start with a relatively 

small number of cases in the library, but will grow that library in use by adding cases. 

Moreover, CBR is “safe” in that it cannot result in a set of radiation patterns that has 

not been seen before. 

Case-Based Reasoning is a problem solving method that remembers a previous similar 

situation and then re-uses information and knowledge of that situation [AP94] [WM94]. 

It derives from how people solve daily life problems: for instance doctors make 

diagnoses based on previous experiences (i.e. on previous cases) and “case studies” are 

used extensively in law and business. CBR has been widely used in different research 

areas, e.g. information retrieval [Mar98], decision support [BW97], customer service 

[KB93] [Sim92] and e-commerce [BAF03]. The results have shown that it is useful to 

people and machines that know a lot about a task and the particular problem domain.  

The essential part in a CBR system is the case library containing the cases. A case is a 

representation of an experience [Kol93] that can be used to determine an appropriate 

solution. There are two parts to the case: (i) the representation of the conditions that are 

to be matched; and (ii) the solution that is to be applied when that case is matched. 

There are also two parts to the process as a whole: (i) generating and maintaining the 

cases that go into the library (case generation, case reuse, case revision and case retainment) 

and (ii) finding the case appropriate to a particular situation (case retrieval). 

• Case generation and maintenance. 

One of the features of CBR is that, unlike ANNs, it does not need extensive 

training before being used. A library can be generated in advance from test data 

(“case generation”), but the maintenance functions that allow new cases to be 
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added also permit a library to be built from scratch. These maintenance 

functions require an evaluation function to determine how good a case is. 

If the output of the previous case can be used for a new situation that is termed 

“case reuse”; if it can be reused with some form of modification the term is 

“case revision”. The process of adding the case to be reused in some form to the 

library, with the appropriate indexing, is “case retainment”. 

• Case retrieval 

Case retrieval is the use of the library to find the best solution to a particular set 

of circumstances and is the main thrust of the research in this application. The 

library is structured in such a way that the set of input conditions is suitably 

indexed and the retrieval process finds the “best” match for the current input 

values. How to set up this structure is a major consideration as it affects the 

performance of the CBR system. [Kol93] identified several possible structures 

and algorithms; the choice of the most suitable structure and algorithm 

depends on the number of cases in the library and their nature. 

Currently in this work, flat memory, serial search is used for case retrieval. The cases are 

stored in the library in sequence without any organisation; on retrieval, each case will 

be matched in sequence with those cases that have highest match being selected. 

The benefits of this method are that (i) it is simple to implement, (ii) the new case can be 

easily added into the library and (iii) by searching the entire library, it is only the 

matching function that affects the accuracy. The disadvantage is that searching the 

entire library can be time consuming, especially as the case library gets larger.  

Alternatives are to use combinations of hierarchical memory and parallel search. 

 38 



Chapter 2. Background 

• Hierarchical memory is suitable for large case libraries because the cases will be 

organised in some form of hierarchical order, being grouped into clusters and 

sub-clusters. This means the whole memory does not have to be searched (so 

saving time) but runs the risk that choosing a wrong branch initially may mean 

the best case is not found. 

• With parallel search the whole library is searched at the same time, leading to the 

matching and retrieving processes happening in one step. While being much 

faster it can be memory intensive.  

2.6 CBR for controlling telecommunications networks 

There are very few studies in the literature about CBR applied to network management, 

e.g. [AM96] [Lew95]. However most of the work is aimed at wired computer networks 

and is mainly concerned with fault diagnosis. Two pieces of research that are worth 

mentioning (although not directly related to this research) are those of the EU project 

CAUTION [BBZFG02] and that by Chantaraskul [CC04], [Chan05]. 

2.6.1 Dynamic resource management in GSM: CAUTION 

CAUTION [BBZFG02] was a research project funded by the European Community that 

proposed a traffic congestion management mechanism in GSM networks. CBR was 

used to provide decision-making for automatic assignment of network resources to 

alleviate congestion. The work in that paper is mentioned here because it is the only 

work using CBR that is directly applied to wireless telecommunication systems. 

In that work, a knowledge base (KB) was used to record the congestion events and the 

traffic management strategies. 
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Knowledge in the sense used in that work consisted of a set of traffic scenario 

definitions and characterizations, including the type of event that caused the 

congestion (for example congestion during the busy hours in densely populated urban 

areas or that caused by sporting events). Each traffic scenario represents a class of 

congestion events that may happen in the network and is characterized against a set of 

key performance indicators that describe network performance (such as blocking). 

Knowledge also includes a set of rules that give a list of traffic management strategies, 

for each scenario. 

Cases in the library represent congestion events that had been dealt with in the past. 

Each case contains: 

• the case identifier; 

• the traffic scenario the congestion event belongs to; 

• the number of cells affected by the congestion event; 

• observed values of the key performance indicators; 

• the strategy applied to solve the congestion event; 

• the start time and actual duration of the congestion event; 

• an identifier of the previous case that best matched with this case; 

• the number of times the case has been reused since it was inserted in the library; 

and 

• the number of times the case has been reused with success. 
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The retrieving process is shown in the Figure below: 

 

 

Figure 2.10 Retrieving Process 1

The Interface Traffic Monitoring Unit (ITMU) is responsible for detecting congestion in 

the network and triggers the CBR process. A matching is done to classify the event 

against the traffic scenarios stored in the KB and after that a search is started for cases 

with the same traffic scenario, using a similarity function that calculates the similarities 

between the key performance indicators of the new congestion event and the 

corresponding ones for the stored case.  

The differences between CAUTION and that described in this thesis are: 

• It is based on a GSM network and uses resource management strategies that are 

not relevant to W-CDMA.  

• The approach to recognizing congestion is very different to that used here and 

is not related to the interference-limited nature of W-CDMA networks. 

• Its aim is to provide a real time network management tool with the aid of CBR, 

while the research in the thesis is to study the feasibility of automatic radio 

resource allocation, based on smart antenna technology and 3G networks. 

                                                      
1 Fig. 5 from [BBZFG02] 
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2.6.2 Managing resources within a cell 

Another piece of research on applying CBR to telecommunications network that is 

related to the work in this thesis is by Chantaraskul [CC04], who applied the technique 

to managing traffic congestion within 3G cells, not by using smart antennas but by 

changing admission control and enforced cell breathing. The work reported there was 

mainly concerned with the matching problem of traffic in cells, not in matching 

congestion. 

Chantaraskul’s conclusions [Chan05] were (i) that there is value in using Case Based 

Reasoning to manage the reactive layer policies in an agent-based RRM system and (ii) 

because the target of the management system can be expressed in any form the 

approach is extremely flexible. 

She also concluded that any form of control strategy could be used, although she only 

applied the technique to single-cell shrinking and connection request buffering; she 

also demonstrated that her work could be applied to both instantaneous and 

cumulative call blocking. 

Since at first sight there appears to be some similarity with the work described here, it 

is worthwhile looking at her work in more detail, to show how different it is in reality. 

Chantaraskul’s overall objective was to manage the radio resources in order to meet 

Service Level Agreements (SLAs). She did this by looking at the traffic patterns within a 

cell (in broad bands as discussed later) and then deciding what action to take for 

different classes of customer (gold, silver, bronze) when a trigger point was reached. 

The matching was to determine whether the congestion was random or hotspot.  

In order to identify the area of congestion within a hotspot cell, Chantaraskul 

partitioned the hexagonal cell as shown in Figure 2.11.  As her simulation ran, the 
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traffic load was collected for each subsection of the hotspot cell so allowing the area of 

congestion to be identified when the congestion trigger was reached. The six initial 

cases she used for identifying congestion are shown shaded in Figure 2.11. 
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Figure 2.11 Hotspot cases as used by Chantaraskul 1

As Chantaraskul noted [Chan05] these hotspot cases cover a variety of patterns as, in 

reality, the hotspot area could be large or small and also it would not just be in a 

specific part of the cell, as shown in the figure. Notice that the granularity is very much 

coarser than that used in the work in this thesis. 

The matching method used in Chantaraskul’s work is to use a threshold for the offered 

traffic in each band and then to look within the overloaded bands to find which 

segments are congested. (Figure 2.12.) 

                                                      
1 Fig 5.1 & 5.6 from [Chan05] 
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Figure 2.12 Two-step hotspot pattern identifying method 1

The first step is shown in Figure 2.12 (a). A threshold is set for each band and it can be 

seen that bands 1 and 3 exceed their threshold while 2 does not. Hence the two 

congested bands are broken down into segments with a separate segment threshold, to 

identify which segments are congested. (Figure 2.12(b) and (c).) By using this two-step 

method, there is no need to look in detail at uncongested bands. 

When congestion is reported, the CBR model attempts to retrieve a matching 

solved-case from the case library. If a near match can be found, the solution will then 

be applied to the system. Part of Chantaraskul’s work was to demonstrate that 

different types of congestion could be identified (with different approaches to the 

solution – buffer increase or cell shrinking) so she used a shared-feature CBR approach 

(hierarchical memory) as shown in Figure 2.13. All the random overload cases are 

                                                      
1 Fig 5.11 from [Chan05] 
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clustered in one group and all hotspot cases are grouped together as they share the 

same main features.  

 Congestion types

Random overload cases Hotspot cases

Gold Gold 
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Silver

Case 4Case 3 Case 6Case 5Case 2Case 1
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Figure 2.13 Shared-feature case library structure (Fig 5.5 from [Chan05]) 

With a hotspot case the matching is as described earlier (page 43). This led to the case 

library structure that is shown in Figure 2.14. 
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Figure 2.14 Case library structure (Fig 5.13 from [Chan05]) 
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Chantaraskul’s work explored some of the issues in matching (including matching 

cases that were not quite the same as those stored in the library) but can only be 

regarded as initial exploration of the area.  

The work reported in this thesis is new (and completely different from that of 

Chantaraskul) in that: 

• It matches across regions rather than in one cell. 

• The approach of congestion control is different: in Chantaraskul’s work an 

SLA control mechanism is used that sacrifices bronze customers for gold and 

silver customers; whereas in this thesis semi-smart antennas and radiation 

pattern reshaping is used, which gives an overall system capacity gain. 

• Congestion recognition is different: Chantaraskul sets threshold for offered 

traffic and regards congestion as happening if the offered traffic exceeds the 

threshold; whereas in this thesis the congestion is recognised by the simulated 

traffic, which is a more realistic recognition approach for congestion. 

• It uses more realistic modelling of traffic/congestion structure across the area 

(finer granularity). 

• It applies the approach to a realistic radio resource management mechanism 

that looks at results wider than in one cell, so allowing hotspots to be dealt 

with across more than one cell. 

• It applies the approach to traffic scenarios including moving hotspots. 

• It allows prediction that enables pre-emptive action to be taken. 

2.7 Summary 

In this chapter, some essential principles of mobile cellular communications systems 

have been briefly explained. W-CDMA networks were introduced and the radio 

resource management considered in more detail as that is the main focus of this 

research. Smart antennas were also introduced as they are used to provide the 
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underlying physical support for load balancing and Case-Based Reasoning is 

introduced as the main method adopted in this research. 

The chapter also considered two areas of previous research on applying CBR into 

mobile networks, these two topics representing the main previous work in the area. It 

is clear that the research in this thesis is different from that carried out before and 

reported in the literature. 

In the next chapter, the principles of applying CBR to manage congestion in W-CDMA 

networks are explained in detail together with the implementation. In the subsequent 

chapters the results of different approaches to matching on prediction are presented 

and discussed. 
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Chapter 3 CBR CONTROL FOR MOBILE NETWORKS 

3.1 Introduction 

In the previous chapter, the main features of W-CDMA mobile networks, smart 

antennas and CBR were identified; in this chapter CBR is applied to controlling smart 

antennas to reduce congestion in hotspots. 

To benchmark the performance, the results are compared directly with those of Du 

[Du04] and the 3G network simulator from that work is incorporated into the 

simulation used here in order to ensure that there are no differences in the network 

representation affecting the results. Although use is made of the W-CDMA simulator 

originally written by Du, the rest of the work is new. 

In the first part of this chapter there is an explanation of how the overall system is put 

together and this is followed by a first consideration of how to do the case matching.  

It is worth pointing out here, although it is discussed in more detail in section 3.5.3 and 

section 5.2, that the approach taken here is based on congestion, rather than traffic load. 

This reduces the amount of data to be matched, but more importantly allows the 

case-based reasoning engine to concentrate on those areas of the network where there is 

a problem, leaving untouched those where it is performing normally. This is important 

not only from an efficiency point of view, but also because changing radiation patterns 

leads to forced handovers. Figure 3.1 illustrates this, using the example of Figure 2.7: 

where the congested cell shrinks, those mobile terminals that are now served by another 

base station (shown in red on the figure) have undergone a forced handover. These 

handovers lead to an increased signalling load and so should be avoided if not needed. 

By concentrating on the congested areas only the radiation patterns in other areas are 

left unchanged.  
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Mobiles that have had a forced 
handover to a different cell
Mobiles that have had a forced 
handover to a different cell

 

Figure 3.1 Cell changes lead to handovers 

Another aspect that is different from the work of Du is that in his work there was an 

underlying assumption that the optimum could be calculated based on completely fresh 

calculations at each calculation instant1 without assuming that any of the radiation 

patterns had remained the same. However, in a real network, when looking at 

congestion, the radiation patterns cannot be reset at the start of each snapshot to work 

out the congestion that would occur in a conventional network, and then optimise ---- 

the derivation of the new patterns has to be based on the congestion arising from the 

patterns as they were calculated at the last snapshot. 

Hence the overall objectives of this work are to investigate the feasibility and benefits of 

case based reasoning, especially in terms of speed of performance compared with 

full-scale optimisation and also subject to the constraints that might be expected in a 

real network. 

                                                      
1 The instant at which the calculation is performed is called “snapshot” in this thesis. 
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3.2 System design for simulation experiments 

Figure 3.2 illustrates the structure of the system used for the experiments with the 

overall Case-Based Reasoning system incorporating the network simulator, which (as it 

can be seen from the figure) simulates the working of the 3G network and generates 

traffic demands that may cause congestion from time to time. The CBR engine does 

matching to determine the best radiation patterns for that particular situation and the 

performance is then evaluated using the network simulator. 

  

Yes

Matching

Network simulator

Varying traffic load

Apply case: new antenna pattern

Network performance

No match

End

match

Congestion
No

Search 
case library

Network simulator

Network performance
Use fallback 

solution

Yes

Matching

Network simulator

Varying traffic load

Apply case: new antenna pattern

Network performance

No match

End

match

Congestion
No

Search 
case library

Network simulator

Network performance
Use fallback 

solution

 

Figure 3.2 System Flowchart 

If congestion1 is detected, the reasoner first searches the case library and looks for the 

best match. If it finds such a match, the solution will be applied to the problem. 

                                                      
1 The definition of “congestion” is discussed later 
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In general, a CBR system will evaluate the result of the match and, if it finds that it is 

suitable for this new case then it will be added to the case library; if no matching case is 

found, the system has to calculate a new solution for the problem. The main thrust of 

this research is to look at the ability to match and predict, but some experiments were 

conducted on adding in extra cases. 

Once the solution has been applied and new radiation patterns generated, the 

performance can be recalculated and then if satisfactory, the new case can be put into 

the case library for future retrieval. In this work, the generation of new cases is 

demonstrated, but the emphasis is on how to match and predict given a particular case 

library. 

It is clear that the most important aspect is the case matching because without that 

working satisfactorily, CBR would not function. This is the focus of Chapter 4. 

The next part of this section considers the elements used for the simulation experiments. 

3.2.1 Simulator 

It is essential to have a baseline for comparison of the results from this work with the 

literature, and in particular with the work in [Du04]; to achieve that, the W-CDMA 

simulator used here is a modified version of that used in [Du04]. This allows direct 

comparison between the CBR approach and his bubble oscillation method. 

As will be discussed in section 3.3, matching is performed on the congestion pattern; 

this means that the case library needs to be populated with both congestion patterns 

and resulting optimum radiation patterns. These were calculated by running the bubble 

optimisation from [Du04].  

However, in order to implement the system of Figure 3.2, the matching and CBR 

sections had to be implemented by the author, and in addition, the existing simulator 
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had to be modified in order to allow it to work with the CBR system, including the 

provision of different scenarios, such as the moving hotspots. 

The simulator is a comprehensive W-CDMA simulator that is focussed on 3G networks 

with unevenly distributed traffic. Traffic distribution data is input into the simulator as 

a snapshot and in Du’s implementation the distribution of mobile terminals changes 

from being uniform to one where traffic is concentrated on hotpots. In this work the 

simulator is extended by not only allowing the traffic distribution to change, but also 

allowing hotspots to move with controllable randomisation of the trajectories in order 

to ensure that the system is not trying to match on exact cases. 

For each snapshot, the simulation performs both uplink and downlink capacity 

calculation. Figure 3.3 from [Du04] gives an illustration of the simulation structure. 

There are three main parts in the simulator: data input, results output and simulation 

core. The details regarding the simulation core can be found in Appendix 2. 

 



Chapter 3. CBR Control for Mobile Networks 

 

Figure 3.3 Flowchart of W-CDMA network simulator 17

 

                                                      

 17 Figure 3.3 from [Du04]
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3.2.2 Verification and Validation 

Law and Kelton explain in [LK97] that verification and validation of a simulator is 

essential to ensure that the results obtained truly reflect what the simulation has been 

designed for: 

• Verification is the check that the simulation model is performing as intended, in 

other words whether the program is working correctly.  

• Validation checks that the conceptual simulation model is an accurate 

representation of the system under study, i.e. is the overall approach valid. 

The network simulator had been verified and validated previously [Du04] so it was 

only necessary to check that the modifications and “hooks” inserted were performing 

properly. This was done using the standard method of working through the behaviour 

of the code by hand. In addition, performance comparisons of the results from the 

conventional18 network showed that the simulator as implemented was performing the 

same as that of Du, so that the modifications to allow it to be incorporated into the CBR 

system had not introduced errors. 

Similarly, verification of the CBR aspects was carried out by detailed debugging of 

subprograms and detailed study of printouts. 

Validation of the overall CBR system was performed by checking the cases selected 

manually against the library contents.  

                                                      

 18 The term conventional network is used here to mean the network that does not used

any antenna shaping. 



Chapter 3. CBR Control for Mobile Networks 

3.3 Preliminary data for case library 

The first step in using the CBR method is to build up a library of traffic patterns and 

radiation patterns, as well as selecting the index. Generating this library required 

existing results and the simulator from [Du04] was used for this task. A set of scenarios 

with different traffic hot-spots in a 100 diamond-mesh model as shown in Figure 3.4 

was the basis for this initial set. 

 

Figure 3.4 100 diamond-mesh network model 

Using the existing simulator allows the results to be compared directly with those in 

[Du04] and other publications describing that work (for example [DBC03a], [DBC03b], 

[DBC04] and [DBCNP03]). The simulation configuration for the initial experiments is as 

described in Figure 3.5. It should be noted that the normal distribution has been used 

for traffic distribution and the negative exponential distribution has been used for call 

arrival rate in order to directly compare with Du’s results. 
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1. Hotspots are formed over a sequence of 100 traffic snapshots with the time 
interval between two consecutive snapshots being 60 seconds. 

2. Each traffic snapshot contains 50,000 users in the whole area. 

3. All the users are uniformly distributed at the first snapshot and ten traffic 
hot-spots form from the first to the last snapshot. 

4. Each hotspot contains 2000 users, and the rest of the users are always uniformly 
distributed across the whole area. 

5. The locations of the users in hotspots follow normal distributions. 

6. The mean value μ, representing the location of each traffic hot-spot, is uniformly 
distributed with the minimum central distance of any two greater than 3r, where 
r is the cell radius. 

7. The standard deviation σ = 0.5r represents the size of each traffic hot-spot. 

8. The active and idle time for each user has a negative exponential distribution. 
The mean values are 120s and 720s respectively. 

Figure 3.5 Configuration of parameters for simulation 

Simulation parameters are taken from [Du04]: 

 

Figure 3.6 Simulation parameters for both uplink and downlink19

An example of the hotspot and the corresponding result after optimization without 

using CBR is shown in Figure 3.7 and Figure 3.8. The points represent the traffic units 

and the blue lines show the boundaries of each sector. The triangles in the centre 

represent the base station and the red dots the blocked units.  

                                                      

 19 Table 7-B in [Du04]
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Figure 3.7 Simulation results before optimisation 

 

Figure 3.8 Simulation results after optimisation 

Figure 3.7 illustrates the position and shape of the congestion and Figure 3.8 shows that 

after optimising the radiation patterns, a lot of the previously blocked mobile units are 

served. These two figures give a visual display of preliminary data and the purpose of 

the matching process is to discover the connection between them. 

3.4 Cell Model 

The pattern of traffic units in a cell could be represented by the position of each unit, i.e., 

the coordinates. However, the process of calculating or matching traffic patterns by 
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every point would be very complex. Also, considering the semi-smart antenna 

capability, it is desirable to divide the region that a cell can possibly cover into a number 

of small areas. To fit easily with the radiation pattern, the cell region is divided in polar 

co-ordinates, rather than rectangular coordinates, as shown in Figure 3.9a. The three 

terms used to describe the different regions are: band for the division along the radial 

direction, sector for the division along the angular direction and segment for the 

intersection of the above two (Figure 3.9b). 

The frontier of each base station is defined by the maximum outreach (at the usable 

signal level) of any of its radiation patterns. Within the frontier the region is divided 

into many segments, and each segment can contain many connected mobiles. The 

hexagonal region represents the default, idealised baseline pattern of coverage. In 

[Du04], the whole 360 degree plane is equally divided into 72 sectors and there are 20 

bands. However, in this work, different granularity has been tested, which will be 

discussed in detail in the next chapter.  

Using this overall approach, the load can be represented by the degree of congestion 

within each segment, and the radiation pattern can be represented by the coverage 

(length) on every direction.  

 
 

a) Cell model b)Illustration of band, sector and segment 

Figure 3.9 Illustration of cell model 
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However, realistic radiation patterns are synthesised in the simulation; naturally it is 

not assumed that real radiation patterns have abrupt changes [PTVF02]. These realistic 

patterns are cubic-spline approximations to the discrete ideal patterns as shown in 

[MD02] (reproduced in Figure 3.10). These approximations and the synthesised 

radiation patterns are very similar. 
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Figure 3.10 Examples of cubic spline interpolation and pattern synthesis20

3.4.1 Case Library Structure and case representation 

The case library uses flat memory and serial search as described in [Kol93]. All the cases 

are stored sequentially in a text file and retrieved by applying a matching algorithm. 

The degree of match of each case is calculated and the cases that match best are 

returned. 

                                                      

 20 Figure 46 from [MD02] - using downhill simplex method for two adjacent sectors.
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The format of the case is: 

Case number 

Situation description part: 

• An array representing the traffic unit graph, with the coordinates of the 
segments not served by any base station. (Congestion pattern) 

• An array representing the radiation pattern, with the discrete length of the 
radius on each segment direction. 

Solution part: 

• An array representing the adjusted radiation pattern and the surrounding six 
cells’ radiation pattern. 

Figure 3.11 Case representation for matching 

An example of what the case looks like is given in the figure below: 

0 (case number) 
0 5 0 6 0 7 1 5 1 6 1 7 2 5 2 6 2 7 2 8 3 6 3 7 3 8 4 5 4 6 4 7 5 5 5 6 5 7 6 5 6 6 6 7 7 6 7 7 8 5 8 6 
8 7 9 5 9 6 9 7 9 8 10 5 10 6 10 7 11 5 11 6 11 7 12 5 12 6 12 7 13 5 13 6 13 7 14 5 14 6 14 7 14 8 
15 5 15 6 15 7 15 8 16 5 16 6 16 7 17 5 17 6 17 7 18 5 18 6 19 5 19 6 20 5 20 6 21 5 21 6 22 5 23 
5 24 5 25 5 27 5 32 5 33 6 34 6 34 7 35 6 35 7 (problem congestion pattern) 
4 4 4 5 4 4 4 5 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 5 5 5 4 5 5 5 (problem radiation pattern) 
4 5 5 5 5 5 5 5 6 5 4 4 4 4 4 4 4 3 3 3 3 3 3 2 2 3 3 2 2 2 3 3 3 4 4 5  
4 8 13 19 28 0  
16 15 14 14 13 13 13 14 14 14 14 14 14 14 14 15 15 16 16 15 13 12 11 10 9 8 8 8 8 9 9 11 12 13 
15 17  
2 12 16 19 25 35  
10 10 10 9 8 8 7 7 6 5 4 4 4 5 5 6 8 8 10 12 14 15 17 16 16 17 16 15 14 13 12 12 11 11 11 11  
0 6 18 22 25 30  
13 11 9 7 6 5 5 4 5 5 4 4 4 4 4 4 5 6 6 6 7 8 9 10 12 13 15 16 16 17 17 17 16 15 15 14  
0 6 12 24 29 31  
18 17 17 16 16 15 15 15 13 11 8 7 6 5 4 4 4 3 4 4 3 3 3 3 4 4 5 6 8 9 10 12 14 16 17 18  
1 6 12 21 30 35  
14 15 16 16 17 18 18 18 16 15 14 12 12 10 10 9 9 10 10 11 12 13 13 13 13 13 13 13 13 13 13 13 
13 13 14 14  
5 7 12 21 28 0  
12 12 12 13 14 13 13 14 16 17 19 18 19 17 16 15 14 13 13 14 13 13 13 13 13 13 13 13 13 13 13 
13 13 14 13 13  
6 11 13 18 27 34 (solution radiation patterns) 

 

Figure 3.12 Example of Case 
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Although this system is a problem-solving CBR, the goal for each problem is the same: 

to solve congestion. Hence, there does not need to be a goal description in the case 

representation. 

3.5 Matching algorithm 

The process of matching is to compare two cases and determine their degree of match 

[Kol93]. In other words, it finds out the similarity between problems and cases, and the 

solutions of the most similar cases are returned for the problem to use.  

Here, there are two aspects to be matched: 

• current radiation pattern; and 

• current traffic/congestion21 pattern. 

These are compared with cases in the library to find the best possible match and, as 

shown in Figure 3.13 initially a 2-stage process was used, with the radiation pattern 

being matched before the congestion pattern. 

                                                      
21 The distinction between matching on traffic and congestion is discussed later in 

section 3.5.2 
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Figure 3.13 Principle of traffic/congestion matching 

Matching is done by calculating similarity functions and choosing the lowest value in 

each case. Each aspect is considered in turn in the following sections. 

3.5.1 Matching on radiation pattern 

As shown in Figure 3.14, the radiation pattern can be represented as the radius of the 

antenna coverage within each sector and the matching on radiation pattern is given as 

the equation below. Note an absolute difference (L1) norm is used because it is a linear 

relationship. 

 ∑
=

−=
n

i
iiantenna crprcpSim

1

)()(),(  (1) 

Where:  

p represents the problem, 

c represents the case,  

n equals the total number of direction parts, 

ri is the radius of the radiation pattern in the i-th sector. 
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Figure 3.14 Radiation pattern representation 

The selection of cases from “Match 1” from Figure 3.13 is done by filtering the similarity 

values of radiation patterns of each case against a threshold. Initially the threshold is set 

to be NS * 3 (NS is the total number of sectors), assuming that only cases where the 

difference between radius on each direction is no more than 3 will be selected for the 

match on congestion pattern. 

3.5.2 Matching on traffic/congestion in general 

General pattern of congestion

General pattern of traffic

Blocked mobiles

Served mobiles

General pattern of congestion

General pattern of traffic

Blocked mobiles

Served mobiles

 

Figure 3.15 Comparison between congestion and traffic patterns 

Figure 3.15 shows the difference in principle between matching on congestion and traffic. 

Congestion matching is looking only at those mobiles where a connection request is 
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blocked, whereas traffic matching is looking at all users in the area and it should be 

noted that the areas covered by congestion are usually much smaller than areas of 

heavy traffic – in the figure the shaded area represents the bulk of the mobiles falling 

within the classification. 

This research considers only congestion matching has been implemented and the 

reason for choosing this approach (reducing data to be tracked and the number of 

antenna changes) is discussed in section 3.1. 

3.5.3 Matching on congestion 

The similarity function of congestion pattern is given by: 

 ∑∑
= =

−=
n

i

m

j
ijijcongestion cspscpSim

1 1

)()(),(  (2) 

Where  

n is the total number of the sectors, 

m is the total number of division along each sector 

sij represents the status of the (i * j)-th segment, 1 for unserved segment and 0 for 

served segment.  

Similarly to the process of matching on radiation pattern, the cases are filtered to ensure 

that the number of matched segments (status is the same in the case and in the situation) 

is between 0.5 and 1.5 of the number of congested segments in the case (CBN).  
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After this selection, the cases that are most similar to the problem are selected. Then one 

case will be applied to the problem after calculating the overall similarity value as 

discussed in section 3.5.4. 

3.5.4 Similarity function 

A similarity function is important in ranking the retrieved cases. In this research, several 

different similarity functions are tested, which include the standard similarity function, 

nearest neighbour function, and the multiplicative similarity function.  

The standard similarity function is a simple algorithm that has been widely used. It is 

shown as follows:  

 
∑

∑
=

k k

k jkikkk
ji

w

aadw
ccsim

),(
),(  (4) 

Where  

ci and cj are two cases with attributes aik and ajk,  

dk is the similarity function for attributes, which is Simantenna and Simcongestion in this 

case, 

wk is the weight of attribute k.  

Applying this to the problem in the thesis gives equation (5). Simantenna and Simcongestion are 

given in equations (1) and (2). Note that since matching on radiation pattern and 

congestion pattern has already been through the constraint check, and as both are 

equally important for calculating the overall similarity, the weights are not included in 

the equations used. 

 ),(),(),( icongestioniantennai cpSimcpSimcpsim +=  (5) 
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The nearest-neighbour similarity function comes from standard Euclidean geometry, 

which assumes all instances correspond to points in the n-dimensional space Rn. An 

arbitrary instance x is described by the feature attribute lists: <a1(x), a2(x), a3(x), ..., an(x)>, 

with ar(x) representing the value of the rth attribute of instance x. The distance between 

the two instances xi and xj is given by: 

 ( ) ( )[ ]∑
=

−=
n

r
jrirrji xaxawxxdistance

1

2),(  (6) 

Where: 

distance can be regarded as the similarity between xi and xj,  

wr is the weight of attribute. 

Applying equation (6) to this system gives equation (7); in this Simant and Simcon take the 

place of ( ) ( )jrir xaxa − . 

 22 )),(()),((),( icongestioniantennai cpSimcpSimcpsim +=  (7) 

Notice that with nearest-neighbour function, the overall similarity function can be 

calculated to be the sum of squared distances between each attribute. However the aim 

of the overall similarity function here is to rank retrieved cases, so equation 7 is used. 

Lastly, the multiply similarity function can be expressed by: 

 ( ) ( )∏
=

−=
n

r
jrirji xaxaxxsim

1

),(  (8) 

Similarly, this equation can be applied here as: 

 ),(),(),( icongestioniantennai cpSimcpSimcpsim ⋅=  (9) 
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The case with smallest value of sim will be chosen for the problem, and that is 

guaranteed to be a good match, given the two constraints applied on the sim of 

radiation pattern and the sim of congestion pattern.  

It is also possible to have a similarity function that combines the value of the sim of the 

two parts to the matching, with a threshold applied on the overall similarity value. 

 221 congestioncantennaa simwsimwsim +−=  (10) 

Where: 

antsim  is the difference between the new event’s radiation in a particular direction 

and the case’s radiation in this direction over a cluster, normalised by the 

maximum differences,  

simcon is the difference between congestion patterns, expressed in a similar way 

to , antsim

wa and wc are the weight for radiation attribute and congestion attribute 

respectively, and their values are both 0.5. 

They can be expressed as: 
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Where: 

CN is the number of cells in a cluster,  

BN is the total number of bands,  

SN is the total number of sectors in the cell division 

r represents the discrete radius on a particular direction 

p indicates the problem and c the case. 
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The notation is the same as in equation (11), except s indicates the congestion status of 

the segment. 

Some experiments were done on all similarity functions (section 4.3 and section 5.1.4), 

but in general the two-stage process (Figure 3.13) was preferred since it is more efficient 

in terms of retrieving from case library, as will be explained in section 5.1.4. 

3.6 Summary 

This chapter introduced the principles behind applying CBR to the problem of 

dynamically adjusting radiation patterns to minimise congestion in mobile networks. 

As such, the chapter represents the initial concept and is novel. In the next chapter, 

results of applying the principles of matching are presented and performance aspects 

(such as improvement in blocking rate, speed of calculation) are presented.  

Also considered is the important point of the feasibility of incorporating the approach 

in a practical network and the changes that this imposes on (i) the principles considered 

in this chapter and (ii) the previous work by Du. 
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Chapter 4 MATCHING 

4.1 Introduction 

In this chapter the approach described in Chapter 3 is implemented and compared 

against previous work with congestion building up in hotspots; it is also extended by 

considering congestion across clusters of cells and also by applying it to moving 

hotspots, something that was not done previously.  

The intention is to compare the performance of the CBR approach with that where full 

optimisation is done so it uses situations that match very closely those of Du Lin [Du04], 

and the determination of congestion pattern and radiation pattern is based on the 

approach described there. The area that a base station can cover is divided into 72*20 

segments as explained in the previous chapter.  

Cases are generated by using the bubble algorithm method from [Du04] and this gives a 

means of direct comparison. However, it is recognised that matching to exactly the 

same cases as placed in the case library offers very little value, so the simulation 

configuration uses a normal distribution of users within hotspots (item 6 from Figure 

3.5) so the situations encountered will only be similar to the cases generated and not the 

same. 

Throughout this research it is assumed that the antennas for each base station support 6 

radiation sectors22. It is not necessary to use 6: the trade-off is that more radiation sectors 

give more degrees of freedom and a better fit to the discrete pattern, but at more cost. 

Figure 4.1 (a) shows the 6-radiation-sector layout with equal excitation on each (each 

                                                      
22 Normally the radiation sector for a cell is just termed “sector”, but here “radiation 

sector” is used to avoid confusion with the sectorisation of the cell for modelling. 
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red or green pattern illustrates the coverage of the radiation of a sector). Note that in 

this thesis the cell layouts produced by the network simulator show each radiation 

sector. 

The discrete representation of the radiation patterns is shown in Figure 4.1 (b) and as 

explained earlier the process at each snapshot is: 

• congestion patterns and the corresponding discrete radiation patterns are 

generated from the bubble simulator; 

• matching is performed on the discrete pattern; 

• the radiation pattern is synthesised using the cubic-spline interpolation; and 

• the network simulator is used to determine the performance of the network with 

the interpolated antennas. 

  

(a) 6-sector pattern (b) Interpolation from discrete pattern 

Figure 4.1 Cell models for 6-sector array from simulation 

The generation of cases follows the following steps as illustrated in Figure 4.2 and 

Figure 4.3. 
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1. The network simulator generates the distribution of users and determines the 

congestion (the red dots in Figure 4.2 (a)) for a conventional network. 

2. This distribution of users is then run through the bubble algorithm that 

produces the discrete radiation patterns (Figure 4.2 (b)). Notice that the antenna 

shapes are now different – the bubble algorithm is producing radiation patterns 

that would have produced similar congestion patterns to the real case. (It is 

recognised that this is a rather artificial step, but is done this way here to enable 

direct comparison with Du Lin’s work – in Chapter 5 generation from a more 

realistic scenario is investigated.)  

  

a) Pattern from network simulator b) Discrete pattern 

Figure 4.2 Steps 1 and 2 of case generation 

This produces the set of congestion patterns {c} and cell radii {rin} that are used in 

the case library as input parameters (the situation description part of section 3.4.1). 

3. The bubble oscillation algorithm is then run to optimise the radiation patterns to 

produce the output set of radii (the solution part of section 3.4.1) for the hotspot 

cell and for the 6 cells surrounding it; this pattern is shown in Figure 4.3 (a). 
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4. Figure 4.3 (b) shows the result of interpolating the radiation patterns and 

running those patterns through the network simulator. It can be clearly seen that 

the congestion is less than in Figure 4.3 (a) – but that while looking at congestion 

on this sort of plot shows clearly what is happening, it does not show numerical 

values of the blocking (which will be given in later results sections).  

  

a) Discrete pattern -- solution 
b) Simulated pattern with interpolation of 

radiation patterns 

Figure 4.3 Solution part 

4.2 Initial Results 

The basic configuration for the traffic snapshots is as described in section 3.3 with the 

parameters of Figure 3.5. This configuration is used to carry out the basic experiments 

on matching.  

In the first set of results (Figure 4.4) the radiation patterns and congestion are shown: 

the lines in both figures (a) and (b) represent antenna coverage, the small dots represent 

served traffic units (different colours for different sectors) and the large red dots 

represent the unserved traffic units. Figure 4.4 (b) shows that after matching, the shape 

of antenna coverage is distorted to serve the hotspots.  
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a) Before matching  

 

b) After matching 

Figure 4.4 Illustration of radiation patterns before and after matching 

From this, it can be seen that with the changing of the radiation pattern of the hotspot 

cell and its surrounding six cells, the radiation pattern of the cells surrounding the 

group might need to be changed as well. However, the matching algorithm looks at 

only one level of cells round the hotspot cell. Therefore, there may be gaps between the 

changed antenna and unchanged antenna cells; this is illustrated in Figure 4.5. In that 

example, as the hotspot cell shrinks, the radiation patterns in the six surrounding cells 

are increased to cover the gaps caused the shrinking of the hotspot. However, if 

consideration is not given for the next layer surrounding the group, gaps might arise – 

as shown by the red shaded lines in Figure 4.5 (b). In this initial work, this possibility of 

gaps has been ignored as the emphasis has been on the hotspot itself, but that is 

addressed in section 4.5. 
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“gap”“gap”

 

a) Before shaping b) After shaping surrounding cells 

Figure 4.5 “Gaps” in surrounding cells 

Figure 4.6 shows the blocking probability in a traffic scenario that generates ten 

hot-spots. The result shows that in a conventional network where the radiation patterns 

are circular, the system call blocking rate increases with the increase of traffic as would 

be expected; it also shows that the system call blocking rate is reduced with the CBR 

matching method, by up to 40%. 

Figure 4.7 shows the capacity 23  increase over the whole network for 20 different 

scenarios, each having ten hotspots. The case library was generated using the first 2 

scenarios and that explains why the capacity gain for the first 2 scenarios is 

comparatively better than others. Although for some scenarios the increases are not so 

outstanding, it does show that CBR is working. 

                                                      

 23 In this thesis the capacity is the number of active mobile users served by the base

stations. 

 74 



Chapter 4. Matching 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0 20 40 60 80 1

Traffic Snapshots

Sy
st

em
 c

al
l B

lo
ck

in
g 

R
at

e

00

Conventional Network

Matching

 

Figure 4.6 Change in system blocking rate 
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Figure 4.7 System capacity increase of 20 traffic scenarios 
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This is not as good as the results presented in [DBCNP03] (Figure 4.8) where the 

blocking probability dropped much lower with optimisation (bubble oscillation or 

negotiation) than with the CBR approach. That is because: CBR mainly balances the 

load around the hotspot area and with this initial implementation there is the possibility 

of gaps being created (Figure 4.5), so leading to mobiles elsewhere being blocked. In 

Du’s work the traffic load is balanced across the whole network. 

As explained earlier, the variation in user locations (as would happen in a real network) 

mean that the previously-matched cases do not fit exactly the new situation. 

However, there is a major benefit in using CBR: the time to calculate the patterns to be 

used is very much less than either bubble oscillation or negotiation: this is shown in 

Figure 4.9 where the execution time for CBR is consistently over 20 times faster than 

bubble oscillation (the faster of the two optimisation methods).  

 

Figure 4.8 Results from negotiation optimisation 24

                                                      

 24 Figure 6.9 of [Du04]
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Figure 4.9 Execution time of two methods 

These results are only the first step: they show that matching can be successful, that the 

CBR offers good system performance gains with significant speed improvement. 

However, more detailed investigation is required on the parameters of the matching 

and how well it works for different types of scenario – and these aspects are considered 

in the following sections. 

4.3 Test on Different Similarity functions 

In section 3.5.4 three different similarity functions were introduced to offer different 

methods of calculating how near a match is. These were: 

• standard similarity function: 

),(),(),( icongestioniantennai cpSimcpSimcpsim +=  

• the nearest-neighbour similarity function: 

22 )),(()),((),( icongestioniantennai cpSimcpSimcpsim +=  
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• the multiply similarity function: 

),(),(),( icongestioniantennai cpSimcpSimcpsim ⋅=  

Results of testing these are shown in Figure 4.10 where it can be seen that there is very 

little difference between the results of using the three similarity functions: the approach 

is, therefore, insensitive to the similarity function.  

However, at the point where congestion starts to occur, the performance of the CBR 

method is slightly worse than without using CBR, because when congestion is low, the 

gaps generated in the surrounding area might have a bigger impact than the gains for 

hotspots using reshaped patterns. 
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Figure 4.10 Comparing different similarity functions 
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4.4 Test on Granularity 

The division of the basic cell shape into segments was shown in Figure 3.9 (b): each cell 

has n sectors and m bands giving an overall n×m segments. Obviously, the more 

segments there are, the better will be the modelling of any particular pattern (finer 

granularity) but there will be more data to process so leading to longer execution times. 

This section investigates the performance tradeoffs. 

In this experiment there are 10 hotspots and each experiment is run with different 

granularities and the results are compared. As in the previous results, as the congestion 

builds up, the CBR method outperforms the conventional network (around snapshot 

60), although as congestion starts to occur it can be worse because of the small number 

of cases in the library for these conditions, as explained in section 4.3. 
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Figure 4.11 Comparing number of sectors 
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Figure 4.11 and Figure 4.12 present the simulation result of a traffic scenario with ten 

hot-spots with different granularities of cell division. The result shows that after a point 

(about snapshot 60) the system performance is much better than the conventional 

network.  

Figure 4.11 shows the result when comparing the number of sectors and Figure 4.12 the 

number of bands. In both cases the multiplicative similarity function has been used. The 

curves in the two figures have the same trend and there are not any large differences 

between the values of each point, indicating that this matching algorithm is not overly 

sensitive to the granularity  
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Figure 4.12 Comparing number of bands 

However, the execution time with different granularities is not the same, as would be 

expected (Figure 4.13): the execution time with a fine granularity is much longer than 

with coarse granularity.  
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Figure 4.13 Relative execution time using different granularities 

In this chapter, 72*20 is generally used and in fact the very fast results shown in Figure 

4.9 were generated with a granularity of 72*20: clearly from the results of Figure 4.13 an 

even greater improvement on execution time compared with bubble oscillation would 

be obtained.  

These initial results from matching, based on the patterns from Lin Du’s bubble 

initiation, show that although CBR does not give such an outstanding performance as 

the bubble oscillation algorithm, there is significant improvement in performance and a 

very large increase in speed. However, these results are only the first steps to show the 

feasibility of the approach and the following sections consider the matching in more 

detail. 

4.5 Matching over a cluster 

In the previous sections, matching was done over a single cell, but in practice hotspots 

are likely to cover several cells. As an example, Figure 4.14 shows the distribution of 

hotspot cases arising from a simulation; in this case there has been no change in 

radiation patterns. The grey dots represent served traffic units and the black ones 

represent the blocked units. 
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It can clearly be seen that in this case the congestion falls across several cells so the case 

library cannot just include congestion patterns from one cell, but instead has to keep a 

record of the situation over several cells. 

 

Figure 4.14 Distribution of hotspot cases from a simulation 

Congestion clusters are recognised by scanning across the cells and determining 

whether congestion occurs in neighbouring cells. If congestion is spotted, then the 

cluster of cells is marked to be treated as a whole. By this means, the program 

automatically determines whether 1, 2 or 3 cells should be included in the congestion 

cluster. In this work, the record is kept over a cluster of three cells. Congestion in more 

than 3 adjacent cells is rare, but the system could easily be extended to treat this as 

either (i) a single large cluster or (ii) adjacent clusters. 

There are two other additions to the approach that are also significant in reducing 

congestion: 

A mechanism to avoid the “gaps” 

Instead of changing the radiation pattern for the whole of a surrounding cell (so 

creating gaps), advantage is taken of there being six antenna sectors in the cell, so 
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that only the radiation pattern towards the hotspot is changed; the rest of the cell is 

still covered. 

This technique is shown in a simplistic way in Figure 4.15. 

1) gap in 
surrounding cells

2) sector antenna 
patterns leave no 

gaps

3) discrete pattern 
ensures no gaps

4) cubic-spline pattern 
matched to this discrete one

1) gap in 
surrounding cells

2) sector antenna 
patterns leave no 

gaps

3) discrete pattern 
ensures no gaps

4) cubic-spline pattern 
matched to this discrete one

 

Figure 4.15. Illustration of avoiding “gaps” 

The figure illustrates one hotspot cell with one surrounding cell. The parts of the 

figure show different situations: 

1. This is the simple function used previously (from Figure 4.5) just included here 

as a comparison. 

2. In this cell the representation shows how the radiation patterns from real 

antennas would ensure coverage. 

3. This is the discrete representation found from matching. However, in addition 

to the matching in the hotspot cluster, an algorithm is included that checks the 

radius of the radiation pattern in every sector in the surrounding cells to ensure 

that coverage reaches the normal cell boundary. 
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4. From the discrete matching in (3) a cubic spline interpolation is obtained and 

this is used as input to the network simulator to determine the performance, as 

before.  

Of course, once the hotspot cluster had been found, it would be possible to institute 

matching in the surrounding cells as well and apply the “surrounding cells 

algorithm” to the next layer. This has not been done in this thesis as most of the 

congestion in hotspot cases is within a few cells: as with limiting the maximum 

number of cells in the defined hotspot to be 3, this is another approximation; this 

also limits the amount of information that needs to be stored in the case library. 

Dealing with a failure to match 

If no match was found in the previous sections, the radiation pattern was reset to 

that for the conventional network. In this work, that has been changed to use the 

pattern from the previous match. While it could be argued that this might result in 

an inappropriate pattern being used, generally the change from snapshot to 

snapshot is sufficiently small so that the previous pattern is a good interpolation 

value.  

This is generally much more realistic since in a real network the antenna would not 

be reset to the conventional “circular” pattern if a match was not obtained at a 

particular snapshot – the logical action would be to not make any change. 

However, there is one problem with this that needs addressing. 

At the start of congestion, matching is more likely to be problematic because the 

pattern is very variable with only a few segments being blocked. At the next 

snapshot the system might identify another group of cells as the hotspot cluster, 
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and if no match is found the previous radiation patterns are applied to the wrong 

cluster. 

This is illustrated in Figure 4.16. The solution is to only apply the previous 

radiation pattern if the hotspot cluster is the same as in the previous snapshot – an 

example of what can happen if this check is not made is shown in Figure 4.17. 
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Figure 4.16 Possible gaps caused by using patterns in wrong place 

In the example in Figure 4.17, the system has matched a case at snapshot 60 (indicated 

by the red circle), but in the next three snapshots there is no match (no circles round the 

point) so the radiation pattern of snapshot 60 is used. However, the hotspot has been 

identified in a different location so the wrong patterns are changed. Eventually, as the 

congestion pattern develops, more reliable matching and hotspot identification occurs 

and the performance recovers.  
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Figure 4.17. Illustration of an aberrant match 

4.5.1 Similarity functions for matching over cluster 

The similarity functions for radiation pattern and congestion pattern in a single cell are 

the same form as the ones in section 3.5. However, as matching is done over cluster of 

cells, the overall similarity function needs to be reconsidered. 

The overall similarity function adopted here is: 

 ∑
=

=
CN

i
iSimSim

1

 (13) 

Where:  

CN is the total number of cells in a cluster, therefore 

Simi is the similarity value of each cell in the cluster against the cells in the cases, 

and can be calculated by the equations in section 3.5.4.  
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4.5.2 Results 
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Figure 4.18. Results of matching over a cluster 

Figure 4.18 shows the blocking rate for a single, growing, hotspot but with matching 

over a cluster (instead of a single cell) and with the gap suppression described above. 

The blocking rate is calculated across the whole network, not just the hotspot cluster. 

A direct comparison with exactly the same scenario run using the single-cell can be seen 

by comparing these results with those in Figure 4.19. It can be clearly seen that the 

performance with the matching over a cluster is very much better. 
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Figure 4.19 Equivalent scenario using single-cell matching 

Both of these results show the average over 5 different runs with different random seeds. 

Although the bars showing the variation are fairly large, considering the individual 

results that go to make up the average (Figure 4.20), it can be seen that in each case the 

improvement obtained through matching is similar; however, the statistical variation in 

location means that there is a noticeable variation in blocking rate in each case. This 

would be expected since the blocking in CDMA networks depends on interference and 

hence is sensitive to location.  

Because of this, bars showing the variation in results are not very helpful here and will 

generally not be included on results. 

 88 



Chapter 4. Matching 

0

0.005

0.01

0.015

0.02

0.025

0 10 20 30 40 50 60 70 80 90 100

Traffic Snapshots

S
ys

te
m

 C
al

l B
lo

ck
in

g 
Ra

te

Conventional network Matching over a cluster

 

0

0.005

0.01

0.015

0.02

0.025

0.03

0 10 20 30 40 50 60 70 80 90 100

Traffic Snapshots

Sy
st

em
 C

al
l B

lo
ck

in
g 

Ra
te

Conventional network Matching over a cluster

 

(a) (b) 
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(c) (d) 
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(e) 

Figure 4.20. The results making up the average in Figure 4.18

Another way of comparing the performance is to look at the cumulative improvement 

in performance with the two types of matching. This is defined in equation (14) and the 
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results for the two approaches shown in Figure 4.21. This figure demonstrates how 

much more effective is cluster matching, especially with gap suppression. 

 ∑
=

−
=Δ

i

j cjb

mjbcjb
iB

n
nn

P
1 ,,

,,,,
,  (14) 

Where: 

iBP ,Δ  is the cumulative improvement in blocking rate at the i’th snapshot; 

cjbn ,, is the cumulative number of blocked mobiles with a conventional 

network at the j’th snapshot;  

mjbn ,,  is the cumulative number of blocked mobiles with matching at the 

j’th snapshot. 
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Figure 4.21 Cumulative improvement in performance 
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4.6 Impact of density of cases 

Another aspect that has to be considered is the density of cases – how many cases need to 

be inserted in the library to get reliable results. In the following examples, the 

performance is shown for 3 cases, 5 cases and 9 cases from the same scenario in the 

library. 

There is not a substantial difference in performance for all three sets of results, although 

the run with 3 cases is noticeably worse. This is not surprising since the whole line of 

approach is to use broad changes in radiation patterns and the onset of congestion is 

somewhat variable in CDMA networks, depending on the location of mobile terminals 

as well as the number of them in each cell.  
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Figure 4.22 Matching with 3 cases in the library 
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Figure 4.23 Matching with 5 cases in the library 
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Figure 4.24 matching with 9 cases in the library 

The cumulative results of reduction on improvement in call blocking rate below show 

that there is not a lot of difference between the different densities, once there are 5 cases 

in the library – and even between 3 and 5. As explained above, this is because the whole 

approach uses broad changes in radiation patterns. At the beginning of the results, the 
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reduction in the cumulative call blocking rate is 0. There are two possible reasons for 

this: (i) no matching occurs so the number of blocked calls in the conventional network 

and the CBR system are the same; and (ii) there are no blocked calls in the conventional 

network so the denominator of equation (14) is zero and the figure marks the 

improvement as zero to avoid dividing by zero. It is not really important to distinguish 

these cases as the congestion is very low and matching is problematic at such low levels 

of congestion with very few instances to match on. 
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Figure 4.25 Cumulative improvement for test of cases with different density 

4.7 Matching on Moving Hotspot 

So far in this thesis, the creation of a hotspot has followed the pattern of Du [Du04]: a 

hotspot grows in a particular location. However, to demonstrate that the CBR approach 

can be useful in a wider range of scenarios, this section considers moving hotspots.  

Three different scenarios have been generated for moving hotspots, with the pattern of 

their movement being shown in Figure 4.26.  
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Figure 4.26 Moving Hotspots 

In these scenarios, the hotspot moves across the whole simulation network and for each 

scenario, 60 snapshots are generated. The three different scenarios all start with a 

hotspot located at the same area. In scenario 1 the movement of the hotspot follows a 

straight horizontal line; in scenario 2 the movement of the hotspot also follows a 

straight line but at a 45 degree angle with scenario 1; in scenario 3 the hotspot first 

moves in the same way as in scenario 2, but then turns 90 degrees after snapshot 30.  

The reason for generating different scenarios is that in practice hotspots may build up in 

various directions and also these different scenarios can test how the matching works 

with different situations. 

The cases in the case library for this simulation are generated in the same way as the 

previous examples. It is worth noting that there is no need to record all the snapshots 

from one scenario since when the hotspot moves along cells the congestion pattern will 

be repeated in different locations: i.e. as the network learns cases from congestion 

happening in one direction, can that learning be reapplied for other types of movement? 
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However, there is an important consideration as to how to treat radiation patterns in the 

old location when the hotspot moves, so as to avoid any problems with gaps being 

created (as shown in Figure 4.16 and Figure 4.17). Unlike the problem described there, 

however, the hotspot is moving so it is much more likely that the cluster location will 

change. This is illustrated in Figure 4.27
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Figure 4.27 Moving cluster locations 

In this example the hotspot is located at cells 3, 7, 8 at snapshot k and then at 17, 21, 22 at 

the next. If there is a match at each snapshot (at the two different locations), then there is 

no real problem: the antennas are shaped at the new location and the old patterns are 

reset to conventional. 

However, there is an issue if there is no match at snapshot k+1 and two different cases 

need to be considered because the system can still detect where the hotspot location is: 

• Location of hotspot stays the same: keep previous radiation patterns. (The aim 

here is to try to keep any advantage from the previous match) 
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• Location of hotspot changed: reset the radiation patterns at the previous 

location. 

However, to demonstrate the effects of this decision, two sets of results are considered: 

(i) with the radiation patterns reset every time and (ii) using the algorithm above. 

4.7.1 Results with resetting radiation patterns 

This is the “safest” case in that in the event of no match the radiation patterns are reset 

to the conventional network (called pattern reset here). Also, the case library has been 

generated solely from Scenario 1 to demonstrate that matching with moving hotspots 

can work without there having to be cases generated from each movement pattern.  

Scenarios 2 and 3 were run against the case library generated from Scenario 1 with the 

results being shown in Figure 4.28 and Figure 4.29. The circles around points indicate 

successful matching, but it must be remembered that these cases were generated with a 

different movement pattern so that it is clear that the cases can be reused in different 

scenarios whenever similar patterns of congestion occur. They are successful matchings 

because the blocking rate is significantly lower than in the conventional network. 

It can also be seen that resetting the radiation patterns means that when a match is not 

found the system reverts to the conventional form – the safe option. 
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Figure 4.28 Scenario 2 
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Figure 4.29 Scenario 3 
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4.7.2 Results with retaining radiation patterns 

In this section, the location of the hotspot is tracked and if it has not moved, the 

radiation patterns covering the hotspot are retained, even if there is no match; if the 

hotspot location changes, the patterns are reset. This approach is termed pattern 

retention here. 

The same three scenarios are used, but this time with the case library coming from 

Scenarios 1 and parts of 2; for each scenario the system is simulated with (i) cases being 

retained and (ii) radiation patterns being reset as in the previous section (in order for 

direct comparison to be made). 

The results with pattern retention for Scenarios 1-3 respectively are shown in Figure 

4.30, Figure 4.31 and Figure 4.32. Points marked “ ” show the instances where there 

has been no match but the pattern has been retained because the hotspot has not moved 

and “ ” where there is a match. 
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Figure 4.30 Scenario 1 – pattern retention 
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Figure 4.31 Scenario 2 – pattern retention 
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Figure 4.32 Scenario 3 – pattern retention 

It can be clearly seen that case retention improves the performance as otherwise the 

points marked “ ” would have given the same blocking rate as the conventional 

network.  

To put this comparison into perspective, the same scenarios were run with the same 

case library but with pattern reset – the results for scenario 3 are shown in Figure 4.33 

where it can be seen that there is a noticeable improvement with pattern retention, as 

already observed. 
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Figure 4.33 Comparison between pattern retention and pattern reset for Scenario 3 

Another comparison that can be made using the cumulative improvement is between 

the three scenarios, remembering that the case library was composed of cases from 

Scenario 1 and some from Scenario 2. Not surprisingly, Scenario 1 matched cases better 

than the other two as shown in the blocking rate figures and confirmed in Figure 4.34. 

However, what is noticeable is that all three scenarios show some improvement, 

including Scenario 3 which has no previous cases recorded. This demonstrates that the 

CBR approach has value, even for scenarios that have not occurred before. 
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Figure 4.34 Cumulative improvement for the three scenarios 

4.8 Summary 

This chapter has considered the basics of matching for the CBR approach to managing 

congestion in W-CDMA networks. While the performance is not as good as that of the 

various optimisation techniques reported by Du, the approach is very much faster. The 

matching demonstrated goes beyond that of Du including not only the growing 

hotspot, but also moving hotspots. 

Other key points demonstrated include: 

• The system is not too sensitive to granularity of model representation of choice 

of similarity function. 

• Matching (and hence noticeable improvement) still occurs even if the specific 

cases have not been generated in the library. 
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• The system is not over sensitive to the number of cases in the library. 

• Care needs to be taken on how to deal with radiation patterns when (i) matching 

changes location and/or hotspots move. 

However, there is one important point that has not been considered so far: the 

simulation assumes that the congestion patterns are calculated by resetting the 

radiation patterns to conventional at each snapshot and then recalculating the 

congestion. This is feasible if a network simulator is running alongside the real network 

and calculating the congestion from the traffic pattern, but it is not feasible if the system 

is running on a network and congestion is measured from traffic reports: the radiation 

patterns cannot be reset every snapshot.  

The next chapter considers exactly how to modify the approach to deal with congestion 

measurements on a real network. 
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Chapter 5 INCREMENTAL MATCHING 

5.1 Matching from previous snapshot 

In this chapter, matching is extended from the initial test to a more realistic test. In the 

simulation, the matching is based on the patterns from last snapshot, rather than calculating 

the congestion that would occur if the radiation patterns were reset to those of the 

conventional network and matching to that congestion pattern again. This is a more 

realistic approach as it is more likely that congestion patterns in a real network would 

be obtained from the network (which would not reset the radiation patterns every time 

matching was attempted) itself, rather than from a simulation running alongside the 

network.  

This approach is termed incremental matching. 

In the simulation, a case library is generated from the network simulator and matching 

is based on the patterns from the simulated network, including congestion and 

radiation patterns. 

As hotspots often occur across several cells, matching is considered over a cluster of 

cells.  

However, this approach is very different from that of the previous chapter since using 

data based on the previous condition is much more complex and there are other issues 

to consider: 

• The congestion pattern has to be determined from the network simulator so an 

investigation is required into the definition of congestion. 
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• In order to manage the case library, the relationship between traffic pattern, 

radiation pattern and congestion pattern needs to be considered in more detail. 

5.1.1 From traffic pattern to congestion pattern 

  

ri

Discrete Segment  

 

Figure 5.1 Illustration of Radiation Pattern and Congestion Pattern 

Figure 5.1 illustrates how congestion pattern is determined. Similarly to the cell model 

in section 3.4, the area that a cell can cover is divided into small segments. The circle 

represents the antenna coverage with equally-excited radiation sectors; changing the 

amplitude and phase of the excitation to each radiation sector changes the radiation 

pattern and ri gives the radius on a particular direction for the ith modelling sector. 

From the simulation it can be determined whether a segment contains traffic units that 

are active and are not served by any base stations; this segment is regarded as a blocked 
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segment if the number of blocked traffic units exceeds a certain threshold25. Thus the 

distribution of blocked segments in a cell forms the congestion pattern of a cell.  

One parameter that needs to be chosen is the granularity of this representation.  The 

studies in section 4.4 have shown that there is a trade-off between potential 

performance gain and speed of operation, but that this is not a critical determinant.  

However, it is important that (i) the granularity is set before the learning takes place 

and (ii) the granularity is not too fine as otherwise no blurring of position data takes 

place – although similar situations occur, the actual location of each terminal is not 

identical. The granularity for the test in this chapter is 36×10. 

5.1.2 From radiation pattern to discrete pattern 

In the previous chapter the discrete pattern was produced automatically by the bubble 

simulator; in this chapter the radiation patterns as well as the congestion have to be 

determined from the network simulation. Since the network simulation uses realistic 

antenna shapes to calculate the network performance, they have to be discretised for the 

matching process. 

Since the number of modelling sectors (36) is greater than the number of radiation sectors (6) 

the real radiation pattern will only change “slowly” across each modelling sector, so a 

very simple discretisation process can be used. This is illustrated in Figure 5.2.  

In (a) the radiation pattern is shown across a single modelling sector, with the dotted 

line being the middle and the algorithm chooses the nearest discrete band boundary at 

the mid-point. If the ratio of modelling sectors to radiation sectors was significantly 

lower, then a more complex algorithm (such as using areas) would have to be adopted 

as there would be greater changes in the radiation pattern across that sector. 

                                                      
25 The determination of this threshold is part of the work of this chapter. 
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a) Principle b) Example resulting pattern 

Figure 5.2 Illustration of discretisation process 

Figure 5.2 (b) shows an example result from this process – the red line is the pattern 

from the simulation and the blue line is the discrete version. This shows one cell 

extracted from the whole network. 

The matching of radiation patterns is comparatively straightforward, since the pattern 

is represented using the coverage scheme based on the segments. 

5.1.3 Initial result 

In all of this Chapter, results are taken from snapshot 70 onwards, i.e. after congestion 

becomes significant. As shown earlier, when congestion starts and there are only 

isolated instances of congestion, matching does not work well as there are no real 

patterns to match on; in a real implementation there would be merit in setting a 

threshold on congestion and below that threshold there would be no attempt to match. 

The initial results (Figure 5.1) show similar performance gains to those in Chapter 4, but 

the comparison is considered in more detail later. However, the results do demonstrate 
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that incremental matching is a feasible approach. The results in the figure are an 

average of five runs. 
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Figure 5.3 Growing hotspot: incremental matching 

Another way of looking at the results though is to compare those with incremental 

matching against those with the non-incremental matching of Chapter 4; this 

comparison is shown in Figure 5.4 for a growing hotspot. 
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Figure 5.4 Comparison between incremental and non-incremental matching 

From those results the non-incremental matching appears better, although the results 

become similar as the hotspot develops. However, later results (Figure 5.11) show the 

opposite effect for a moving hotspot: the incremental results are better. In both cases 

there is not much difference between incremental and non-incremental matching. 

5.1.4 Weighted similarity function 

A test on this similarity function is carried out, and the results given in Figure 5.5 show 

no difference on system call blocking rate. The original intention of using this function 

is to test impact of weights of the two attributions in the similarity function without 

applying the two constraints. However, it was found during testing that the constraint 

on congestion pattern must be applied. What is more, using this similarity function 

means the case library has to be searched totally twice (in the two stage function only 

part of the library is searched) in order to go through the congestion constraint. So this 

function is actually no better than the two stage function. 
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The result in Figure 5.5 is based on incremental matching. The two matching 

experiments are done on the same scenario and use the same case library. 
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Figure 5.5 Comparison between two stage matching and matching using weighted 

similarity function 

5.2 Matching on congestion only 

As explained earlier, matching is done on congestion patterns rather than traffic 

because this leads to a small number of elements to match on – particularly as the 

approach taken is to treat a segment as either congested or not. It also means that if 

there is no congestion then there is no need for any action to be taken and this reduces 

the likely number of antenna changes. 

With the approach taken in this chapter (considering the congestion at each snapshot 

with the radiation patterns as they are – and then matching on those patterns), there is a 
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potential problem as the case library could become enormous as each radiation patterns 

would have a large number of congestion patterns.  

However, since WCDMA networks are interference limited, it is more likely that 

congestion occurs at the edge of the cells – and indeed this is shown in the simulation 

results in Figure 5.7 (a). In that case, the shape of congestion will depend to a large 

extent on the shape of the radiation patterns as shown, in a simplistic way, in Figure 5.6. 

In the illustration, congestion is identified at the areas at the edges of cells and as the cell 

sizes change, the pattern at the edges changes shape as can be clearly seen in the 

illustration. 
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Figure 5.6 Congestion with different radiation patterns 

Reinforcement of the concept that the congestion and radiation patterns are linked can 

be seen in Figure 5.7, which shows the congestion patterns from two different radiation 

patterns, but the same traffic distribution. 

Assuming then that the congestion pattern is also a function of the radiation pattern the 

question is whether there is any need to match on both the radiation pattern and the 

congestion pattern. The aim of the following tests is to answer that question. 
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riri

 

Figure 5.7 Congestion patterns from two different radiation patterns 

Figure 5.8 shows the simulation results comparing matching on congestion only and 

matching on both radiation and congestion pattern for the same hotspot formation scenario, 

which in this case shows increasing demand in the hotspot areas as the snapshots 

develop.  

Figure 5.8 (a) and (b) show the average call-blocking results (over 5 runs) for the 

situation where both patterns are used and for that where only congestion is used. In (c) 

the cumulative improvement for the two cases is compared and it can be seen that they 

are essentially the same. The congestion-only result is worse at lower levels of 

congestion as would be expected, because then there is less correlation between 

radiation pattern and congestion. 

However, overall, it can be seen that congestion-only matching not only saves a lot of 

complexity, but gives results comparable with using both. 
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a) Both congestion and radiation b) Congestion only 
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c) Comparison between using both and using congestion only 

Figure 5.8 Comparison between matching on congestion only and on both 

5.3 Matching on Moving Hotspot 

In this section the same three scenarios as in section 4.7 are considered but using: 

• the incremental approach; 

• matching on congestion only; and 

• pattern retention.  
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In addition, a test is performed to see how well matching works if not only is the 

distribution of users randomised, but so is the speed of the moving hotspot; this is just 

to give an idea of the sensitivity of pattern matching. 

The cases in the case library for this simulation are generated from Scenario 1 only and, 

like section 5.1, generated from the network simulator (rather than the bubble 

algorithm); results for all three scenarios are shown in Figure 5.9. Cluster matching is 

used with case retention. 
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Moving scenario 2
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a) Scenario 1 b) Scenario 2 

Moving scenario 3
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c) Scenario 3 d) Comparison of all three scenarios 

Figure 5.9 Moving hotspot results 

It is clear from the results that matching is occurring on all three scenarios, although as 

would be expected, there is more matching with Scenario 1 as the cases were generated 

from that (although there is of course randomisation of the position of traffic units). 
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However, the improvement over the conventional network is clear in all cases and the 

incremental matching is working for scenarios that were not used to generate cases. 

An example of what happens if the radiation patterns are not reset when the hotspot 

moves (and there is no match) is shown in Figure 5.10, with the circles denoting where 

the patterns have not been reset – the gaps created in the coverage lead to the poorer 

performance, worse in some cases than the conventional network. 
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Figure 5.10 Illustration of not resetting radiation patterns properly 

A comparison is also made between the incremental matching and non-incremental 

matching for moving hotspots (Figure 5.11). In this case the incremental matching 

generally works better (unlike the results in Figure 5.4), but here it must be remembered 

that the hotspot already exists (it just moves) so there is not a period of low congestion 

(as there is with the growing hotspot). 
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Figure 5.11 Comparison between incremental and non-incremental matching for 

moving scenario 

It has already been mentioned that there is an element of randomisation in that the 

distribution of traffic units within the hotspot is random, but in this test the 

randomisation is extended by adding a random element to the velocity of the hotspot.  

If vh is the hotspot velocity used for the fixed-speed scenarios, the velocity vk at snapshot 

k is set to a random value within the range vh(1-δ) to vh(1+δ). Figure 5.12 shows the 

results of using this randomisation with moving Scenario 2, with δ set to 0.05. Although 

5% is a fairly small variation, it does mean that the position of the hotspot at each 

snapshot will be different from that when the case library was generated. 

The results show that essentially there is no difference. 
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Figure 5.12 Addition of random speed to movement 

5.4 Defining congestion 

Earlier in this chapter (page 106), it was explained that a segment was counted as being 

congested if one or more traffic units in that segment was blocked and, although this at 

first sight seems a fairly harsh criterion, the results previously showed that it does work. 

The purpose of this section is to investigate using alternative criteria. 

Three criteria have been used in this test: 

• one or more traffic units blocked; 

• 50% of traffic units in a segment blocked; and  

• all traffic units in a segment blocked. 

These conditions are illustrated in Figure 5.13 where it can be seen that the choice of the 

congestion criterion changes the shape of the congestion pattern being matched, but 

since the case library is generated using the same criteria that will be used for the 

matching this does not matter.  
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What does change, however, is the number of segments marked as congested – and this 

does make a difference as demonstrated by the results in Figure 5.14 (for a growing 

hotspot). The results with congestion being defined as occurring with a single traffic 

unit being blocked are significantly better than those where it is required that all units 

are blocked.  

The reason for this is that the “harsher” definition means that more segments are 

marked as blocked and this gives a more extensive pattern to match on – so there are 

more matches taking place. 

  

  

a) Distribution of traffic units b) Segment blocked if ≥ 1 

  

c) Segment blocked if > 50% d) Segment blocked if 100% 

Figure 5.13 Definitions of congestion 
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Figure 5.14 Comparison of different blocking definitions 

5.5 Effect of approximations 

In the incremental matching approach of this chapter, the discrete pattern for matching 

has to be obtained from the continuous radiation patterns used in the simulator and the 

algorithm to do this was described in section 5.1. This is a clear approximation. 

After matching, the radiation pattern is reconstituted from the discrete form and this is 

another approximation.  

However, it must be remembered that the network simulation is based on the finally 

reconstituted pattern so that the result from the performance simulation is correct from 

those final patterns. 

There is one other factor associated with this to be considered.  

In Figure 4.1 (a) on page 70, it can be seen that reconstituting the 6 radiation-sectors to 

form a nominal circular pattern does not in fact produce the exact circle, but a pattern 
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slightly bigger because of the way the quantisation works. This does not affect the 

values of the final results compared with the conventional network (since the 

performance is calculated from the reconstituted patterns). 

However, it does affect the situations where a match does not take place and the 

radiation pattern is reset nominally to the conventional pattern, but in fact to the 

slightly larger pattern. This is especially noticeable at low levels of congestion where the 

improvement in performance is solely related to the larger antennas rather than 

matching. It should be noted that changing the size of the radiation patterns is a more 

restricted version of changing the shape and means that the base stations are effectively 

closer together (the distance apart is a smaller proportion of the cell radius). 

In Figure 5.15 the improvement given by the fully-shaped radiation patterns is 

compared with just using “circular” reconstituted patterns (the slightly larger patterns). 

This cumulative pattern is generated using a sliding window of 5 snapshots rather than 

over all the snapshots as previously because otherwise the effect of the first few would 

affect the rest of the results. 

Clearly the matching is problematic at the onset of congestion and this is a phenomenon 

that has been identified before. However, as congestion builds up it can be seen that the 

shaping does add significant value. 
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Figure 5.15 Comparing shaped radiation patterns with fixed-size patterns 

5.6 Summary 

In this section, the matching process was considered with a more realistic 

implementation scenario where at snapshot k, the matching process copes with 

radiation patterns that retain the shape that they were set to at snapshot k-1. The results 

show that the approach is feasible and, moreover, that matching can be simplified to 

use the congestion pattern only; they also verified that the earlier approach to defining 

congestion was the best approach. 

The conclusion of this chapter is that a CBR scheme using incremental matching on 

congestion only is a practicable approach to managing congestion on W-CDMA networks 

However, this section is concerned with matching, not prediction; that is considered in 

Chapter 6. 

 121 



Chapter 6. Prediction 

Chapter 6 PREDICTION 

6.1 Overview of prediction 

Prediction is a step on from matching and is a feature offering promise that is enabled 

by the use of learning techniques such as CBR. In this research, the prediction is not on 

mobility of the traffic (which has been studied and reported in the literature, e.g. 

[EKSJ02], [Chak02], [WY02] and [AW04]), but on the congestion patterns. The aim is 

that, during the formation of hot-spots, or indeed the moving of hot-spots, a prediction 

approach can adapt the radiation pattern in advance to save the “cost” of radiation 

pattern reshaping.   

The “cost” of antenna shaping must not be underestimated – not only is there network 

traffic in performing the collaboration and issuing commands to the antenna, but the 

shaping moves mobile terminals from one cell to another: this is effectively doing 

frequent forced handovers. If a suitable radiation pattern for a period of several 

snapshots can be predicted then the reshaping will occur much less frequently. It is 

important to note though that this is bound to be of limited benefit in rapidly-changing 

scenarios, especially where the terminals are moving rapidly.

In this work, prediction is only from the congestion patterns being matched – if the 

system sees a pattern emerging that it has seen before then it keeps track to see if it is a 

scenario26 it has learnt before. More accurate prediction would be obtained if details 

such as direction of movement or velocity of mobile terminals were included. However, 

the first stage is to see whether prediction just on congestion patterns, and the cluster in 

                                                      
26 In this context the term scenario is used to mean a particular pattern of congestion 

over time, not necessarily moving. 

 122 



Chapter 6. Prediction 

which they occur, is viable; if it is then refinements to improve the accuracy can be 

added later.  

When a hotspot starts building and congestion is detected by the system the actions that 

are taken are as follows: 

1. The matching action will take place and will track the matched cases by 

snapshot to see if it recognises a pattern. 

2. If the system determines that it does recognise a pattern (this is termed meeting 

the prediction criterion), the prediction action starts working. 

3. At each snapshot, the prediction is evaluated by matching in order to prevent 

the system being stuck in the wrong scenario with radiation patterns that are no 

longer appropriate. 

4. If prediction is deemed to have failed, the searching for a pattern restarts. 

This process is now explained in more detail using the following notation: 

Sk  Scenario with ID=k; 

Ck,j  Case with ID=j in Sk;

IS  Number of consecutive snapshots matching the same scenario; 

IC  Number of consecutive snapshots matching the same case; 

IS Number of snapshots to be matched to determine prediction; 

IC  Number of cases in the same scenario to be matched to determine 

prediction; 

Tcurrent Timestamp of current snapshot (in number of snapshots); 

Tahead Look ahead number of snapshots; 

Tnext Timestamp used for predicted pattern 
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The situation with a growing hotspot is that growth in congestion is reasonably slow 

compared with the change in snapshot, so the same case would be matched for a 

reasonable number of consecutive snapshots. This is illustrated in Figure 6.1 which is 

result (d) in Figure 4.20. 
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Figure 6.1 Illustration of which case number is matched 

In Figure 6.1, the light blue squares represent the case number (number on the 

right-hand scale) and it can be seen that matching tends to use the same case over a 

region of the congestion (as might be expected). In fact there is a trade-off on the 

number of cases to be used in the case library: if there is a finer density then more 

accurate matching may be obtained, but there may also be more jitter round the choice 

of case and hence it may be harder to determine that prediction may start.  

Fortunately the results of section 4.6 show that a fairly low density of cases works well; 

moreover it would also be possible to classify cases by similarity with each other so 

that the criterion for the same case to be matched for a certain consecutive number of 

times could be relaxed by changing to matching a case, or a similar one. 
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The procedure below is that used to generate the results for a developing hotspot and 

requires the same case to be matched. 

1. Matching is started and the best match is found; the scenario identifier Sk and 

the case identifier Ck,j are recorded, and IS as well as IC is incremented. . 

2. Matching at the subsequent snapshots takes place: 

o If Sk changes (i.e. a different scenario is matched), IS and IC are reset to 0 

and the procedure returns to step 1. 

o If Sk does not change (i.e. the same scenario is matched), IS is 

incremented. 

o If IS reaches IS then it is assumed that a certain scenario is being tracked 

and the process moves to step 3. 

o If Ck,j changes (a different case is matched) the recorded case identifier is 

changed to the new value of Ck,j and IC is reset to 1. 

o If Ck,j does not change (the same case is matched) IC is incremented. 

3. At this point it has been determined that the congestion build-up is following a 

certain scenario but not necessarily where in the scenario. 

o If IC has reached IC then prediction can be implemented and the process 

moves to step 4. 

o If IC has not reached IC then matching continues until IC has reached IC 

but during the process: 

 If Sk changes (i.e. a different scenario is matched), IS and IC are 

reset to 0 and the procedure returns to step 1. 

 If Ck,j changes (a different case is matched) the recorded case 

identifier is changed to the new value of Ck,j and IC is reset to 1. 
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4. Now that prediction has identified the scenario and location within the scenario, 

Tnext is calculated as Tcurrent + Tahead and the radiation pattern is set to that 

corresponding to Tnext for the next Tahead snapshots. 

5. At every subsequent snapshot: 

o The performance of the system using that radiation pattern is evaluated 

and compared with the conventional network (it could be compared 

with matching); if the performance is worse then the process goes back 

to step 1 and then the radiation pattern is replaced by the matched one. 

o A track of scenario and case continues to determine what predicted 

value to use when the snapshot reaches Tnext. 

The case library needs to be modified for this process to allow for two added attributes: 

scenario number and time stamp. The same structure of flat memory is used and the 

format of the case representation is show below in Figure 6.2. 

Case number: case ID 

Scenario number: indicates the scenario the case belongs to, for prediction use 

Time stamp: marks the position of case in the scenario, for prediction use 

Situation description part: 

• An array representing the congestion pattern 
• An array representing the radiation pattern 

Solution part: 

• An array representing the new radiation pattern 

Figure 6.2 Case representation for prediction 

6.2 Initial results on prediction 

To be consistent with earlier matching results, prediction is first investigated for a single 

cell and then for matching over a cluster. In all of these results IS = IC = 4 and 

Tahead = 10. 
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An example set of results for single-cell matching is shown in Figure 6.3. This shows the 

performance increase27 (the reduction of call blocking in the hotspot and surrounding 

region) for direct CBR matching and with the prediction approach as the hotspot starts 

to build and then develops into significant congestion. 

At the start, the case library is not sufficiently populated at low congestion values to 

give good matching and the better performance from the prediction algorithm is just 

fortuitous. However, as the congestion becomes significant, the direct matching gives 

the best results but that prediction overall does well. 

Snapshot 81 and 94 show instances where the prediction result is worse than the 

conventional network and at these points evaluation takes place and the system 

searches for a new scenario. 
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Figure 6.3 Comparison between matching and prediction for a single cell 

                                                      
27 Note that unlike previous comparisons on reduction in call blocking, some of the 

results for prediction show the improvement/deterioration in each snapshot (rather 

than cumulative) to illustrate how the prediction is performing. 
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In fact, the cumulative average in Figure 6.4 shows that both methods are converging to 

the same trend – the relatively poor performance of direct matching at the beginning is 

because of the negative spikes explained earlier. 
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Figure 6.4 Cumulative reduction in call blocking rate 

What is clear is that the prediction does work and does allow the radiation pattern 

changes to be specified in advance, so saving significant processing. 

6.3 Prediction over cluster 

The results in 4.5.2 demonstrated that searching and matching over a cluster was better 

than looking over a single cell so the logical next step is to apply prediction to a cluster. 

The approach is the same except that the target for the match is a cluster and that care is 

taken with the surrounding cells to ensure there are no gaps in coverage. 
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Figure 6.5. Blocking rate across the cluster 

Figure 6.5 shows a comparison between prediction and matching over a cluster against 

the conventional network for a developing hotspot; this is an average of five runs. It is 

clear that there is very little difference between the performance of matching and 

prediction. In these results, prediction seems worse where congestion is about to start 

but this just a random variation as at that stage the process is using matching only since 

no history of scenarios has been built up to enable prediction. 

However, prediction offers advantages in other ways: every time a radiation pattern is 

changed, handoffs will be initiated where mobile terminals fall within the coverage of a 

different cell; this leads to load in the network. With prediction, these changes occur less 

frequently as shown in Figure 6.7.  

This figure takes snapshots from 67 onwards since it is clear from Figure 6.5 that 

prediction does not start at the onset of congestion as already explained; moreover, 

since the improvement is the reduction in number of calls blocked divided by the 

number blocked in a convention network, this measure is not really applicable at low 
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levels of congestion – for example, looking at an expanded plot in Figure 6.6 it is clear 

that there is no blocking in the conventional network until snapshot 64 and even then it 

is very small indeed. 
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Figure 6.6 Expanded scale of Figure 6.5

It is clear that prediction is reducing the number of radiation pattern changes because a 

case is being selected ahead, and being used for the intermediate steps. This predicted 

value may or may not be a good choice: 

• matching of every stage may produce better patterns at the expense of 

potentially more changes; or  

• matching in the intermediate steps may not be the optimum because the best 

case found may be a relatively poor match to the current situation - in this case 

jumping to the predicted value may skip poor matches on the way. 
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a) Matching 
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b) Prediction 

Figure 6.7 Pattern matching changes 

From the experiments performed (illustrated by Figure 6.8 for the results currently 

being discussed) show that overall there is not much difference between prediction in 

matching. In this figure, prediction is slightly better, as it was also in Figure 6.4, but 

where prediction works it appears to perform broadly the same as matching for the 

growing hotspot. 
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Figure 6.8 Comparison on cumulative improvement 

Another comparison that needs to be made is directly between matching over a single 

spell and a cluster – not so much on improvement in blocking rate (since the earlier 

chapters show how the cluster matching removes “gaps” in coverage) but on the 

prediction itself. 

Figure 6.9 shows results of applying prediction to the same growing hotspot scenario, 

but with cluster prediction and single-cell prediction. It is clear from these results that 

the prediction is working longer because the congestion patterns are more clearly 

defined across three cells than one. 
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Figure 6.9 Comparison between single-cell and cluster prediction 

6.4 Prediction with moving hotspots 

Prediction of anything moving is more challenging than on something changing at one 

location: in general the congestion could change in size and shape as well as move. 

There has been work in the literature on predicting movement (as mentioned on page 

122) but this approach is different: the intention is to see whether learning from 

different congestion patterns is feasible as a hotspot moves. 

With moving hotspots, it is no longer possible to use the assumption that the same case 

would be used repeatedly and that this would identify a predicted position in the 

scenario. This makes predicting moving traffic much harder. In this case the prediction 

algorithm is modified to relax the condition on matching cases. 

The steps in the process (on page 125) are modified as follows (with the major changes 

being shown in italics): 

1. Matching is started and the best match is found; the scenario identifier Sk is 

recorded and IS is incremented. The case identifier Ck,j is not recorded and IC is not 

used. 
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2. Matching at the subsequent snapshots takes place in a similar to before 

except Ck,j is ignored. The treatment of Sk and its need to reach IS are the same. 

3. When Sk reaches IS, it is assumed that prediction can start and the position in 

the scenario is determined by the current value of Ck,j. 

The remaining steps are essentially the same. 

For these exploratory tests on the potential for CBR prediction with moving patterns of 

congestion, Scenario 3 from Figure 4.26 on page 94 was used, with a case library built 

up from that scenario. IS was set to 4 as before, but Tahead was set to 1. 

This is the simplest combination of parameters that could be used since the aim was to 

see whether prediction of moving hotspots is feasible (remembering as always that 

there is randomisation of mobile terminal distribution). 
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Figure 6.10 Results from prediction of moving hotspots 

Figure 6.10 shows the results but on a very much expanded scale as this makes it easier 

to see what is happening. 
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The prediction results are annotated to show what is happening at each point:  

 The process is looping looking for a match on a scenario but has not found one so 

Sk is reset. This occurs at snapshots 47, 48 and 49. 

 A match on the scenario has been obtained and the process is looping, 

incrementing IS until it reaches IS. This occurs at snapshots 42-45, 50-60 

 Having enabled prediction at the previous snapshot, the radiation pattern is set 

to the case value at Tnext rather than matching on congestion and the performance 

is acceptable (better than conventional). Snapshots 54-59 show this. 

 Having enabled prediction at the previous snapshot, the radiation pattern is set 

to the case value at Tnext rather than matching on congestion and the performance 

is now worse than conventional. Snapshots 46 and 60 illustrate this 

phenomenon. 

The conclusion here is that, even with matching against a case library built up from the 

same scenario (although one with different random distributions) and with a 

look-ahead of only 1 snapshot, the performance gain is relatively small: there is a failure 

to match and also the use of the predicted radiation pattern produces a worse result 

than the conventional network in 25% of the cases where prediction has been used. 

However, with a moving hotspot it is much more likely that the radiation patterns will 

have to change anyway so prediction to avoid changing patterns is probably less of an 

issue. 

6.5 Summary 

The aim of this chapter was to investigate whether prediction could take place based on 

the information from the case library and from the congestion patterns without using 

any prediction information from the geographical distribution and movement of the 

mobile terminals. 
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The answer to this question is that prediction does have potential to reduce the “cost” of 

antenna reshaping on the network, but mainly for growing hotspots rather than moving 

ones. 

For the growing hotspot, the results clearly show that radiation pattern changes can be 

reduced by the use of prediction and that it performs relatively well with not much 

difference between matching and prediction. Since relatively long look-ahead periods 

can be used it does have the potential to reduce the number of radiation pattern changes 

considerably. 

The results also show that the prediction works better across a cluster than with a single 

cell: the prediction algorithm continuously follows a particular scenario for longer.  

The reason for this is that often congestion patterns at the edge of a cell are significant so 

considering a cluster gives a better representation, especially as cell radiation patterns 

change.  

Prediction on moving hotspots is a different situation: it is not clear that there is an 

advantage to be gained by looking ahead when the congestion pattern is moving. The 

results with a look-ahead of only one snapshot were not impressive and the proportion 

of predicted results that were worse than the conventional network was fairly high. The 

other consideration is that the radiation pattern will be changing more frequently 

anyway as the hotspots move so that prediction may not be worthwhile. 

However, by using the prediction process of page 125 retaining the use of Ck,j and Ic, the 

system would automatically distinguish between scenarios that were moving and those 

that were not: Ic would not reach IC with a moving scenario.  

The conclusion of this Chapter is that a CBR scheme using prediction has the potential 

to deal with situations like growing hotspots, so saving on antenna reshaping. 
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Chapter 7 CONCLUSION AND FURTHER WORK 

7.1 Conclusion 

The thesis has proposed a CBR based dynamic radio resource management scheme for 

W-CDMA cellular networks. The results of matching illustrate the possibility of using a 

software method rather than mathematical calculation when load balancing in CDMA 

networks using collaborative smart antennas. The work also shows significant gains in 

system capacity and it is much faster than previous work in the area.  

This matching not only copes with the growing hotspots but also moving ones, so it is 

generally applicable to a wide range of situations in real networks. Moreover, the 

approach using incremental matching allows the technique to be incorporated in a 

mobile network without the need for a network simulator running in parallel to 

calculate the congestion patterns based on a conventional network layout. 

Prediction has been shown to be effective for growing hotspots but less so for moving 

ones; however, this is not a major issue since the benefit of prediction is to minimise the 

changes in radiation patterns, but the patterns would need to be changed frequently for 

a moving hotspot anyway. The approach presented will cope with both situations, as 

the constraint for a series of cases within a scenario to be matched will only be met for 

slowly changing congestion patterns. 

Overall, the conclusion is that a CBR scheme using incremental matching on congestion only and 

incorporating prediction is a worthwhile approach to managing congestion on W-CDMA 

networks. It does not produce performance gains as spectacular as techniques like bubble 

oscillation but is a lot faster and more applicable to a real network. 
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These conclusions are backed up by investigations into aspects such as the granularity 

of the representation, the appropriate definition of congestion in a segment and the use 

of congestion patterns only for matching; these are tested on scenarios that include 

developing and moving hotspots. 

7.2 Further work 

One aspect of this work that could be extended is to investigate the application of 

geographical constraints. Real networks are not structured as series of cells laid out on a 

hexagonal pattern, but have to cope with obstacles such as geographical terrain and 

buildings. Such complications make it quite difficult for mathematical techniques to 

optimise network coverage but CBR could use different case libraries for different areas 

and so take these constraints into account. This would add to the complexity, since the 

location in terms of which cell was being considered would have to be included, but 

would be quite feasible. 

Once geographical constraints have been added (since real networks have such 

constraints), the work could be applied to data from a real network to see how effective 

it is.  

Another addition would be to apply a full cycle of CBR (including case retainment) to 

investigate how the system could learn from past cases. 
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Appendix 

APPENDIX 3G NETWORK SIMULATOR 

The basic network simulator used for this research is a standard network simulator for 

all QM research in this area. It was developed by Du and described in [Du04]. This 

section summarises Du’s description. 

Propagation Model 

The propagation model for mobile radio communications is usually modelled by path 

loss, shadowing, and multi-path fading. Since the scenarios at each snapshot simulated 

are static (with movement having taken place between snapshots), for simplicity, only 

the path loss is taken into account, so the propagation model can be expressed as: 

 τγ −⋅= ijij rk  (15) 

Where: 

rij is the distance between i-th traffic unit and j-th base station 

k and τ are propagation constants.  

Uplink Simulation 

In the uplink, the simulation is concerned with uplink admission control, uplink power 

control and update uplink interference. These three parts are explained below. 

Uplink Admission Control 

Admission control is the process of deciding whether to admit a new connection into 

the network when a new connection request occurs. In a mobile network it is assumed 

that the limiting factor is the available radio resource rather than the capacity in the core 

network so admission control is performed on the access to the radio network. Since 
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W-CDMA is interference-limited, practical admission control also has to be based on 

interference.  

The standard wide-band power-based (interference-based) admission control strategy 

[HT02] [LWN02] is used in the simulator without any modifications. A new mobile 

connection is admitted into the network if the new resulting total interference level is 

still lower than the threshold value: 

 max,totalold,total III <Δ+  (16) 

Where:  

Itotal,old is the current total uplink received wide-band interference,  

ΔI is the estimated increase due to the new connection  

Itotal,max is the total interference threshold level.  

Full details of the strategy are given in [HT02]. 

Uplink Power Control 

After a new connection has been admitted to the network by the admission control, an 

initial transmission power is assigned by uplink open loop power control (section 2.2.2). 

The initial power Ptran is directly calculated from the equation: 
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Where:  

Pi,tran is the uplink transmission power of user equipment UEi,  

ρ is the E0 / N0 threshold for all UEs,  

Φi is the active set of UEi,  

M is the total number of UEs connected to the k’th node B (NBk),  
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W is the chip rate,  

R is the user bit rate, 

λk,i is from the equation below.  
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Where:  

γk,i is the propagation channel model from UEi to NBk, 

Ik,total is the total interference for NBk.  

Note that Φi only contains one Node-B when UEi is a normal UE, and contains the set of 

Node-Bs that the UE is simultaneously connected to when it is in soft handover mode. 

The simulator handles both normal and soft-handover modes.  

Equation (17) is 7.17 in [Du04] and its derivation is described there. 

In every iteration of power control, the uplink transmission power Ptran of each 

connected UE is updated using Equation (17). If any UE requires a Ptran higher than the 

maximum transmittable value, it has to be dropped and the Node-B needs to update its 

own cell interference Iown and other UEs need to update their λ, in order to make sure 

that the new required Ptran has reflected the system changes due to the dropping. 

After the uplink power control for all the Node-Bs has been determined, the other cell 

interference Iother for all the Node-Bs and for all the UEs is updated, as explained below. 

Update Uplink Interference 

The uplink interference is updated after power control during each iteration. Also Iown 

and Iother, are updated as well as the propagation channel model to interference ratio λ.  
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Iother is updated according to the receive power Precv for all UEs in the surrounding 

Node-Bs, and Iown is updated whenever a subscription status to a Node-B is changed. λ 

is updated after the update of Iother ; it is also updated when any UE is dropped during 

power control.  

Downlink Simulation 

Downlink Admission Control 

The downlink admission control uses the same strategy as uplink admission control: the 

standard wide-band power based admission control strategy [HT02]. Since the 

downlink interference comes from the fixed Node-Bs in the network, the interference 

can be expressed as downlink transmission power. A UE is admitted if the new total 

downlink transmission power does not exceed the predefined target value: 

 max,totaltotalold,total PPP <Δ+  (19) 

Where: 

Ptotal,old is the current downlink transmission power, 

ΔPtotal is the estimated increase power when a new UE is admitted,  

Ptotal,max is the predefined threshold. 

Downlink Power Control 

The downlink power control is very similar to the uplink power control, apart from that 

soft handover is not considered. Downlink power is calculated as [Du04]:  
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Where: 

Ptotal is the total downlink transmission power of Node-B j, the sum of transmission 

power to any subscribed UE of the Node-B,  

Ii,own and Ii,other are respectively the own cell interference and other interference at 

UEi,  

α is the cell-specific orthogonality factor,  

γi,j is the propagation channel model from NBj to UEi,  

ρ is the Eb/N0 threshold in the downlink. 

Equation (20) is 7.22 in [Du04] and its derivation is described there. 

When the new power value exceeds the maximum limit, the UE with highest downlink 

transmission power has to be dropped and the interference is updated. 

Update Downlink Interference 

Downlink interference is updated at the end of each iteration after downlink admission 

control and power control. The total interference is expressed as: 

 ( ) NIII other,iown,itotal ++⋅−= α1  (21) 

The “own cell” interference can be obtained from Equation (22): 

 recv,ij,ij,totalown,i PPI −⋅= γ  (22) 

And the “other cell” interference can be calculated by the received power from the 

surrounding Node-Bs: 

 ∑
=

⋅=
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k
k,ik,totalother,i PI
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(23) 
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Where:  

m is the number of sectors of the surrounding Node-Bs, 

γi,k is the propagation model from the k-th sector to UEi. 
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