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Cellular networks are traditionally planned to be static. However, the traffic load 
in the network varies in different places and times. This variation reveals the 
potential for network optimization by reallocating its resources.

The objective of this work is to develop a new approach for dynamic resource re
allocation in cellular networks. The theory needed for it, including radio network 
planning methods, radio wave propagation models, mobile location techniques, 
and utilization of cellular network performance data is presented. The Adaptive 
Coverage System (ACS) implemented in the CELLO project is extended by the 
Data Analyzer Module (DAM). DAM is responsible for analyzing cellular net
work performance data in order to create an optimal schedule of network plans to 
be used in the network.

The operation of DAM has been tested and the network plan schedules have been 
verified using a simulator functionality. The integration of DAM to ACS has been 
assessed in a field trial. The results of these tests show that the system is capable 
of providing more capacity to problematic areas in the network.

Keywords: resource reallocation, network optimization, cellular networks, mo
bile communications
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Solukkoradioverkot on perinteisesti suunniteltu staattisiksi. Verkon kuormitukses
sa on kuitenkin vaihtelua sekä paikan että tarkasteluajan mukaan. Tämä vaihtelu 
mahdollistaa verkon optimoinnin jakamalla sen resursseja uudelleen.

Tämän työn tavoitteena on kehittää uusi menetelmä solukkoverkon resurssien 
dynaamiseen uudelleenjakoon. Aiheeseen liittyvä teoria sisältää radioverkko- 
suunnittelun, radioaaltojen etenemismallit, matkapuhelinpaikannuksen sekä ver
kon suorituskykytietojen hyväksikäytön. CELLO-projektissa toteutettuun adap
tiiviseen peittoaluejärjestelmään (ACS) lisätään DAM-moduuli, jonka tehtävänä 
on analysoida verkon suorituskykyä ja muodostaa sen perusteella optimaalinen 
verkkosuunnitelma-aikataulu.

DAM:n toiminta on testattu ja verkkosuunnitelma-aikatauluja on arvioitu si
muloinneilla. DAM:n integrointi ACS:än on varmistettu kenttäkokeessa. Tulok
set osoittavat, että järjestelmä pystyy lisäämään verkon kapasiteettia ongelma- 
alueilla.

Avainsanat: resurssien jakaminen, verkon optimointi, solukkoverkot, langaton 
tietoliikenne
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Chapter 1 

Introduction

The number of subscribers of cellular networks has increased rapidly in recent 
years. Starting from Europe in the early 90s, the Global System for Mobile Com
munications (GSM) has become the most popular technology with more than 800 
million subscribers in 2003. The total number of subscribers of different cellular 
technologies is already over 1.2 billion [1].

User equipment prices have fallen and the enormous success of mobile cellular 
communications has led to situations where the offered traffic exceeds the capacity 
of the networks. This is a severe problem, both from the operator’s and the user’s 
point of view. The operator loses revenues and the service quality experienced by 
the user decreases.

In the initial planning of a cellular network, the amount of offered traffic in the op
erator’s service area is estimated. This estimation is always suggestive, although 
it can be made more accurate by utilizing experiences gained from similar areas 
or user populations. The initial planning is usually not enough for the whole life 
cycle of the network and at some point network capacity must be increased.

For GSM, the traditional methods for increasing the capacity of a network include 
incorporation of new frequencies, multi-layer network structure and a higher de
gree of cell sectorization. Sectorization means that initially omnidirectional cells 
are divided into sectors with directional antennas and each sector is assigned a 
set of frequencies. Sectorization decreases co-channel interference because direc
tional antennas do not radiate power to all directions. However, there currently 
are no more frequencies available and sectorization cannot be done endlessly be
cause of the increased need for handovers when the user moves from one sector 
to another [2]. The operators have already employed micro and pico cells where 
they are needed and the installation of new sites has been possible. Thus, while
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Introduction

the deployment of new technologies such as Wideband Code Division Multiple 
Access (WCDMA) is still underway, new ways of solving the capacity problems 
must be developed.

The optimization of current networks is naturally desirable for the operators. The 
feasibility of the optimization stems from the spatial and temporal variations of 
the cellular network load. In some parts of the network, the cells may suffer 
from insufficient capacity while in other parts the traffic is minimal. This fact 
enables the optimization of the network by dynamically reallocating its resources. 
In addition, occasional mass gatherings like sports events cause exceptional traffic 
load to the network. These kinds of traffic variations cannot be managed by a 
traditional, static network.

Current GSM networks are static regarding the configuration of the cells and an
tennas. This is sufficient for the expansion of the network in the long term but 
does not offer means for dynamic resource reallocation. Thus, more advanced 
antennas are needed. The concept of adaptive antennas has been widely studied 
in the industry and academia in recent years. It has been shown that they can be 
utilized for increasing the capacity of a cellular network in a feasible way. [3] [4]

The decision on which configuration settings to use in the network must be based 
on real data about the performance of the network. Network performance anal
ysis is an issue that the operators encounter during the normal operation of the 
network. The subject is well known on the basis of teletraffic theory and the 
mobility-related issues have been studied extensively. Thus, knowledge about 
current cellular networks is widely available and ready to be utilized.

In order to make the optimization of the network most accurate, the information 
on which the decisions are made should be as recent as possible. Real-time col
lection of network performance data is a built-in feature of GSM system, but the 
transmission of this data into an optimization system and the possible conversion 
of it to a suitable format is not. Thus, the current systems do not allow real-time 
reactions on changes in the network traffic distribution. Despite of that, longer 
term changes can be analyzed and acted on and similar methods utilized for more 
recent data as well.

However, a system that incorporates all of these aspects and thus introduces real, 
adaptive network resource reallocation based on network performance has not yet 
been developed. In addition, mobile positioning could be utilized for collecting 
more accurate location-aware performance data from the network. The location 
information could be used for directing antennas to a hot-spot in a short time 
frame. In an ideal solution, the network would optimize itself for any traffic dis
tribution originating from the spatial and temporal variations of the traffic load.
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Introduction

The objective of this thesis is to present the theory needed for dynamic resource 
reallocation in cellular networks and to discuss the problems concerning a solu
tion that enables it. The GSM network is used as an example and a system real
izing dynamic resource reallocation is presented. The system is implemented in 
the project Cellular Network Optimization based on Mobile Location (CELLO), 
which is partly funded by the European Union. The emphasis of this thesis is on 
the Data Analyzer Module (DAM) implemented by the author. DAM is respon
sible for analyzing network performance data and making decisions on which of 
the predefined network configurations to use at each time i.e. scheduling them. 
The applicability of the concept to WCDMA networks is also discussed.

In Chapter 2, the network planning methods used in cellular networks are pre
sented. Adaptive antennas and the current possibilities for using them in cellular 
networks are also described. Radio wave propagation models are essential for net
work planning and they are described in Chapter 3. An overview of the positioning 
methods for mobile terminals is given in Chapter 4. Cell level performance data 
obtained from a cellular network is introduced in Chapter 5. Chapter 6 discusses 
the dynamic resource reallocation concept as a whole and Chapter 7 presents the 
system implemented in the CELLO project, including the DAM. The results of 
the measurements and simulations done in the implemented system are discussed 
in Chapter 8. Finally, Chapter 9 contains the conclusions and presents ideas for 
the future development of the work.
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Chapter 2

Radio network planning

The process of cellular network planning has to be understood in order to be able 
to provide dynamics into the network. The same issues as in traditional, static 
network planning must be taken into account when implementing the reallocation 
of network resources.

Before a cellular radio network can be taken into operational use, extensive plan
ning has to be carried out. The network is not valuable for the subscribers unless 
the service can be used regardless of the location and the time of use. For the 
operator, the investment costs are high, because cellular networks are often na
tionwide. As in many other projects, the greatest and the most expensive errors 
can be made, and avoided, in the planning phase of the project.

The methods and phases of radio network planning are described in this chapter. 
The procedure covers the main phases of planning a Frequency / Time Division 
Multiple Access (FDMA7TDMA) network but also the issues and differences re
lated to WCDMA planning are discussed.

2.1 The objective and the phases of the planning pro
cess

The objective of network planning is to design the network to meet the expected 
capacity requirements with suitably low blocking and to obtain sufficient coverage 
over the entire service area, thus enabling high quality services with low error 
ratios. Furthermore, the implementation of the network must be economical in 
order to maximize the operator’s revenues.
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Radio network planning

As input, the planning process uses some initial target values defined by the opera
tor and the system and equipment specifications. In a FDMA/TDMA system such 
as GSM, network planning consists of five main phases: capacity planning, cover
age planning, frequency planning, parameter planning, and network optimization. 
The order of the phases may vary in different approaches.

In WCDMA network planning, frequency planning is very minimal, but basically 
similar phases have to be carried out. The most important difference is that ca
pacity and coverage are interrelated. The traffic distribution has to be taken into 
account when planning both of them. There is some need for code planning in 
WCDMA, but it is a relatively simple task because the number of different codes 
is quite large.

Indoor and outdoor environments are usually treated separately for all of the 
phases. Outdoor environment can be further divided into city, urban, suburban 
and rural areas. Furthermore, cells can be divided into giga, macro, micro and 
pico cells according to their size.

Economic issues must be taken into account especially when planning the number 
of the needed base stations, since the cost of a new cell site is usually very high. 
It must be noted that the planning process may include many iterations, since 
such things as changes made in the coverage planning phase may require another 
iteration of capacity planning to meet the given requirements.

The phases of the planning process are described next. The emphasis is on capac
ity and coverage planning since they are the most interesting issues in terms of 
dynamic resource reallocation. However, interference must always be taken into 
account when designing cellular networks. Current and future methods for inter
ference reduction are discussed in Section 2.4 together with frequency planning.

2.2 Capacity planning

In general, the capacity of a FDMA/TDMA system can be calculated by multi
plying the number of base stations Nbs by the number of channels per base station 
Nch/bs■ Furthermore this can be expressed as

Сдг . r Aserv.area. Nch
= Nbs * Nch/bs = —------ ------------, (2.1)

**cell Wlre use

where AservMrea is the service area, Асец is the area of one cell, Nrh is the number 
of channels and Mreuse is the channel reuse factor which depends on the frequency 
reuse distance.
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According to this simplified capacity formula, increasing the capacity is not an 
easy task. Because changing the size of the service area is not reasonable, the 
capacity can be increased by increasing the number of channels or decreasing the 
reuse factor or cell size. Allocating more channels to network operators is not 
likely because the available frequency spectrum is very limited. Reuse distance 
is determined by the necessary protection ratio (see Section 2.4). Thus, when the 
offered traffic increases, the only way to increase capacity is to reduce the cell 
size.

The objective of the initial capacity planning is to ensure that a certain level of 
blocking is not exceeded while serving the offered traffic in the network service 
area. The capacity is dimensioned according to the busy hour traffic. Busy hour 
is defined as the peak 60-minute period during a day when the largest volume of 
traffic is handled by the network, averaged over a long time. Usually a set of the 
four busiest, consecutive 15-minute periods is considered as the busy hour. The 
time when the busy hour occurs varies among different areas of the network.

In a WCDMA network, the capacity planning is dependent on coverage planning, 
because with high traffic loads the Mobile Station (MS) or Base Station (BS) 
power is insufficient for serving users near cell borders and the cell coverage area 
becomes smaller. This is called cell breathing. Also, there is no hard capacity 
limit in a WCDMA system and the spatial distribution of the users within a cell 
affects the capacity.

2.2.1 Prediction of offered traffic

The amount of offered traffic must be estimated in order to dimension the network 
correctly. There are several factors that contribute to the total traffic. These in
clude different environments and user groups, average offered traffic per user, the 
number of persons and the penetration of mobile phones in each user group and 
environment combination. According to [5], the voice traffic Ту from different 
user groups i in different environments j is

Tij = FjCPijT0ijNij, (2.2)

where Fj is the coverage probability, CPij is the penetration of mobile phones, 
T0ij is the average offered traffic and iVy is the number of persons in different 
user groups / environments. The coverage probability is set by the operator and 
the penetration must be estimated taking future growth into account. The average 
offered traffic per user during the busy hour varies between user groups. For voice
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traffic, it is usually assumed that the call arrivals Л are Poisson-distributed and the 
call duration /л is exponentially distributed [6]. Offered traffic is then

(2.3)

where i denotes different user groups. For business users, the offered traffic may 
be 20-30 mErlang while for residential users it may be 10-15 mErlang [5].

In a WCDMA system, different multi-rate services require new traffic models. 
These must be used when estimating the offered traffic and required capacity. 
This makes the above mentioned calculations more complicated.

2.2.2 Determining the number of cells and transceivers

After the prediction of the offered traffic is done for each user, environment and 
service type of the service area, the number of needed cells is calculated by using 
the system and equipment specifications.

In a FDMA/TDMA system, the specifications define the available number of 
transceivers (TRX) and traffic channels. Furthermore, the number of cells is lim
ited by the average reuse distance in different propagation environments for the 
cellular system in question. The reuse distance is the minimum distance at which 
frequencies can be reused at acceptable interference. Since the reuse distance 
is determined by frequency planning, more discussion about it can be found in 
Section 2.4.

First, the minimum number of cells is calculated with maximum number of traffic 
channels, but later on the number of cells usually increases as the shape of the 
cells cannot be freely selected. The cell size and number of traffic channels is 
selected so that the traffic offered in the area covered by each cell is lower than 
the capacity of the cell.

Because it is not feasible to implement the network to serve all the offered traffic 
at all times, a certain allowed blocking probability has to be taken into account. 
With the assumptions on the traffic mentioned above, and if there is no queuing, 
the call blocking probability can be calculated with Erlang’s B-formula [7]

'j'N
В = -/4 (2.4)

V- T"
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where В is the blocking probability, T is the offered traffic and N is the total 
number of traffic channels. Usually traffic values causing certain blocking proba
bility with different numbers of traffic channels are presented in a table. Thus, the 
number of needed traffic channels can be calculated or checked from a table. In 
addition to user traffic, signalling traffic has to be considered as well.

The result of the capacity planning is the locations and the sizes of cells as well 
as the number of TRXs in each cell. Later on it may be necessary to verify the 
capacity planning if, for example, the cell sizes have changed due to coverage 
planning.

In a WCDMA system, the estimation of a single transceiver and site capacity and 
thus the total number of needed cells is more complicated. Basically, the noise 
raises as the cell load increases and this limits the capacity. Factors like intra-cell 
noise, E¡,/N0 (Energy per Bit to Noise power density ratio) requirements, planned 
data rates, coverage probability, air resources usage activity factor, target interfer
ence margin and processing gains are needed to approximate the transceiver and 
site capacity.

2.3 Coverage planning

The objective of coverage planning is to ensure sufficient coverage in the service 
area using the given frequencies while minimizing the implementation costs of 
the network.

In FDMA/TDMA systems, the transmission power of a mobile station is typically 
the limiting factor in the coverage planning. Thus, the network must be designed 
so that the received signal level is equal in both uplink and downlink direction. 
This is done by calculating the power budget for the both links and adjusting 
network parameters to balance the budget. The downlink power budget is

= P>bs tx Jcomb Lbs_f + Gbs — Lc + Gr Lms_f ÎÎ (2.5)

and the uplink power budget is

bs rx = P,ms tx -L.ms f G ms Lc “t~ G\)S + Gmta__eff ^bs f G diy ^ Sms.

(2.6)

In the equations above P, L, G and S denote power, loss, gain and sensitivity, 
respectively. Subscripts ms, bs, rx, tx, comb, f, c, mta and div denote mobile 
station, base station, receiver, transmitter, combiner, feeder, radio path, mast top 
amplifier and diversity, respectively. Figure 2.1 presents this as a radio link block
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Figure 2.1: Block diagram of a radio link.

diagram. These parameters have to be adjusted in order to balance the power 
budget. [5]

The most important and complex parameter is the radio link path loss Lc. It con
sists of three terms and in a general form it is given by

Lc — Lr -4- SF M + FFM, (2.7)

where Lr is the average path loss as a function of distance r, SFM is the slow 
fading margin and FFM is the fast fading margin.

Slow fading is caused by large obstacles such as buildings and hills. The fading 
in the signal follows a lognormal distribution. Fast fading is caused by multi-path 
propagation. For example in an urban environment the signal may reflect, diffract 
and scatter from buildings and propagate to the receiver via different paths. This 
fast variation of the signal level follows the Rayleigh or Rice distribution. The 
margins SFM and FFM are needed in order to take fast and slow fading into 
account in the path loss calculation.

Path loss Lr must be estimated using a relevant propagation model. Propagation 
models are described in more detail in Chapter 3.

The coverage planning is quite similar and the link budget has to be calculated 
also in a WCDMA system. The calculation starts from defining the required data 
rate(s) in each network area and E6/N0 targets. The processing gain and soft han
dover gain affect the link budget. The coverage is different for users of different 
services because of the different processing gains.
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2.4 Frequency planning

Frequency planning is mainly needed in systems that utilize FDMA and therefore 
this section does not consider WCDMA systems. However, the smart antennas, 
introduced later in this section with interference reduction, can and probably will 
be used also in WCDMA networks, because the benefits are even greater than for 
FDMA/TDMA networks.

Service quality requirements, interference outage target, the number of carriers 
licensed to the operator, system and equipment specifications and the results of 
the capacity and coverage planning are needed as input for the frequency plan
ning. The output is the frequency plan consisting of frequency reuse distances 
and frequency allocation for the cells. [5]

In Section 2.2 it was stated that the capacity of a cellular FDMA/TDMA network 
is partly limited by the channel reuse distance. The reuse distance itself is limited 
by interference. Other cells transmitting on the same or the adjacent frequency 
interfere with the desired signal. Thus, the frequencies cannot be reused until 
after a certain reuse distance, which depends on the equipment, their settings and 
the propagation environment among other things. According to the GSM standard 
[8], the co-channel protection ratio must be greater than 9 dB and the first adjacent 
channel protection ratio greater than -9 dB. The goal of the frequency planning is 
to allocate the available channels to the cells so that both co-channel and adjacent 
channel interference are kept below the given values. Especially the allocation of 
the channels is a very complex task.

2.4.1 Interference reduction

GSM uses a number of mechanisms to reduce interference. These include [2]

• Dynamic power control,

• Discontinuous transmission,

• Slow frequency hopping.

Dynamic power control (PC)

PC is used for adjusting the power of the radio transmitter so that minimum 
power necessary to maintain the connection is used. Both the MS and the Base
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Transceiver Station (BTS) measure the received signal level (RXLEV) and qual
ity (RXQUAL). The BTS decides whether the MS should adjust the power level 
or not. The transmission power of the BTS can also be adjusted, but this fea
ture is optional. Power control cannot be used on the Broadcast Control Channel 
(BCCH). The MS measures the BCCH for cell selection and handover prepara
tion and therefore the BCCH must be transmitted continuously at constant power. 
Dynamic power control helps reducing interference and, in addition, it increases 
the battery life of an MS.

Discontinuous transmission (DTX)

DTX utilizes a voice activity detector (VAD) to enable transmission only when 
there is speech available to transmit. Typically, this leads to the transmitter being 
on only about 40-60 % of time, thus reducing the interference caused by the MS. 
The silence periods must be filled with so called ’comfort noise’ to prevent the 
listener from assuming the link has been lost. DTX cannot be used on BCCH for 
the same reason as in PC explained above. DTX reduces the interference level 
and increases the battery life of an MS.

Slow frequency hopping (SFH)

SFH improves the performance of the frequency selective mobile radio channel 
in a multipath fading environment and it reduces the interference caused by other 
MSs. In SFH, the transmission frequency is changed at a rate lower than the bit 
rate. In GSM, the frequency is changed on each TDMA frame i.e. 216.7 times per 
second. The hopping patterns are different in co-channel cells and this effectively 
randomizes and averages the interference experienced by a single MS. The effect 
against multipath fading is more significant at lower MS speeds, since at a low 
speed the MS may spend longer periods of time at locations where the received 
signal level is very low on a certain frequency. SFH cannot be used on the BCCH 
since the MS must be able to easily locate it when the terminal is switched on.

2.4.2 Future techniques for interference reduction

Advanced channel allocation

Despite of the methods described above, channel allocation must be done care
fully in order to keep the interference level low enough and to meet the service
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quality requirements. Channel allocation is a complex problem and various pro
cedures using graph-theoretic methods, heuristic approaches and many other opti
mization algorithms have been studied [9]. In addition to traditional fixed channel 
allocation scheme (FCA), which is done when the network is planned, also dy
namic channel allocation (DCA) and hybrid channel allocation (HCA) have been 
proposed [10].

In FCA, fixed channels are allocated to each cell, while in DCA, there is a central 
pool of channels from which a channel is borrowed for the duration of a call. 
When the call is completed the channel is returned back to the pool. The decision 
on which channel to allocate to a certain call is made on the basis of real-time 
interference level measurements. Various algorithms for this have been proposed. 
In HCA, some of the channels are permanently allocated and the rest is allocated 
dynamically from a central pool as in DCA. According to simulations, the use 
of dynamic channel allocation would increase the capacity of a TDMA system 
significantly [2].

Smart antennas

Another future technique for reducing interference in a wireless network is smart 
antenna technology. A smart antenna system combines multiple antenna elements 
with sophisticated signal-processing algorithms to optimize its radiation and/or 
reception pattern automatically in response to the signal conditions.

There are two basic classes of smart antennas: switched beam and adaptive. A 
switched beam antenna combines beams from a finite set of beam patterns while 
an adaptive antenna has an infinite number of patterns that are adjusted in real
time. Thus, an adaptive antenna is generally more advanced than a switched beam 
antenna in suppressing interference and maximizing intended signal reception by 
creating nulls towards interferers and directing the main lobe towards the desired 
user. Table 2.1 presents the main advantages of smart antenna systems according 
to [11] and [2]. An example of an adaptive antenna beam is presented in Figure 
2.2 on page 14.

Advanced antennas can also be used in a simpler manner. In this project, antennas 
with adjustable radiation patterns are used, but they do not detect interferers or 
track the desired signals. The antenna lobes are turned to directions defined by 
other system components. This is described in Chapter 6.
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Table 2.1: Smart antenna system features and benefits.

Feature Benefit
Signal gain by combining inputs 
from several antennas.

Better range / coverage. Sig
nal is focused to a narrower area 
thus increasing the range.

Interference rejection. An
tenna pattern nulls can be gener
ated towards interfering signals.

Increased capacity. Lower
interference enables lower fre
quency reuse distance.

Spatial diversity by utilizing 
composite information from the 
array.

Multipath rejection can reduce 
delay spread and thus allow 
higher bit rates.

Power efficiency by combining 
inputs from several antennas.

Lower mobile terminal trans
mit power and thus increase in 
battery life.

Effect on network planning

Network planning tools designed for static network configuration and traditional 
antennas do not support advanced channel allocation schemes and adaptive an
tenna solutions. The database containing the network structure and configura
tion must also be improved to enable the use of adaptive antennas. Overall, the 
network planning procedure becomes more complex especially regarding interfer
ence planning. Network planning methods must be enhanced in order to introduce 
dynamics into the network. These issues have been discussed e.g. in [12].

2.5 Parameter planning and network optimization

Once the capacity, coverage and frequency planning have been successfully per
formed, the parameter planning is carried out. The parameters of the core network 
and the base station sub-system are planned and set. These parameters include 
cell selection parameters, handover parameters, power control parameters and so 
forth.

When the network has been implemented and taken into operation, the network 
optimization phase takes place. The success of the planning process is verified and 
the performance of the network is assessed through traffic and coverage measure
ments as well as subscriber feedback. Network modifications are done if needed.
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Figure 2.2: Adaptive array coverage: a representative depiction of a main lobe 
extending toward a user with a null directed toward a co-channel interferer.

Often they are caused by increased traffic in the network, but in some cases the 
planning has not been accurate enough or the propagation models have not been 
able to model the cell coverage areas correctly.

Methods for optimizing the network to fix the shortcomings of the planning pro
cess or to meet new capacity requirements include

• Parameter tuning,

• Cell splitting,

• Cell sectorization.

When the operational use of the network reveals performance problems, parameter 
tuning is needed in many cases. For example handover and cell selection/reselection 
parameter values can be adjusted based on the experiences gained from the real 
network performance. Neighbor cell lists are also one parameter to optimize. Each 
cell has a list of neighbor cells that is sent to the MS which measures the signals 
from these cells for possible handover. Planning errors in the cells’ neighbor lists 
may cause an excess number of handover failures.

Cell splitting is done by splitting an existing cell into smaller ones in order to pro
vide more capacity to the highly loaded area of the original cell. New sites must 
be available for the new cells. With smaller cells, the cell boundaries are crossed 
more often, which leads to increased number of handovers and thus signalling 
traffic. This must be taken into account when considering cell splitting.

Directional antennas are used for dividing a cell into sectors. Usually there are 
3 or 6 sectors of 120° or 60°, respectively. Directional antennas do not radiate
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power to all directions and therefore sectorization is used for reducing co-channel 
interference and thus decreasing the frequency reuse distance. This means that the 
same frequency can be used again closer to the cell than before, which increases 
the capacity of the network. Because the old site can often be used for installing 
the directional antennas, sectorization may be more economical than cell splitting.
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Chapter 3

Propagation models

This chapter describes methods used for the prediction of radio wave propagation. 
These propagation models are used in cellular network planning and they are ap
plicable to most radio access systems, taking into account the frequency range of 
the models.

3.1 Introduction

Radio wave propagation models are extremely important in radio network plan
ning, because an accurate propagation model enables efficient prediction of the 
coverage area of a cell. The result is utilized for interference planning as well. 
Therefore, these models have been studied extensively. For dynamic resource re
allocation, it is important to be able to calculate the coverage area of a cell for 
different antenna patterns or beams. An accurate propagation model enables effi
cient resource reallocation in the form of better coverage prediction at the desired 
area.

In a line-of-sight (LOS) situation, assuming ideal isotropic antennas that have 
unity gain in all directions, the free space loss in dB is given by [13]

L0 = 32.44 + 20log(f) + 20 log(d), (3.1)

where log means logw, f is the frequency in MHz and d is the distance in km.

However, in most terrestrial communications situations the free space model does 
not approximate the radio channel accurately enough. There are surfaces such as 
buildings, terrain and vegetation from which the radio wave reflects, diffracts and
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scatters causing multipath propagation. In the receiver, the waves from different 
paths add up vectorially and the result is different from the one obtained using the 
free space model. Therefore, more accurate models for radio wave propagation 
are required.

Since different propagation environments cause different changes to the radio sig
nal, there is no single model that would enable the calculation of received signal 
strength in every situation. In general, the selection of a propagation model de
pends on the size of the cell, the transmission frequency and the level of urbaniza
tion in the cell area. [2]

A certain model is usually applicable to limited distances and other parameter 
values. In cellular networks, the cells are divided into different types according to 
their size. The definition of cell types and sizes is not unique in literature, but e.g. 
[14] defines them as presented in Table 3.1.

Table 3.1: Cellular network cell types according to their size.

Cell type Typical cell 
radius

Location Typical base station antenna 
installation height

Large macro cell 1 km to 30
km

outdoor Above medium roof-top level, 
all surrounding buildings are be
low antenna height

Small macro cell 0.5 km to 3
km

outdoor Above medium roof-top level, 
heights of some surrounding 
buildings are above antenna 
height

Micro cell up to 1 km outdoor Below medium roof top level
Pico cell up to 500 m indoor/

outdoor
Below roof-top level

Personal Area Network (PAN) enables everyday devices to communicate wire
lessly within a range of about 10 m. PANs are based on radio communication and 
they use technologies such as Bluetooth. PANs are not cellular and the planning of 
the network is minimal, but the basic issues of traditional radio network planning 
are also valid for them.

Based on their origin, the propagation models can be divided into three categories: 
empirical, semi-deterministic and deterministic. Propagation models from these 
categories are presented in the following sections.
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3.2 Empirical models

3.2.1 Okumura-Hata model

The Okumura-Hata model [15] or a variation of it is used by most of the propaga
tion tools. The model is based on an empirical relation derived from Okumura’s 
report on signal strength and variability measurements [16]. The model is param
eterized for various environments, namely urban, suburban and open areas. It is 
applicable to:

• Frequency/: 150- 1500 MHz,

• Base station antenna height /ibs: 30 - 200 m, 

e Mobile station antenna height hms: 1 - 10 m,

• Distance d: 1-20 km.

Thus, the model is restricted to macro cells in a GSM900 network. The equations 
for calculating the path loss in urban, suburban and open areas are introduced 
next.

Urban area

The mean path loss Lu in dB is given by

Lu = 69.55+26.l6log{f)-13.82log{hbs)-a(hma)+[U.9-6.55log(hbs)]log(d),
(3.2)

where / is the frequency (MHz), hbs is the base station antenna height, hms is 
the mobile station antenna height, a(hms) is the correction factor for the mobile 
station antenna height and d is the distance from the base station.

For a small or medium-sized city

a(hms) = (1.1 log(f) - 0.7)hms - (1.56log(f) - 0.8). (3.3)

For a large-city

a(hms) = 8.29[Zo<?(1.54/ims)]2 - 1.1, / < 200MHz (3.4)

or
a(hms) = 3.2[Zog(11.75/ims)]2 - 4.97, / > 400MHz. (3.5)
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Suburban area

(3.6)

Open area

L — Lu — 4.78(log(f))2 + 18.33log(f) - 40.94. (3.7)

3.2.2 COST 231-Hata model

COST 231-Hata model [13] extends the Okumura-Hata model to frequencies 1500 
- 2000 MHz and thus it is applicable to GSM 1800 network planning. In urban 
areas the path loss (dB) is

Lu = 46.3 + 33.9log(f) — 13.82 log(hbs) — a(hms) 
+[44.9 - 6.55log(hb3)]log(d) + Cm, (3.8)

where a(hms) is defined in Equation 3.3 and Cm — 0 dB for medium sized city 
and suburban centers with moderate tree density and Cm = 3 dB for metropolitan 
centers.

3.3 Semi-deterministic models

The purely empirical models are found to be not accurate enough for complex 
urban environments. Semi-deterministic models add some deterministic aspects 
to the empirical models in the form of parameters describing the characteristics 
of the propagation environment. In addition to urban areas, semi-deterministic 
models are used also in other environments. For example the Blomquist-Ladell 
model [17] can be used for forestal terrains.

3.3.1 COST 231 - Walfisch-Ikegami model

In urban environments, a model that takes the characteristics of the city struc
ture into account increases the accuracy of the propagation estimation. Since the

19



Propagation models

bs hroof É Д ni. ras

w

Figure 3.1: Definition of the parameters used in COST 231 - Walfisch-Ikegami 
model.
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Figure 3.2: Definition of the street orientation angle ф.

Okumura-Hata model and the COST 231-Hata model are suitable only for dis
tances over 1 km, a propagation model for shorter distances is also needed.

COST 231 - Walfisch-Ikegami [13] is a combination of empirical and determinis
tic models. It presumes that the base station antenna is mounted below the average 
building height. The model uses the same notations as Okumura-Hata model and, 
in addition, the following parameters to describe the propagation environment, 
which is depicted in Figures 3.1 and 3.2:

• Height of buildings hro0f (m),

• Width of road w (m),

• Building separation b (m),

• Road orientation with respect to the direct radio path ф.

The usage of the model is restricted to

• /: 800 - 2000 MHz,
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• hbs'- 4 - 50 m,

• hms. 1-3 m,

• d: 0.02 - 5 km.

Because the parameters are only characteristic and no topographical data about 
the buildings is used, the model is still statistical and not fully deterministic. The 
model distinguishes between line-of-sight (LOS) and non-line-of-sight (NLOS) 
situations. In a LOS case, within a street canyon, a simple loss formula is applied:

Llos = 42.6 + 26log(d) + 20 log(f). (3.9)

In a NLOS case, the propagation loss is

Lnlos ~ L0 4* Lrts(w, f, A/ims, ф) + Lms¿(A/if,s, d, /, ft) (3.10)

where

A/íms hroof hms (3.11)
A/t-bs — hbs hrooj (3.12)

and L0 is the free space loss defined by Equation 3.1, Lrts is the roof to street 
diffraction loss and Lms(i is the multi-screen diffraction loss over the roofs between 
MS and BS. The detailed equations for Lrts and Lmsc¡ can be found in [13].

3.4 Deterministic models

Deterministic models estimate the propagation of a radio wave analytically. There 
are two different approaches to this: solving electromagnetic formulas and ray
tracing. The former is extremely complicated in real environments, and there
fore ray-tracing has been widely used especially in micro cell modelling in recent 
years. However, ray-tracing models require plenty of computing power, too, and 
the results depend not only on the calculation methods, but also on the level of 
detail of the input data. Thus, there is always a trade-off between the computation 
time and the accuracy of the calculation results.

Because of the computational complexity, deterministic models are used in indoor 
and micro-cell environments. In these environments, the size of the modelled area 
is reasonably small and the need for accurate modelling due to high user density
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is remarkable. In WCDMA networks the cell sizes are relatively small and the 
services will probably be first introduced in urban environments. Therefore, the 
deterministic models are particularly important in WCDMA network planning.

This section concentrates on ray-tracing, because it is the most important deter
ministic method used in propagation estimations.

3.4.1 Ray tracing

Ray tracing has been widely used in computer graphics for simulating shading 
and colors by tracing rays of light from a view point through the image plane into 
the scene. Tracing is based on geometrical optics (GO), which can be used for 
modelling the reflection and refraction of optical rays. As the radio transmission 
frequency increases and the geometries are large in terms of a wavelength, radio 
waves behave more and more like optical rays and GO can be utilized with them. 
However, on frequencies lower than 10 GHz, the wave characteristics of light are 
still significant and diffraction has to be taken into account [18]. Since GO does 
not include diffraction, different diffraction models are added to GO as extensions.

The Geometrical Theory of Diffraction (GTD) [19] adds new rays called diffrac
tion rays to GO. They are transmitted along the so called "Keller’s cone" and they 
enable the propagation to areas shaded by obstacles in pure GO. GTD models the 
shaded and directly visible areas well, but the prediction of the fields at the re
flection and shadow boundaries is unreliable. To overcome this, some additional 
coefficients must be added to the model.

GTD was developed further and the improved model is called the Uniform The
ory of Diffraction (UTD) [20]. It enables correct calculation near reflection and 
shadow boundaries. UTD and its derivatives have become the most popular diffrac
tion models in micro cell propagation modelling. A comprehensive review of the 
current ray-tracing techniques as well as some new approaches can be found in 
[21].

There are two methods for ray tracing: ray imaging and ray launching.

Ray imaging

In ray imaging, every obstacle in the propagation environment model is considered 
as a reflecting surface. The transmitter is reflected against these surfaces creating 
virtual transmitters. The reflection point is detected by drawing a straight line
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from the virtual transmitter to the receiver. If the line pierces only one reflecting 
surface, a full reflection occurs. If there are several surfaces between the virtual 
transmitter and the receiver, the penetration losses should be taken into account.

Virtual transmitters have to be iteratively reflected again, which leads to an expo
nentially growing number of interactions when the complexity of the propagation 
environment increases. Therefore, ray imaging is efficient only when applied to 
models where the number of reflecting surfaces is small and the geometry is sim
ple. In order to keep the computation time reasonable, the number of allowed 
reflections, transmissions and diffractions must be limited.

Ray launching

In ray launching, rays are transmitted from the transmitter to all directions keeping 
the angle a between the adjacent rays constant. Geometrical optics and possible 
diffraction and scattering models are applied to the rays. A ray is traced until its 
power drops below a threshold, the ray leaves the studied area or the number of 
allowed interactions is reached. The received power is the vectorial sum of the 
rays arriving at the receiver.

The number of rays has to be high in order to find all possible paths from the trans
mitter to the receiver. Thus, the accuracy of the results as well as the computation 
time depend on the angle a.

The launching of the rays is usually done using a geodetic icosahedron which 
consists of 20 equilateral triangles [22]. One ray is launched through each vertex. 
Thereby, the rays are spaced as uniformly as possible. Increasing the prediction 
accuracy by decreasing a is easy to do by splitting every triangle into four smaller 
triangles.

The reception of rays is a problem in ray launching. When the rays are launched, 
the distance between them is small, but after travelling further the distance in
creases. If the receiver is modelled as a point, it is possible that no rays hit the 
receiver. Therefore, a reception sphere is used. The center of the sphere is located 
at the receiver and its radius depends on the distance travelled by the ray and the 
angle between adjacent rays [23]. This way, in the line-of-sight case, only one ray 
can be received. Ray splitting can be used for enhancing the reception of the rays 
with a tolerable complexity increase of the computation.

Diffraction causes new rays to be launched from the diffraction point. This in
creases the complexity of the computation rapidly and the number of allowed 
diffractions has to be limited. Two diffractions should be enough for reasonable
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accuracy [24]. Overall, in complex environments, ray launching is more efficient 
than ray imaging.
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Chapter 4

Mobile positioning

Mobile positioning techniques have been under major research during the recent 
years. The need for accurate positioning of a Mobile Station (MS) arises from the 
idea of offering location based wireless services to the subscribers. In addition, 
one of the driving forces has been the obligation set by the FCC (Federal Com
munications Committee) in the United States to provide enhanced 911 (E911) 
wireless services. According to the obligation, cellular systems must be able to 
locate a cellular phone in connection of an emergency, with certain schedules and 
accuracy requirements [25].

In this work, mobile positioning is utilized for locating the collected measure
ment samples, which are used for demonstrating network traffic. The location of 
the sample enables the detection of traffic hot-spots and the reallocation of the 
network resources effectively.

This chapter lists some well-known techniques for mobile positioning and ex
plains the methods used in this project. The objective is not to describe the tech
nical aspects of the different techniques, but to introduce the main ideas and ad
vantages of each of them. A more comprehensive description can be found in 
[26].

4.1 Positioning method categories

Basically, there are two approaches for locating a mobile phone. The phone can 
either be equipped with a positioning functionality provided by an external system 
such as the Global Positioning System (GPS) or it can be located by utilizing
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information obtained from the cellular system itself. For the latter case, measured 
signal levels and other charasteristics are very useful.

Based on the functions of the MS and the network, the implementation of a posi
tioning method belongs to one of the following categories:

• Network-based,

• Mobile-based,

• Mobile-assisted.

In network-based positioning, one or more base stations (BSs) make the necessary 
measurements and send the measurement results to a location center where the 
position is calculated. This requires no changes to the MSs, but the network must 
be equipped with appropriate software and, in some cases, hardware.

In mobile-based positioning, the measurements and calculation of the location are 
done in the MS. Changes in the software of the MS are required.

Mobile-assisted implementation is a combination of the two previous ones. Mea
surements are done by the MS and the results are sent to a location server, which 
processes the data and calculates the location. Usually changes both in the net
work and the MS are required.

4.2 Positioning methods

This section lists the well-known positioning methods for GSM and Universal 
Mobile Telecommunications System (UMTS) according to [26].

Cell Identification (Cl)

Cl is the simplest method for locating a mobile phone. The location of the serving 
cell is available from the network management system and this location is used as 
the location of the MS. Cl is easily implemented as a network-based method. The 
accuracy depends on the cell size and varies between 100 m (indoors) and 30 km 
(rural areas).
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Signal strength

The signal strength of several cells measured by the MS can be used for locat
ing the MS. In free-space propagation, the signal strength can be assumed to be 
proportional to the distance between MS and BS. By utilizing the propagation 
models introduced in Chapter 3, the distance can be predicted based on the mea
sured signal strength. Altogether, the distance to three different BSs is needed for 
determining the location by triangulation. However, since the propagation condi
tions are often far from free-space propagation, the accuracy of the location is not 
very high, even if advanced propagation models are used. The calculation can be 
done either in the MS or the BS and the method can thus be both mobile-based and 
network-based. The reported accuracy of the method is about 200 m in suburban 
areas and about 450 m in rural areas [27].

Angle of Arrival (AOA)

If antenna arrays are used in the network BSs, the signal angle of arrival can be 
measured and used for locating the MS. Angle of arrival measurement at two 
BSs is enough for locating the BS in two-dimensional geometry. Line-of-sight is 
needed between the MS and the BS for accurate results, which decreases the accu
racy of AOA technique in dense urban environment. Because antenna arrays are 
not used in the existing networks, wide employment of AOA seems unlikely. The 
method is purely network-based. The accuracy of the location has been reported 
to be about 45 m (67%) in a suburban environment [28].

Time of Arrival (TOA)

The time differences of the signal arrival at different BSs can be used for position
ing. The method in which the measurement is done by the BS, i.e. on the uplink, 
is called TOA. In a synchronized network, the TOA measurements are directly re
lated to the distance between MS and BS. However, since GSM and UMTS FDD 
networks are not synchronized, TOA can be only used in a differential manner. A 
common time reference, e.g. from GPS, is needed at the BSs. The measurement 
cannot be done in idle mode. TOA is a network-based method.
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Enhanced Observed Time Differences (E-OTD)

In E-OTD, the time differences of arriving signals on the downlink are measured 
by the MS. These measurements are called observed time differences (OTDs). The 
synchronization of the BSs is achieved by installing receivers at the BS sites to 
measure the timing differences between BSs. These real time differences (RTDs) 
as well as the OTDs are sent to a mobile location center (MLC), which calcu
lates the location of the MS. The method can be used also in the idle mode. The 
drawback is that special software is needed in the MS and additional receivers 
are needed at the BS. E-OTD technique is designed for the GSM system. It is 
typically a mobile-assisted method but also mobile-based implementation is pos
sible. The accuracy of the method has been reported to be 50 - 125 m (67%) in a 
suburban environment [29].

Observed Time Difference of Arrival (OTDOA)

OTDOA method in UMTS is similar to E-OTD in GSM. In UMTS TDD the BSs 
are synchronized, but in UMTS FDD the relative time differences must be mea
sured. This is done by Location Measurement Units (LMUs). The method can be 
both mobile-assisted and mobile-based, depending on where the position calcula
tion is carried out. The mobile-assisted mode is mandatory in all UMTS mobile 
terminals. The accuracy is about the same as that of E-OTD.

Database Correlation Method (DCM)

DCM uses a database of measured or predicted signal characteristics on the area 
of interest. The location of the MS can be computed by comparing the signals 
received by the mobile with the signal values stored in the database. Various char
acteristics of the signal, for example the received signal levels and delay profiles, 
can be utilized. DCM is a generic method and can thus be used in all cellular 
systems. It is a mobile-assisted method, and the reported accuracy is about 44 m 
(67%) in urban areas and 74 (67%) in suburban areas for GSM [30].

Hybrid methods

The methods listed above can be combined in order to achieve better accuracy 
and coverage in different environments, for example in urban and rural areas. The
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costs and the complexity of the hybrid system tend to become at least as high as 
for the two separate methods.

Global Positioning System (GPS)

GPS is a satellite navigation system. It is the most accurate positioning system for 
mobile devices. The accuracy is better than 10 m in an outdoor environment, but 
because the system needs a line-of-sight visibility to the satellites, GPS is usually 
unusable indoors. Also in dense urban environment the operation may be difficult. 
When used for locating a mobile terminal, GPS functionality has to added to the 
MS. This causes some increase in the size of the MS and decrease in the battery 
life.

Enhancements like Assisted GPS (A-GPS) improve location performance param
eters such as accuracy, time-to-first-fix and coverage, especially in dense urban 
environments. In A-GPS, a specific server in the network sends aiding informa
tion about the satellites reachable by the MS. The mobile receiver uses the assist 
data to acquire GPS signals and then returns the position information to the server. 
This enables location accuracy better than pure GPS in outdoor environments and 
about 30 m accuracy even indoors.

4.3 Requirements for dynamic resource reallocation

Mobile positioning offers interesting possibilities for dynamic resource realloca
tion. Accurate location of the users would enable very accurate resource opti
mization, because traffic hot-spots could be detected efficiently. However, there 
are many issues that must be considered before location data in the mobile termi
nal level, i.e. the location of individual phones, can be utilized. These include the 
accuracy, scalability and privacy of the positioning method.

The accuracy needed for defining the problematic areas in the network is not ex
tremely high. The users keep moving and the radius of a cell is often about one 
kilometer. The accuracy of the coverage predictions is about 10 dB and it depends 
heavily on the digital maps and available topology and morphology information. 
Thus, even if the resolution of the coverage prediction is, say, 10 meters, resource 
reallocation cannot be done on that resolution. The signal strength information on 
that ’pixel’ can be wrong and a slightly larger area has to be examined. Also the 
antenna radiation patterns are not ideal. Overall, location accuracy of about 50 
meters should be sufficient for dynamic resource reallocation.
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The scalability of the positioning method is very important if a large number of 
MSs needs to be located. The signalling traffic needed for the positioning has to be 
kept minimal, especially when the positioning is used for network optimization. 
It is not acceptable that the system would significantly increase network traffic.

Privacy issues are very important and they must be considered when implement
ing a system that uses location information. The system must be implemented so 
that the location information is used only in a statistical manner and any personal 
identity information is removed before processing. Also from the network opti
mization point of view, a single user is not of much interest as opposed to the total 
network performance on a certain area.

Overall, from the positioning methods described in the previous section, Cl and 
Signal strength methods are not accurate enough. AOA, TOA, E-OTD and OT- 
DOA methods provide better accuracy for the reported 67 % of cases, but these 
methods have not yet been widely implemented and they require modifications 
to the network or mobile terminals. DCM method provides good accuracy, and 
it has been used in CELLO project trials. It requires calibration measurements 
and may thus have scalability problems. Therefore, because none of these meth
ods is not yet widely accepted as the best choice for mobile positioning, GPS 
has been used in the measurements and trials of the Adaptive Coverage System 
(ACS). It provides high accuracy and is applicable for demonstrating the opera
tion of the system. However, the unavailability of pure GPS indoors calls for the 
employment of A-GPS in operative systems. In the CELLO project, this was not 
a limiting factor because the trials were performed outdoors.
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Chapter 5

Cell level performance data

The state of the network performance must be known in order to be able to op
timize the network resources effectively. This chapter describes the use of cell 
level performance data that can be obtained from a cellular network. In order to 
produce this data, performance measurements are executed in the network ele
ments. The data is then transferred to an external system for further evaluation. 
The performance management concept is common for both GSM and UMTS. It 
is described in [31].

GSM is used as an example in this chapter, and some parameters that can be calcu
lated based on the available data are presented. The data is stored and managed by 
the Operations and Maintenance Center (OMC), which is shortly described first. 
The actual collection of the data is not covered here, but information about it can 
be found in [32].

5.1 Operations and Maintenance Center (OMC)

In the GSM system, the tasks of the Operations Support System (OSS) include 
the operation and maintenance of the network, managing subscriber data such as 
billing, and managing the mobile terminals. There is usually one OMC in an 
OSS. OMC provides remote monitoring of the network performance and permits 
remote software installation, reconfiguration and fault management activities as 
well as alarm and event monitoring. The implementation of the OMC and the 
presentation of the data collected from the network depend on the manufacturer’s 
decisions.
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The data collected by the OMC is extremely important for the network operator as 
it provides information about the state, operation and utilization of the network. 
In addition to voice and data transmission, a mobile network has many functions 
such as mobility and power management whose operation can be measured and 
analyzed. OMC collects data from almost all the elements of the cellular network.

5.2 Measurements

The measurements for the network elements in GSM, GPRS and UMTS are de
fined in specifications [33] and [34]. The measurements are defined so that each 
of them collects the value of the measurement attribute during the measurement 
period. The collection method can be

• Cumulative counter,

• Dynamic variable,

• Discrete event registration,

• Status inspection.

For example, the Attempted time slot seizures are measured using a cumulative 
counter and stored in the measurement attribute called attTCHSeizures.

In the scope of this work, the measurements concerning a single cell are the 
most interesting ones. These can be found from the specification [33] among the 
measurements related to the BTS, more precisely the cell measurement function. 
There are altogether 53 measurements in that section, from which 25 are included 
in the MGIS Database introduced in Chapter 6. These OMC counters are listed in 
Appendix A.

5.3 Performance parameter calculation

Based on the measurement attribute values collected and stored by the OMC, var
ious parameters describing the performance of the network can be calculated. Be
cause there are tens of BTS related attributes, also numerous cell level perfor
mance parameters can be obtained.
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The most interesting parameters include the blocking ratios on the traffic channels 
(TCHs) and signalling channels (such as SDCCH), because blocking means that 
attempted calls cannot be connected. Also the traffic load in the network cells is 
important for the dynamic resource reallocation. Two examples of the measure
ment attributes and the equations for calculating the performance parameters are 
presented below.

TCH blocking

Blocking on the traffic channels indicates that the amount of handled traffic has 
reached the maximum capacity of the cell during the studied period. TCH block
ing ratio tells the percentage of time when all TCHs have been allocated and the 
system has thus been fully occupied in terms of traffic channels. TCH blocking 
can be calculated by

ТСНЫосЫпдЩ =
AllAvailableTC H AllocatedTime 

Granularity (5.1)

where AllAvailableTCHAllocatedTime is the accumulated time during the granu
larity period when all available time slots available for circuit switched (CS) traffic 
were in use or otherwise unavailable to be allocated. Granularity is the length of 
the measurement period. This value may be, for example, 60 minutes.

Amount of TCH traffic [Erlang]

This parameter presents the amount of handled traffic on the traffic channels of 
a cell in Erlangs during the measurement period. The load of the cell can be 
calculated by comparing this value to the traffic capacity of the cell in question. 
The parameter value is obtained simply by

TCHtraf fic[Erlang] = M eanNumberO f BusyTC H s, (5.2)

where MeanNumberOfBusyTCHs is the arithmetic mean of the number of time 
slots (TS) which are carrying circuit switched traffic (TCHs).
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Chapter 6

Dynamic resource reallocation

Cellular network optimization implemented as dynamic resource reallocation re
quires a system that combines network planning, mobile positioning, analysis of 
network performance data, and adaptive antennas.

In the CELLO project, the overall system is called Adaptive Coverage System 
(ACS). It takes advantage of the location-related information available from the 
network. By using this data, it is possible to detect the areas where additional 
capacity is needed. It is also possible to observe how the capacity requirements 
depend, for example, on the time of the day. This functionality is implemented 
as Data Analyzer Module (DAM). This chapter describes the system, especially 
the DAM, designed in the project. The implementation and other, more detailed, 
issues are described in Chapter 7.

6.1 Adaptive Coverage System (ACS)

The purpose of the ACS is to enable intelligent coverage allocation based on 
location-related network performance data. This data is collected and stored by 
the Mobile network Geographic Information System (MGIS). Figure 6.1 shows 
the overall system architecture and the information flow within the system.

The ACS contains special base station antenna modules, which can be controlled 
to produce different kinds of radiation patterns. By using MGIS data and DAM, 
it is possible to find an optimum combination of the base station antenna patterns 
for various traffic conditions. In contrast to smart antennas introduced in Chapter 
2, the ACS adapts slowly, within tens of minutes or hours, to the variations in the
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MGIS
Server

Adaptive Coverage System

DAM

Figure 6.1: Overall system architecture.

traffic situation in the whole network, while smart antennas track individual users 
in the order of milliseconds. [35]

6.1.1 Mobile network Geographic Information System (MGIS)

Various kinds of location-related data are available from different mobile networks 
today. Base station locations and cell coverage areas are known by the operator. 
This information can be utilized for determining the location of a user or a service, 
but the accuracy of such data is only at the level of the cell radius. As stated in 
Chapter 3, the cell radius may be several kilometers.

Measurements done in the network often include the locations of the measurement 
samples. For example, the received signal level can be measured in order to verify 
the network coverage. For these measurements, GPS is often used for positioning. 
The possibility to locate individual phones via methods described in Chapter 4 
enables new location-based services which require information that must be stored 
somewhere.

Usually the information gathered from different sources is stored in different sys
tems. The idea of the MGIS is to provide a generic system for storing location- 
related information. This enables the storage of data from cellular systems such as 
GSM or UMTS, WLAN networks, or any other wireless system. By introducing 
common interfaces, the development of network planning and optimization tools 
as well as new services is made easier. MGIS Server provides the interfaces while 
MGIS Database is used for storing the data.
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MGIS uses a layered architecture. There are three layers: application layer, man
ager layer, and data layer. MGIS Database is on the data layer, MGIS Server on 
the manager layer, and applications for administering, storing, and visualizing the 
data are on the application layer.

MGIS Database

The implemented MGIS Database stores traditional mobile network planning in
formation such as sites, cells and their locations, antennas and their settings, fre
quencies, and coverage predictions. In addition, the database stores both terminal 
level and cell level measurement data. Terminal level data is obtained from the 
mobile terminals and cell level data from the cellular network operator’s monitor
ing system. Specific information needed for the dynamic resource reallocation is 
also stored in the database.

Measurements needed for collecting terminal level data include specific Short 
Message Service (SMS) messages sent by mobile network users in trials arranged 
in the trial network and measurement samples collected by measurement devices. 
The location of the samples is obtained either from the GPS receiver attached to 
the measurement device or the mobile terminal, or by calculating the location us
ing one of the positioning methods listed in Chapter 4. The result is a Terminal 
Level Measurement Sample (TLMS), for which there exists the location and the 
time of the sample and some additional information such as the received signal 
level from the serving cell and the neighboring cells. In GSM, there may be up to 
6 neighboring cells, which the mobile terminal listens to for possible handovers. 
Although TLMSs cannot be collected and stored to the MGIS Database in real
time, they can be used for demonstrating dynamic resource reallocation based on 
the traffic distribution calculated from the individual users’ locations.

Cell level data includes information about the performance of the network. In the 
GSM system, this information is obtained from the Operations and Maintenance 
Center (OMC) of the network as described in Chapter 5. Parameter values from 
selected counters are stored in the MGIS Database. This data is useful for dynamic 
resource reallocation as it enables the evaluation of the traffic load distribution in 
the network.

Other information needed for the dynamic resource reallocation and the ACS in
clude different network plans that contain the configuration of the network. The 
schedule of these plans as well as the information required by the adaptive anten
nas are also stored in the MGIS Database.
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MGIS applications

MGIS includes three applications: Administration, Tools and Test. Their main 
features are listed in Table 6.1.

Table 6.1: Main features of the MGIS applications.

Administration Network plan creation (manually or by DAM) and man
agement. ACS access rights management.

Tools Tools for adjusting ACS antennas either manually or au
tomatically according to a schedule found in the MGIS 
Database. Uploading data to the MGIS Database from 
various measurement devices and the OMC of a GSM 
network.

Test Visualizing and analyzing the contents of the MGIS 
Database.

Because DAM enables automatic creation of network schedules, it is implemented 
as a module of the Administration application. Test application is used also for 
simulating the network plan schedules created by DAM, so that they can be veri
fied before taking into use in the operational network.

6.1.2 Antennas in the ACS

As mentioned earlier in this chapter, the ACS does not use adaptive antennas for 
tracking individual users, but for adapting to the changes in the network load 
across the service area. Two types of antennas have been used in the ACS.

First, a switched antenna solution utilizing ordinary commercial antennas with 
different antenna settings connected to a switch was used. At one cell there were 
two antennas and the switch was used for changing between these antennas. This 
is a simple and straightforward solution for testing the ACS. The switched antenna 
can be used for relocating an antenna sector, focusing the sector or extending the 
range of the sector. Increasing or reducing the sectors provides potential capacity 
gain and it enables the network to modify its coverage area at any given time for 
optimum performance.

In the second phase, more sophisticated antennas were used. The antenna type is 
Modular Antenna Array (MAA). MAA is a phase-steered antenna, which can be
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dynamically focused and steered to a hot-spot area by flexibly setting the antenna 
radiation pattern. There are several possible narrow beams (10° each) and one 
wide beam (65°) available. In practice, the wide beam covers the area of all the 
narrow ones. One of these beams can be in use at a time. The different beams are 
presented in Figure 6.2. From the eight beams presented in the figure, four beams, 
2L, IL, 1R and 2R, were used in the ACS. This is enough for enabling dynamic 
changes in the cell coverage, because the cells of the GSM network are usually 
sectorized, not omnidirectional. Most of the cell sites in the network used in this 
project contain three cell sectors of 120°.

Beam Locations
1L: 97.18°
2L: 112.02° 
3L: 128.68° 
4L: 151.04° 
1R: 82.82°
2R: 67.98°
3R: 51.32°
4R: 28.96°

Figure 6.2: MAA beams.

The beams were named Beam 1, Beam 2, Beam 3, Beam 4, and Beam 5 to make 
them easier to manage. Beams 1, 2, 4, and 5 are narrow ones while Beam 3, 
directed to the main direction of the cell, is a wide beam. They are presented in 
Figure 6.3 on page 39.

6.1.3 Adaptive antennas and MGIS

As mentioned in Chapter 2, the traditional network planning procedures do not 
directly support the use of adaptive antennas. In this project, the MGIS is designed 
to meet the needs of the ACS.
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Beam Locations
2R: 67.98 Deg 
1R: 82.82 Deg 
1L: 97.18 Deg 
2L: 112.02 Deg

180 Deg

Beam 3 
Wide

Figure 6.3: Beam numbers and directions in an MAA antenna.

A cell configuration describes the settings of a cell. These settings include the 
direction of the antenna, the radiation power, and the coverage area of the cell 
in the form of the path to a coverage file, for example. The possibility of using 
adjustable or adaptive antennas is enabled by creating several cell configurations 
for one cell. An important parameter that varies among different configurations of 
a cell is the state of the switch that selects the antenna beam.

A network plan describes the configuration of the network. It consists of cell con
figurations. There is one cell configuration for each cell of the network in one 
network plan. Thus, the planning of the network can be done by using traditional 
network planning tools. The adaptivity can be introduced to the network by cre
ating several network plans and changing the one in use at each time.

Of course the system would be much more flexible if the configuration of a single 
cell could be changed at any time. However, since the planning of the network 
must follow the process introduced in Chapter 2, the whole network has to be 
taken into account when changing the configuration. Especially interference must 
be verified when changing the antenna radiation pattern. The new settings of one 
cell must not cause interference with other cells so that the service quality in the 
surrounding cells would decrease too much. This has been taken into account in 
the project by predefining the network plans that will be used in the network.

MGIS Database includes the network plans and the cell configurations and, in 
addition, the schedule of the network plans. These enable the use of the ACS in 
the network.
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6.2 Data Analyzer Module (DAM)

The basis on which the reallocation of the network resources is done is very im
portant. As described in Chapter 5, the network operator has the cell performance 
information available in the OMC. This data has to be analyzed, and the result 
of the analysis can be utilized for deciding which areas require more capacity or 
coverage.

Because one cell can be relatively large, several kilometers in diameter in some 
cases, it would be more efficient if the analysis could be done on more accurate 
data. In this project, TLMSs have been used for this purpose.

The analysis of the data and the decisions based on the analysis have been imple
mented as the Data Analyzer Module (DAM). This section describes the analysis 
procedure defined for the DAM.

6.2.1 Analyzing the capacity problem

A process for the analysis needed for dynamic resource reallocation was devel
oped in the project. The process is divided into three main problems [36]:

• Detecting the areas with capacity problems in the network.

• Locating the area where more capacity is needed more precisely.

• Defining the changes to be made in the network configuration in order to 
add capacity to the problem area. This has to be done without degrading the 
service quality in other areas.

These problems must be solved to enable efficient and automatic use of the ACS. 
Each problem is discussed and the solutions are described below.

Detecting the areas with capacity problems in the network

Detecting the problematic areas is the first step of the analysis. The detection is 
based on the analysis of OMC data and TLMSs collected in measurements. Since 
there is a vast amount of information available, the analysis can be done based 
on several network performance parameters. An approach using four parameters
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was chosen. Two of these are obtained from OMC data while the other two are 
calculated based on measurement samples.

When considering the performance of a telecommunications service, the most 
obvious parameter is the blocking ratio on the traffic channels. Blocking tells 
the percentage of time during which new connections cannot be created or call 
attempts that cannot be served. The OMC data is updated on hourly basis in 
the network used in the project. This means that if the analysis is based on call 
blocking, the problem would have already been there for up to one hour before the 
analysis detects the problem. Thus, an earlier notification of the capacity problems 
is needed.

In a congestion situation, the behavior of the GSM network is such that the first 
indicator of the upcoming congestion is the high utilization of the signalling and 
traffic channels. Only after that the blocking ratios of the corresponding traffic 
channels start rising [37]. Therefore, the utilization or the traffic load in Erlangs 
is the first parameter to analyze.

If the planning of the network coverage has not been done carefully enough, un
desired coverage problems may appear in certain areas. This can be noticed by 
examining handovers and their causes. In addition, at areas with a large amount 
of network traffic, the number of handovers tends to be high because of the inter
ference caused by other users of the network in the same area. Thus the amount 
and the cause types of handovers form the second parameter in the analysis. Data 
about handovers is also obtained from the OMC.

Because mobile location techniques can provide information about the location 
of individual users, it is possible to define the problem areas in the network more 
precisely than on cell basis. Measurement samples collected in specific measure
ments can be utilized for presenting individual users and thus network traffic. This 
is sufficient in this project, because it enables the verification of the implemented 
system, the ACS. TLMSs contain the location and the time of the sample, which 
enables the accurate calculation of the number of TLMSs in a certain area at a cer
tain time span. This demonstrates network traffic. A threshold value for the traffic 
must be defined, and some averaging has to be done in order to form an estimation 
of the traffic situation in the network. TLMS traffic is the third parameter in the 
analysis.

An interesting feature of the ACS is the possibility of changing the network con
figuration relatively quickly. In certain situations, such as mass events or emer
gencies, the number of users of the network in a small area may become very 
high. Often this happens in a short time period, and, especially in the case of an 
emergency, unexpectedly. The normal capacity of the network cannot be planned
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to meet this kind of peaks in the offered traffic, and the service quality experi
enced by the users decreases heavily. In this kind of a situation the utilization of 
the ACS would be very valuable. To demonstrate this, the fourth parameter to be 
analyzed is based on the detection of a specific message received from the net
work, namely an emergency notification. This notification includes the location 
of the problem area and it could be sent, for example, by personnel authorized by 
the network operator. The notification can be implemented as a TLMS in which a 
specific message is included.

Locating the area where more capacity is needed more precisely

When the lack of network capacity has been detected, the problem area has to be 
defined more precisely. If OMC data is used, the result of the previous phase of 
the analysis provides information about the problematic cell. The operator knows 
the location of the BS of the cell, but that location is usually not the one where the 
users are located. More reasonably, they are located somewhere at the coverage 
area of that cell. Since the radius of a cell can be several kilometers and the shape 
of the cells varies a lot, OMC data alone is not enough.

MOIS provides more information about the network cells. The information about 
the antennas and their directions can be utilized. For small macro cells within 
urban areas, a relatively good estimation of the average location of the users could 
be 500 meters from the BTS to the direction of the main lobe of the antenna. 
However, since the cell sizes and shapes vary, a better estimation is obtained by 
utilizing the coverage areas of the cells included in the MOIS Database. These 
files contain the signal level values at the coverage area of the cell predicted by 
a network planning tool. These values can be used as weights, and the center of 
gravity of the coverage area can be calculated. This approach gives a prediction 
where the average location of the users served by the given cell are located. This is 
also the location of the congestion and the hot-spot where more capacity should be 
directed to. An example of the result of such a calculation is presented in Figure 
6.4. The purple arrow indicates the BTS location and the antenna direction while 
the calculated center of gravity is marked with a purple symbol.

When TLMSs are used in the analysis, the problem area can be located more 
easily because of the location information available in the samples. The analysis 
is made over a certain time interval, and the average location of the users during 
this time is calculated. If a certain, predefined number of samples is exceeded, the 
problem location is the calculated average location of the samples at that time. The 
samples can be weighted so that the most recent ones have the greatest influence
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Figure 6.4: Center of gravity of a weighted cell coverage area.

on the calculated location. Naturally the accuracy of the location depends on the 
positioning method being used.

Overall, the accuracy needed for the location estimation is not as high as it is for 
many other applications, since the users keep moving while the analysis is always 
done over some period of time. There is no need for this time to be shorter than, 
say, 10 minutes, since the purpose of the ACS is to adapt to changes in the network 
load across the service area, not to track individual users.

The basic ideas of the first two phases of the analysis are presented in the following 
pseudocode.

list problem_events; 
event e;

for(all parameters)
if(parameter.type == OMC) 

for(all cells)
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if(cell.parameter_value >= threshold) 
e.time = cell.parameter_value.time; 
e. location = cell.CalcLocation(); 
problem_events.Add(e);

if(parameter.type == TLMS) 
for(all measurements)

if(measurement.CalcValue() >= threshold) 
e.time = measurement.time; 
e.location = measurement.CalcLocation() 
problem_events.Add(e);

Defining the changes to be made in the network configuration

Once the location of the detected capacity problem has been defined, the changes 
needed for the optimization of the network resources must be defined. When 
using the ACS, these changes consist of selecting the network plan that provides 
the most optimal capacity to the problem area. As discussed earlier in this chapter, 
the network plans include all the combinations of the cell configurations defined 
for the MAA cells of the network. Since the total number of the network plans 
becomes very high if there are many MAA cells in the network, this phase of the 
analysis process must be carefully considered.

Since the radiation patterns and directions of the fixed antennas are static, they are 
excluded from the analysis. Only the MAA cell configurations and their respective 
coverage files are examined. The approach used here is to determine which MAA 
cell configuration provides the greatest signal level to the specified area. Although 
the previous phase resulted in a single location, it is better to include a certain area 
around it. The reason for this is the fact that the predicted signal level at one exact 
location can vary quite a lot. Also, in reality the capacity problem never occurs 
at a single, exact location. Thus, the signal level values within a circle of certain 
radius are averaged and the result is compared to that of other MAAs.

Once the best MAA coverage area and the corresponding cell configuration have 
been found, the network plan containing this cell configuration is identified. If 
the resulting network plan is not the one currently in use, the analysis has been 
successfully performed, and the network plan is returned as a result. Otherwise, 
the analysis returns a notification that the best possible network plan is already in 
use and no further actions are required. If a better network plan is found, the result 
of the analysis is sent to a scheduler, which performs the changing of the network 
plans.
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The following pseudocode describes the principles of the network schedule cre
ation. The detected capacity problems are called events in the code.

time start, end, now; 
list schedule; 
networkplan plan;

sort(events); // sort by time

for(now = start; now < end; now++) 
for(all events)

if(event.time == now)
plan = Findbestnetworkplan(event.location); 
schedule.Add(plan);

else
schedule.Add(default_plan);

The analysis must be carried out for all problematic cells in the network and done 
every time new data is available. The time interval is defined by the update period 
of the data and the system that is used for transferring the data from the opera
tor’s system and the measurement devices into the MGIS Database. For real-time 
analysis also real-time updates are required.

6.2.2 Real-time analysis

The response time requirements of the ACS depend on the analyzed parameters. 
OMC data is usually updated on an hourly basis and the required response time of 
the ACS cannot be smaller than this. On the other hand, if emergency notifications 
will be analyzed, the response time should be as small as possible.

From a hardware point of view, the ACS is capable of changing the network con
figuration within 2-3 minutes, assuming that the analysis has been done and there 
is a new network plan scheduled in the MGIS Database. The critical point is 
the updating of the data that is analyzed. Currently the system does not support 
real-time updates. The implementation would require interfaces to the operator’s 
system to get a direct access to OMC data, and a collection system for TLMSs. 
However, this has been out of the scope of this project. Also for security reasons 
such a system should be designed and implemented very carefully.
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6.3 Applicability to WCDMA networks

The need for network optimization will probably be high for third generation cel
lular systems. The networks provide high bandwidth services, which encourage 
the users to utilize the system for varying purposes. There may be very high local 
and temporal variations in the network load. Smart antenna technology will be 
more widely used in third generation systems than in the current networks.

Dynamic resource reallocation and the ACS concept do not depend on any specific 
technology. The MGIS Database is flexible and it is capable of supporting data 
from any system. Naturally, the DAM must be modified to be able to analyze 
the technology-specific performance parameters correctly, but the overall system 
operation should remain the same. The possibility to adjust the antennas could 
be included in the network when taking the smart antennas into use. Therefore, 
dynamic resource reallocation can be utilized in WCDMA networks, too.
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Implementation

The realization of the ACS to be tested in a live GSM network and the implemen
tation of the DAM according to the specifications are described in this chapter.

The software applications are implemented in C++ using Microsoft Visual C++ 
and they are run in Microsoft Windows 2000 environment. The MGIS Database is 
an Oracle 8i database and it is accessed by using ODBC Template Library (OTL) 
[38].

7.1 ACS realization

The ACS was implemented in two phases. In the first phase, the system com
prised of switched beam antennas. The network plans were changed according to 
a schedule which was created manually. In the second phase, the antennas were 
changed to MAAs and the DAM was added to the system. Therefore, in the sec
ond phase, the network scheduling was done according to a schedule created by 
DAM and thus the second phase is the most relevant in the scope of this work.

The ACS was realized in Elisa’s Cityphone GSM 1800 network in Helsinki. In the 
first phase, three cells were equipped with switched beam antennas by installing 
the antennas to three separate sites. The integration testing of the hardware (an
tennas and switch boxes) and the software system were carried out. The software 
applications introduced in Chapter 6 were integrated into the system and the nec
essary information about the network was loaded into the MGIS Database. In 
the second phase, the switched beam antennas were removed and the system was 
equipped with MAAs. Also the DAM was integrated into the system.
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During the DAM implementation it was noticed that the effects of the network 
plan changing would be hard to measure in the field trials, because there would be 
only a limited number of MAA cells available in the network. Also the verification 
of the DAM analysis would be easier if it could be visualized in some way. To 
overcome these problems, a computer simulation model was built. The simulator, 
described in Section 7.3, is implemented in the Test application and it uses the 
MGIS Database just as the actual ACS does.

Altogether 15 network plans were created and inserted into the MGIS Database. 
These network plans were formed by using different settings of the three MAA 
cells: Auratalo, Kuntaliitto and Nilsiänkatu. The network plans are listed in table 
7.1.

Table 7.1 : Network plans.

Name ID Description
M AA A3 K3 N 3 121 Default, beam 3 for all cells
M AA A 1 K3 N 3 143 Auratalo beam 1
M A A A2 K3 N 3 144 Auratalo beam 2
MAA A4 K3 N3 153 Auratalo beam 4
M A A A5 K3 N 3 154 Auratalo beam 5
M AA A3 K 1 N 3 145 Kuntaliitto beam 1
M A A A 3 K2 N 3 141 Kuntaliitto beam 2
M AA A3 K4 N 3 151 Kuntaliitto beam 4
MAA A3 K5 N3 152 Kuntaliitto beam 5
MAA A3 K3 N 1 146 Nilsiänkatu beam 1
MAA A3 K3 N2 147 Nilsiänkatu beam 2
MAA A3 K3 N4 149 Nilsiänkatu beam 4
M A A A3 K3 N 5 150 Nilsiänkatu beam 5
M AA A 1 K 1 N 1 142 All cells towards trial area
M A A_A5_K4_N 5 155 All cells away from trial area

The format of the network plan name is MAA_XY_XY_XY, where the XY pairs 
are formed by taking the first letter of the cell name (A, K, N) and then adding 
the beam number which is used for the cell in that network plan. Beam 3 is the 
default beam for all MAA cells, and thus the network plan MAA_A3_K3_N3 
is the default network plan. Because the total number of MAA cell and beam 
combinations would have been unnecessarily high (53 — 125), 15 plans were 
chosen so that it would be possible for DAM to select each MAA beam separately 
for adding capacity and coverage to the problem area. In addition, the network
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plans providing minimum and maximum coverage to the trial area were included. 
This was decided to be sufficient for testing the system.

7.2 DAM implementation

DAM is implemented as a module of the Administrator application. The imple
mentation is based on the analysis process described in Chapter 6.

7.2.1 Input and output parameters

The analysis uses input parameters whose values have been set by the user. These 
parameters are listed in Table 7.2 and explained in more detail later on.

Table 7.2: DAM input parameters.

Parameter Description
Start date Start of the target time period
End date End of the target time period
Selected network plans Network plans to be used in the analysis
Selected measurements Measurements to be used in the analysis
Traffic data time span OMC data to be used in the analysis
Analysis factors Factors to be analyzed
Granularity Analysis time interval

The target time period for which the analysis is done means the date(s) when the 
result of the analysis will be used. Before the system is used continuously, the 
network operator might want to use DAM for creating a network schedule for one 
week, for example.

The Administrator application shows the network plans available in the MGIS 
Database. Usually they should all be included in the analysis, since the more net
work plans available, the more choices the DAM has. This makes the optimization 
of the resources more efficient. However, for testing purposes it is convenient to 
be able to exclude some of the network plans.

The measurements to be used in the analysis mean the terminal level measure
ments to be analyzed.
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Traffic (OMC) data time span is needed for defining the time period from which 
the traffic data is to be analyzed. Normally, the network operator has the access to 
all the cell level data collected from the network, but in this project, the amount 
of data was limited but still enough for evaluating the system.

The factors to be used in the analysis are the ones introduced in Chapter 6. For 
handovers, the user selects also the handover types that will be used. This is 
needed, because the analysis of the handovers requires still more research and not 
all the causes can be analyzed by the current DAM.

The granularity is the shortest time interval after which the network plan can be 
changed. When using OMC data only, this time should be the same as the gran
ularity of the OMC data. In the GSM network used in the project, this time was 
one hour. For terminal level measurements, the time can be chosen freely. How
ever, a too short measurement time should be avoided since frequent changes in 
the network configuration might lead to an oscillating behavior.

The selections can be easily done by using the graphical user interface (GUI) of 
the Administrator application and the DAM. The GUI is presented in Figure 7.1

The output of DAM is a schedule of network plans to be used during the selected 
time period. When DAM has executed the analysis, the schedule is shown in the 
Administrator application. The user can then choose to upload the schedule to the 
MGIS Database, from which it is ready to be used in the network by the Tools 
application, which manages the ACS scheduling.

Overall, the interaction of the user with the DAM is minimal and consists of se
lecting the input parameters and uploading the generated schedule to the MGIS 
Database.

7.2.2 Data analysis

The analysis of the network performance based on the four different parameters is 
described in the following subsections.

OMC traffic load

DAM analyzes the data concerning handled TCH traffic in the network over the 
specified time period. Only full rate TCHs are used in the trial network and thus 
half rate channels are not taken into account in the analysis. The threshold value 
for the amount of traffic is obtained from the input parameters selected by the
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Figure 7.1: Graphical User Interface of the Administrator application and DAM.

user. Traffic values exceeding this threshold are considered high. If the defined 
threshold is exceeded in a cell, that cell is added to the list of cells whose area 
needs more capacity. In the DAM implementation, the analyzed time period is 
one hour, because that is also the granularity of the OMC data currently stored in 
the MGIS Database. The amount of traffic in Erlangs is obtained by Equation 5.2.

TLMS traffic load

The measurements containing TLMSs can be used for analyzing traffic load by 
using the samples to demonstrate the traffic. These measurements have been made 
in the trials carried out in the project. The number of TLMSs is accumulated and 
if the total number exceeds the defined threshold during the examined time period, 
high traffic is noted. The advantage of TLMSs is the actual location of the sample
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stored in the MGIS Database. It can be used for locating the hot-spot area by 
calculating the average location of the accumulated samples.

Emergency messages

The analysis is based on a specific notification message, which is used for trig
gering the fast change of the network plan. The message indicates e.g. possible 
congestion in the network caused by increased traffic in a certain area due to an 
emergency.

The notification is implemented as a measurement sample (TLMS) containing a 
specific message. The selected measurement is analyzed just as in the case of 
TLMSs. When an appropriate message is found, the location data of that TLMS 
is immediately examined. That location is then used as the hot-spot location for 
the remaining phases of the analysis.

The current implementation enables the verification of the emergency message 
analysis in the DAM, but using emergency messages in an operational system 
would require real-time data from the network.

Handovers

A large number of handovers in a certain cell may indicate problems in the cov
erage of that cell, depending on the handover causes. The number of handovers 
is obtained from the OMC data stored in the MGIS Database. The causes must 
be weighted according to their importance to this analysis. Especially, when the 
cause has been directed retry, all the traffic channels in that cell have been oc
cupied and the offered traffic has exceeded the capacity of that cell. In addition, 
handovers caused by distance indicate that there are some problems at the bor
der areas of that cell and some connections are not automatically moved to other 
nearby cells. The current implementation of DAM handles these two handover 
causes. By examining the OMC data, the amount of handovers of different causes 
are accumulated. If a predefined threshold value is exceeded in a cell during the 
studied time period, that cell is added to the list of problematic cells.

7.2.3 Matching the data to the target time span

In DAM operation, decisions have to be made about the time interval from which 
to use the traffic data and the target time span. OMC data and TLMS data must be
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treated separately. OMC provides actual network performance data while TLMSs 
are utilized in a slightly experimental manner, because real-time data collection 
and updates to the MGIS Database are not available yet.

OMC data

DAM is implemented to provide a general traffic analysis framework where the 
user can choose the start date of the OMC data time span to be analyzed. The 
length of the analysis period is calculated based on the start and end dates (see 
Table 7.2) selected by the user. DAM uses that number to define the OMC data 
end date in order to make the analyzed period the same length as the target time 
span. This has been found to be convenient for testing purposes.

In addition to the selection of the traffic data time span, the matching of the an
alyzed data to the target time period has to be also considered. This means the 
basis on which the matching is done. For the analysis done for one week’s time 
this is easy: The traffic data of each day is used for the network optimization of 
the corresponding day in the target week. But for longer time periods this is not 
always enough. The network operator may want to use the data from a longer time 
to calculate average traffic profiles and use them for network optimization. The 
following list presents different categories of traffic profiles that could be used.

• Average Monday, Tuesday...

• Average day in January, February...

• Average working day

• Average holiday

• A specific annual festival / sports event (in some area)

As the list suggests, there is a large number of different categories of network 
traffic profiles. Furthermore, these profiles can be combined to form more accu
rate ones. For example, an average Monday in January may be different from an 
average Monday in July or August because of the summer holidays.

As mentioned in Chapter 6, the ACS is used for adapting to the changes in the 
network traffic during a day. The level of detail in the analysis should not be 
too high. This means that the number of categories should be kept small and the 
system operation relatively robust in order to keep the system manageable.
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Traffic profile functionality is not needed, if the DAM is used for analyzing data in 
real-time. For example, the emergency notification functionality does not require 
it at all. Therefore it has not been implemented in the current DAM, but because 
the implementation follows the three phases described in Chapter 6, changes in the 
data analysis phase do not affect the implementation of the other phases. Thus, 
new features can be easily added to the DAM.

TLMS data

A terminal level measurement can last e.g. 30 minutes. During that time, TLMSs 
are collected. For network optimization, this time is too short, but for evaluating 
the ACS and DAM this is adequate. Compared to OMC data, TLMS data does 
not require similar matching of the sample times and the target time period. For 
TLMSs, the user of the DAM has the freedom of using the available measurements 
for testing the system, despite of the time incompatibilities. The user can choose 
the measurement(s) to be used in the analysis and the measurement samples are 
analyzed one by one. The date information is discarded and only the time of the 
sample is used for detecting traffic hot-spots or emergency messages. This models 
the operation of the system in almost real-time mode where the data update period 
would be about 10 minutes.

7.2.4 Traffic situation in the adjustable cells

Because the objective of the use of the ACS and the DAM is to optimize the 
network by reallocating resources, the traffic load situation of the MAA cells has 
to be taken into account. It is not reasonable to redirect the antenna beams from 
areas which already suffer from capacity problems. This is naturally taken into 
account in DAM so that the load of the MAA cells is also analyzed. If they have 
capacity problems, they cannot be used for providing capacity to other areas at all.

However, a more in depth analysis of the traffic situation in the MAAs and their 
neighboring cells should be done in order to ensure the efficiency of the optimiza
tion. This includes the checking of the coverage provided by other cells in the 
original coverage area of the MAA cell. The MAA antenna can be redirected only 
if the other cells provide enough coverage and free capacity to serve the users 
of the area originally covered by the MAA cell. This ensures that the redirec
tion does not create coverage holes and decrease the service quality in the area or 
disconnect ongoing calls.
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7.2.5 Locating the problem area and selecting the network plan

When using OMC data, the location where capacity should be increased is deter
mined by using the estimated RX-levels as weights and calculating the center of 
gravity as described in Chapter 6. The calculation is done using the same reso
lution as the coverage files, which is 10 meters. The result can be stored in the 
MGIS Database as a parameter of the cell configuration. Therefore, the calcula
tion is done only once for each cell.

The selection of the network plan is done so that the signal level values of each 
available MAA are examined within a certain area. In the trial, a square whose 
side length is 40 meters was used.

When using TLMSs, the determination of the problem area location as well as the 
selection of the network plan are done as described in Chapter 6.

7.3 Simulator

The purpose of the DAM simulator is to visualize the analyzed data as well as the 
operation and the outcome of DAM. Also the effect of the network plan change 
from the network capacity point of view can be visualized by the simulator.

For TLMS data, the analysis visualization includes the animation of the measure
ment samples collected from the network, the detected hot-spot areas, and emer
gency messages. For OMC data, the traffic loads in the most interesting cells, i.e. 
the ones with detected capacity problems, are shown as graphs. The outcome of 
the analysis can also be shown at the same time. This is implemented by using the 
Test application functionality of drawing the predicted coverage areas of selected 
cells on the top of a map. As the animation progresses, the network plans and thus 
the coverage areas of the cells are changed according to the schedule created by 
DAM.

The capacity change in the network is visualized by showing the number of cells 
that provide coverage to each location of the network as a capacity raster on top of 
a map. The capacity raster visualizes the number of available carriers exceeding a 
certain threshold in a certain area. The number of carriers is presented by different 
colors in each pixel.

The simulator uses the same MGIS Database as the actual ACS. Thus it can be 
used for verifying the analysis done by DAM before it is utilized in an operational 
network.
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Testing and results

The implemented DAM was tested together with the ACS both in field trials in 
a real network and by using a simulator. Two trials have been carried out in the 
CELLO project. The first trial included the verification of the ACS implemented 
using switched beam antennas, i.e. the first phase of the implementation. The 
system was shown to work according to specifications. It enables the switching of 
the antenna lobes to desirable directions. Moreover, it was shown that the switch
ing could be done in the operative network in a well-controlled and predictable 
manner and by using commercially realizable hardware solutions.

In the second trial, the antennas were replaced by more sophisticated ones, the 
MAAs, and the DAM was added to the system. This corresponds to the second 
phase of the ACS implementation. However, due to lack of time and resources, 
only one MAA antenna was available for the second trial. It was installed to the 
cell Kuntaliitto. This was enough for testing the functioning of the antenna in 
the trial environment, but for testing the benefits of the DAM it was not enough. 
It was impossible to verify the feasibility of DAM just by using one MAA cell, 
since the changes to the number of cells exceeding a specific threshold were ±1. 
Therefore the simulation functionality described in Section 7.3 was utilized. The 
three MAA cells and the 15 different network plans presented in Section 7.1 were 
used in the simulation. The results concerning DAM presented in this chapter are 
thus obtained both from the simulations and the field trial.

As mentioned in Chapter 7, the second phase is the most relevant in the scope of 
this work because of the usage of DAM. This chapter presents the tests performed 
and the results obtained for DAM in the second trial.
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8.1 DAM testing

The testing of DAM was divided into three parts. First, the creation of a network 
plan schedule was tested and the result was verified by using the simulation func
tionality implemented in the project. The analysis based on emergency messages 
and traffic data obtained from the OMC was tested only by simulation, but the 
result of the TLMS based analysis was used in a real network in the second part 
of the testing.

While using the schedule created by the TLMS analysis in the network, the effect 
of changing the network plan on the received signal level was measured. The 
changing of the network plan and the MAA beam direction was done gradually, 
and the functioning of this feature in preventing the dropping of an ongoing call 
was examined. Because the changing of the configuration of an MAA was done 
through a GSM modem, another interesting issue was whether the time needed 
for the gradual change was short enough for operational use.

The third part of the testing included the verification of the capacity increase 
achieved by directing the MAA cells to a hot-spot area. This was done by simula
tion.

The following subsections describe all these tests in detail and present the results.

8.1.1 Creating a network plan schedule by DAM

The schedule of network plans was created by DAM which is integrated to the 
Administrator application. The creation based on both OMC data and TLMS data 
was tested.

DAM analysis based on OMC data

The analysis based on OMC data was tested by using the available traffic infor
mation from the first trial, which was carried out in August 2002. The DAM 
analysis was performed based on the handled traffic on the TCHs (in Erlangs). 
Although the network was not congested during the trials, the capacity analysis 
could be made because the traffic thresholds can be set freely in the DAM. Figure 
8.1 presents the handled TCH traffic in Erlangs in one of the cells of the network. 
The DAM analysis was be tested based on this kind of traffic data.

The result of the test was as expected: DAM finds the cells whose traffic has 
exceeded the threshold and selects the network plans which redirect the MAA
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Figure 8.1: Handled TCH traffic in one cell during one day.

cells to cover the problem area better. The latter was verified by examining the 
available MAA cells’ coverage areas manually and comparing the predicted signal 
level values of different cells at the specified locations.

Table 8.1 presents the network plan schedule created by DAM for one day. The 
granularity used in the schedule is assigned based on the granularity of the OMC 
data, which is one hour. In the table, the first column presents the time when the 
network plan will be taken into use. The second column is the identification num
ber of the network plan. This identifies the plan in the MGIS Database. The third 
column contains the reason that has led DAM to change the network plan. Default 
network plan denotes the plan that is used in the network in normal conditions or 
when the ACS is not used at all. Therefore it is scheduled for all those times when 
there is no need for an alternative network plan.

Table 8.1: Network plan schedule based on OMC data.

Time Network plan ID Reason
22.05.2003 00:00:00 121 Default
22.05.2003 11:00:00 154 Traffic hot-spot
22.05.2003 12:00:00 121 Default
22.05.2003 17:00:00 142 Traffic hot-spot
22.05.2003 18:00:00 121 Default
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DAM analysis based on TLMS data

The testing of DAM with TLMS data, i.e. measurement samples that contain the 
GPS location, was carried out and the result was verified in the DAM simulator.

The idea was to analyze a measurement done on a certain route and to utilize DAM 
to create a schedule of network plans that make one MAA antenna to "track" 
the measurement samples as they are detected from the route. This efficiently 
demonstrates the functioning of both the DAM and the ACS. DAM analyzes the 
measurement samples and detects the traffic hot-spots at certain time intervals 
and creates the network plan schedule. ACS executes the schedule and changes 
the network configuration by redirecting the antenna beams. Moreover, the trial 
can be easily carried out without long wait periods between network plan changes 
as in the case of the analysis based on OMC data.

TLMS measurement from a certain area was used for the analysis. The measure
ment has been done by Ericsson TEMS, a GSM network air-interface test tool, 
which measures the received signal level from a specific cell. The location of 
each sample is obtained from a GPS receiver and the samples are stored with a 
time stamp. Thus they can be utilized for modelling the dynamic changes in net
work load. The measurement is shown in Figure 8.2. The signal level values are 
presented as different colors.

Figure 8.2: The measurement used in the DAM analysis.
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The measurement lasted 20 minutes and the granularity of the DAM analysis was 
set to 3 minutes. By setting the granularity, i.e. the smallest time during which 
the network plan can be changed, to be small, the execution time of the field trial 
was kept reasonable. On the other hand, this was supposed to be long enough for 
the ACS to convey the changing of the network plan to the network. A schedule 
which would be tested in trial 2 was obtained as the result of this analysis. The 
schedule is presented in Table 8.2. As explained above, the default network plan 
is used when there is no need for other plans, i.e. before and after the time of the 
analyzed measurement.

Table 8.2: Network plan schedule based on TLMS data.

Time Network plan ID Reason
22.05.2003 00:00:00 121 Default
22.05.2003 13:27:00 142 Traffic hot-spot
22.05.2003 13:30:00 141 Traffic hot-spot
22.05.2003 13:33:00 152 Traffic hot-spot
22.05.2003 13:36:00 151 Traffic hot-spot
22.05.2003 13:39:00 121 Default

To visualize the result, the same schedule was simulated by the DAM simulator 
functionality of the Test application. A series of pictures in Figure 8.3 on page 
61 shows four phases of this simulation. In the figure, the samples used for the 
analysis are presented as white dots (representing the users of the network) and the 
average location of the samples collected during the last 3 minutes, i.e. the hot
spot, is marked by a yellow circle. The coverage area of one cell equipped with a 
MAA is also shown in order to visualize the changing of the network plan and the 
configuration of the MAA antenna that DAM has defined based on the analysis. 
As can be seen from the pictures, the schedule created by DAM is reasonable and 
the changes in the MAA cell configuration provide better coverage to the hot-spot 
location. The analyzed measurement samples are located relatively close to the 
MAA BS but the DAM can still find differences between the coverage areas of 
the MAA antenna configurations. The effect would be even more visible if the 
measurement had been further away from the BS.

Although real time updates to the MGIS Database are not available yet, specific 
emergency messages were inserted into the MGIS Database and they were used 
for the DAM analysis. Also this feature was verified to work as expected. DAM 
selected a better network plan immediately after it detected the emergency notifi
cation.
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Figure 8.3: DAM analysis simulation.
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8.1.2 Network plan changing and signal levels

There were five different network plans available in the second field trial, one for 
each beam setting of the MAA cell in use (see Chapter 6.1.2). The operation of 
the antenna system and the propagation model have been verified in the CELLO 
project, but there are two other issues that are interesting from the ACS and DAM 
point of view: what happens during the changing of the beam and how long does 
it take. The quick and smooth transition is desirable for the operational use of the 
system.

Network connection during the transition

The configuration of the MAA antenna was changed gradually. For example, 
when changing from beam 1 to beam 5 according to the network plan schedule, the 
transition was done via beams 2, 3 and 4. This prevents from losing the network 
connection during the transition, because the coverage areas of adjacent beams 
overlap.

In the measurements it was verified that the connection to the network was not 
lost during the state transition when the network plan was changed, assuming that 
the final network plan provided coverage to the measurement location.

The time needed for the network plan change

The communication between the network scheduler and the MAA base stations is 
done via GSM modem in the ACS. The total time needed for changing the network 
plan was measured to be about one minute. However, it was noticed that there are 
variations in the connection set-up time caused by the GSM network and modem 
operation as well as antenna state checking and possible retrials.

This was tested by scheduling the network to switch between two network plans, 
which caused the MAA cell to change its configuration between two different 
antenna beams. The measurement was done at a fixed location so that the changes 
in the received signal level could be detected.

Figure 8.4 presents a sample from the measurement. The graph shows the mea
sured signal level of the MAA cell and the predicted signal level for the same cell 
at the same time. The predicted value is obtained from the MGIS Database by 
combining the information from the coverage files and the network plan schedule.
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Figure 8.4: Measured and predicted signal level at one location while changing 
the network plan.

The signal levels are presented as RXLEV values. RXLEV is a GSM unit and it 
quantizes the received signal power to values 0...63 as presented in Table 8.3.

The time between the scheduled beam changes is 3 minutes. As the figure shows, 
the changing of the plan does not always happen at the same time it was sched
uled. The dashed vertical line in the graph shows a moment when the predicted 
signal level has already dropped but the received signal stays higher for a while. 
This delay is caused by a redial after a failed connection set-up or other modem 
connection set-up latency. However, this delay is short enough to allow the beam 
to be changed before the next scheduled change i.e. less than three minutes. For 
operational use this is sufficient.

Table 8.3: Relation between RXLEV and signal strength in dBm.

P(dBm) RXLEV
<-110 

-110...-48
>-48

0
P(dBm) + 110 (= 1...62) 

63
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8.1.3 Capacity increase

In the second field trial, there was only one real MAA cell available in the net
work. Therefore the capacity increase obtained by changing the network plan and 
directing the MAA antennas to a hot-spot region was verified by simulation.

In Figure 8.5, the number of carriers is presented by different colors. In the figure, 
picture a) shows the capacity before the network plan change and b) shows the 
situation after the change. The threshold value for the signal level was set to 
RXLEV value 30. This is needed in order to filter out the weakest carriers and 
to make the changes in the capacity more visible. As the figure indicates, using 
ACS with MAA cells and directing the cells to a hot-spot area, the number of 
available carriers in that area has increased. Thus the capacity of the network has 
also increased in the area. In this case, the number of MAA cells has been three, 
and they have all been able to be directed to the problematic area.

Figure 8.5: The effect of directing antennas to a certain area.

Overall, this analysis shows that the objective of the ACS, to enable adjusting of 
cellular network antennas in order to increase the network capacity in hot-spot 
areas, has been achieved.
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Chapter 9 

Conclusions

The objective of this thesis was to present a new approach to dynamic resource re
allocation in cellular networks. The solution implemented in the CELLO project 
has been presented and a software module, DAM, has been developed as a part 
of the solution. The emphasis was on the DAM, which analyzes cellular net
work performance data in order to create an optimal schedule of network plans 
to be used in the network. In this chapter the results of the work are evaluated 
and suggestions for future work, as well as commercialization possibilities, are 
considered.

9.1 Dynamic resource reallocation

Dynamic resource reallocation is a wide subject. The theory presented in this 
work includes radio network planning, radio wave propagation models, mobile 
location techniques, and cellular network performance data utilization. Based on 
these, the dynamic resource reallocation has been investigated.

Network planning and propagation models have to be understood when introduc
ing dynamics into the network because the changing of the network configuration 
must not cause any decrease in service quality. Location information is utilized 
by using specific measurement samples and their locations for demonstrating the 
users of the network. This was found to be valuable for evaluating the operation 
of the system.

Cellular network performance data is utilized by analyzing data obtained from 
the operator’s network management system. This data is used for determining
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capacity problems in the network. Another method for determining the capacity 
problems is based on the measurement samples representing the network users. 
The available location information is utilized for detecting the traffic hot-spots.

An analysis process for dynamic resource reallocation has been developed. It 
contains three phases: detecting the capacity problems, locating the problem area 
more precisely, and determining the changes to the network configuration in order 
to add capacity to the problem areas. Network performance parameters are exam
ined in the analysis and the result is a schedule of network plans to be used in the 
network. Furthermore, specific emergency messages are used for demonstrating 
the DAM capability of reacting rapidly to requests sent to the system.

The analysis process has been implemented as the DAM, which is a module of 
the ACS system that is used for realizing the concept of adaptive coverage. ACS 
is capable of managing the adjustable antennas for providing dynamics into the 
network.

9.2 Results and future work

The operation of DAM has been verified by assessing the analysis results using 
the simulation functionality of the CELLO applications. The results proved that 
DAM detects the capacity problems and selects network plans that provide more 
capacity to the problem areas. Managing the creation of the network plan schedule 
is straightforward with DAM.

Previously, it had been shown that the ACS can be utilized for steering the antenna 
lobes to desirable directions in an operative network. A field trial was carried out 
and it was shown that integrating the DAM into the ACS provided an automatic 
mechanism for creating the schedule of network plans to be used by the ACS. 
Since the field trial was quite limited, the actual effect of the DAM on network ca
pacity was verified by simulation. Because real-time updates of the analysis data 
were not available, the emergency message analysis was also tested by simulation.

The simulations showed that the network plan changes determined by DAM re
sult in increased capacity in the problem area in the form of better coverage and, 
in some cases, cells that have not been available previously. Also, the analysis 
of the emergency messages was shown to work as specified, although this func
tionality requires enhancements to other parts of the system before it can be used 
effectively.

The DAM analysis process can be improved in three ways: the detection of the
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capacity problems could be more in-depth, the decision on which network plan 
to use could be developed further, and the analysis could be extended to hetero
geneous networks that support several technologies. In a large network the DAM 
operation should be optimized. The integration of the DAM into the ACS is vi
able, but the automation of the analysis should be considered. Moreover, real-time 
access to the network performance data should be developed.

9.3 Commercialization possibilities

The optimization of network resources is desirable for network operators. The 
spatial and temporal variations of network traffic suggest that there is potential for 
optimization of the network by reallocating its resources. According to a commer
cialization study [39], the operators currently use specific vehicle mounted base 
stations to manage local peaks in the traffic load due to mass events. This could 
be avoided by utilizing the ACS and DAM. However, the cost of an automated 
system for managing the adaptation to varying traffic load should be relatively 
low for the operators to incorporate it.
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Appendix A 

OMC counters

Table АЛ: OMC counters available in the MOIS Database.

Counter category Counter name
TCH Number of available TCHs

Mean number of busy TCHs (FR/HR)
Attempted TCH seizures (FR/HR)
Successful TCH seizures (FR/HR)
All available TCH allocated time
Number of lost radio links while using a TCH (FR/HR)
Attempted TCH seizures meeting a TCH blocked state (FR/HR)
Total number of TCH connections, per cell (FR/HR)

SDCCH Number of available SDCCHs
Mean number of busy SDCCHs
Maximum number of busy SDCCHs per cell
Number of attempted SDCCH seizures in a period
Attempted SDCCH seizures meeting an SDCCH blocked state
All available SDCCH allocated time
Number of lost radio links while using an SDCCH

Immediate assignment Attempted immediate assignment procedures, per cause
Successful immediate assignment procedures, per cause

Intra-cell handover Attempted internal handovers, intra-cell, per cause
Successful internal handovers, intra-cell, per cause
Unsuccessful internal handovers, intra-cell
Unsuccessful internal handovers, intra-cell, with loss of MS

Inter-cell handover Attempted internal handovers, inter-cell, per cause
Total number of handover failures, intra-BSC, per cell
Unsuccessful internal handovers, inter-cell, with loss of MS

Miscellaneous Mean number of idle TCHs per interference band
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