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Abstract

This dissertation is devoted to the performance analyslsr@ddband cellular networks. The
first part sets the general modelling framework of a cellaimtem. The model investigates ses-
sion level performance parameters. The main contributfdhie method is the incorporation
of arbitrarily distributed session durations and cell desice times, along with the modelling
of variable bitrate or bursty traffic sources. The resulguntueing model is analysed by the
generalised version of the Kaufmann-Roberts formula. Huo®isd part investigates the effect
of handover: a calculation method is shown, that enablesl¢termination of the distribution
of the time that remains from a communication session, wineslr@ady transferring customer
hands over to an examined cell. The third part is focussinthercapacity issues of 3G cellular
networks. A method is presented which enables the estimaficell capacity under realistic
circumstances. The main novelties are the incorporatianufipath propagation, multiple ra-
dio bearer types, user spatial distribution and the ingatitn of achieveable useful capacity.
HSDPA services and its interaction with Release’99 UMTSises is also analysed in terms of
achieveable HSDPA performance and cell throughput.



Chapter 1
Introduction

Following the mayor research areas within the broader fietdlecommunications, we may
conclude that that the topic of wireless multimedia netwugldeserves special attention today.
Currently (July2008) 30 out of around140 EU financed research projettas part of the 7th
research Frame Programs explicitly deal with wirelessgradmmunications, in topics spanning
from physical device planning to mobile 3D TV broadcastihgying the total EU financial
contribution of around5 million Euros. Numerous other projects also — inevitablyonsider
wireless access, although the main profile is not on mobiencanications.

The highlighted importance of wireless research, curradtfareseen flowering of this area
is based on the success of the related industry and the rapldyanent of cellular networks in
the pastl5 years. This is partially fueled by the exponentially grogvcepability of electronic
devices. The the current IC technology is now approachsxmaximum in terms of computing
speed, but for the production of user friendly small poraiekminals it is enough abundantly.
This is supported by the ever improving quality of visudiiaa and battery lifetime.

On the other hand, the enormous success of 2G digital cefiydtiems proves that customers
are willing to use mobile devices. In parallel, we witnesezlspreading of personal computers
and the supporting industries. Putting these into one gooaiable will assure customers’ atten-
tion (if such a device is produced cheaply). In the pagtars, after the deployment of HSDPA
(High Speed Downlink Packet Access) services over 3G nésyare see the rapid spreading of
the use of cellular Internet access.

Meanwhile the networking science also provided the extarssof the most popular protocols

within the topic Pervasive and Trusted Network and Servideastructures of ICT (Information and Commu-
nication Technologies)



to support moving terminals. The mobile IP extension of ysdlaasic Internet applications is
available sincd996. The wireless ATM protocol had also been standardized duhe end of
90's, but today WATM seems to be just an interesting historidab. Currently no one really
considers the deployment of end-to-end WATM services, AlddIf rather became a high-speed
(but expensive) solution for carrying large amounts of aggted user data traffic, rather than a
transport mechanism of desktop.

But the clear requirement of provisioning QoS in wirelesd anred networks forces en-
gineers to introduce changes into the proven techniquese ghe IP protocol family and its
intended bearers were optimized for asynchronous, coioméess, distributed data communica-
tions. QoS is a must in future networks, since importantiappbns (such as streaming audio
and video, video telephony) require its information eletaeo be delivered with preserving
timing relations and keeping the loss of information at a level.

Keeping QoS parameters within a certain interval for eactarner application is much
more difficult in mobile environments, compared to wiredwmks, because of two main sets
of reasons. One is the problems risen from using the errarepriow bandwidth, noisy radio
channel. The other set is of the problems following the ph&won that a user terminal may
change its physical point of attachment to the network, evhilcontinues transmission. This
handover should happen seamlessly, with preserving theeyvalf QoS measures. Additional
delay and/or loss is not a surprise, because of necessaipiattative messaging between the
terminal and the network, or because of the lack of transanssapacity at the next network
attachment point (usually referred to as access pointssa st@ations).

The building and maintenance of a wireless network with shetd requirements requires
modeling methods, that assist the performance evaluafitimeosystem. As cellular network
deployment is very expensive, the determination of the @ramount of necessary equipment is
a must for mobile operators. Planning a cellular networké&efore a long and costly process.
The procedure can be roughly divided into three main tasks:

e Dimensioning: this is the task where the number and placewieradio cells is deter-
mined. This phase can be viewed as rough capacity planrsra;@rding to estimations
on traffic volume and characteristics the required amoumnaaib resource is determined
over an area, under the constraints of quality parameters.

e Radio planning: during this task the radio coverage is egtah, starting from the dimen-
sioning plan, taking into account geographical properteserage requirements and other



constraints, such as possible placement of base statibeseTwo tasks are iteratively re-
peated, until both coverage and capacity requirementsuHiiéet.

e Optimisation: according to field measurements and live agtwneasurements, the cov-
erage and cell capacity parameters are tuned.

The dimensioning task is where capacity and performanceettiogl solutions are needed. Such
methods must be detailed enough to capture the main adisilmituser traffic and network be-
haviour. Yet these models should be simple enough to gettsesoon. This dissertation is
devoted to present such analytical methods, that can beegtidluring cellular network dimen-
sioning tasks.

Chapter 2 presents the basic general model and systemptestof a cellular system (in-
cluding the modelling of customer behaviour), regardléssactual wireless technology used.
The next part, Chapter 3 present the Markov model of the pusly presented system, its anal-
ysis and some numerical results. The main novelty of thisefiiog) is in the possibility to
use general distributions — in place of the traditional eguial assumption — for describing
customer behaviour (mobility, session duration), the gmégtion and inclusion of a new traffic
modelling framework to model bursty or variable bitraterugenerated traffic and the applica-
tion of different traffic handling policies. Moreover as @stion to numerous papers, where
infinite capacity is assumed and overload probability igias quality measure, this approach
considers finite capacity. The proper and exact interpogtatf customer describing time vari-
ables is also often missing in the literature, this is shonah lrandled in the model proposed in
this dissertation. This modelling can answer the questwamat is the quality of the network,
under given traffic load and user characteristics. Diregiing it during planning will mean:
what amount of radio capacity is needed over an area, in ¢odezep the quality parameters
under a given threshold.

In the literature there are studies that use somewhat siaplaroaches that are presented in
this dissertation. Since the basic and often referred wbtiamng and Rappaport [1] a lot of
effort was put into the research of queueing analysis otizlinetworks. These works mainly
focused on call level modelling and analysis of mobile tetape systems, later more general
models with multiple traffic classes appeared. Usuallyiooimus time queueing theory methods
are used to evaluate network performance, some capaciingloe admission control schemes,
or to calculate several system parameters. The number efpapthe area is abundant, without
the need of completeness a short review of some interestieg follows.



In [2] a multidimensional Markov model of a radio cell is ano#d. The authors supposed
three types of traffic and the standard exponential timealsées and evaluated call blocking and
handoff failure probabilities in case of channel reseprafior handover connections. The au-
thors of [3] analyse blocking performance of systems caingjof multiple cells. They sketch
the framework for proper model, then to obtain product fooluson investigate special mobil-
ity cases (very slow mobility — the handoff rate tends to zesyy fast mobility — the handoff
rate tends to infinity). At the end an approximate method d¢éutating handoff blocking is
formulated based on the isolate evaluation of three celid4]l a network topology was con-
sidered consisting of microcells, that are overlayed byrowdls used to handle connections
that cannot be served by microcells. lIterative algorithmespaoposed to compute micro- and
macrocell loads and then call incompletion probabilitiess derived. The work presented in [5]
was devoted to analyse blocking performance in linearlgguacell arrays, with the dynamic
assignment of a single channel for handover purposes. €fose expressions are derived for
handoff blocking and new call blocking probabilities. Msérvice wireless network with real-
time and non-realtime connections was examined in [6]. énglaper the evaluation of different
capacity sharing mechanisms was presented, where reditffie was allowed to occupy dif-
ferent amounts of capacity, according to the sharing metwod non-realtime traffic shared the
remaining capacity. The performance of these sharing nmesimg was evaluated in terms of
forced termination probability and the probability of hagimore than a threshold amount of
capacity available to non-realtime traffic. In [7] an apmtoavas provided for multimedia traf-
fic, based on the performance parameter of cell overloadapibity. Here the connections were
forced to occupy less capacity in case of lack of resourbésapproach is similar to one policy
what is presented in this dissertation. In the paper the glibdxponential assumption was used
for customer description. The work presented in [8] showsranection level modelling frame-
work for cellular systems. In this paper the exponentialagstion of user describing time is
released, also the required modelling modifications (tedilifetime of connections) because of
non-exponential connection holding times and dwell tinresdeescribed. This approach can be
viewed as a subset of what is presented in this dissertaftomwork presented in [9] is suppos-
ing voice calls (newly originated and handover traffic) amatldcalls. A finite buffer queueing
model of a cell is set up, including queueing priority andrgizhannels for handoff calls. Closed
form expression of the queue lengths is derived, as wellakaplace-Stieltjes transform of the
actual waiting time distributions. This study also incaigted the usual exponential assumption
for channel holding time. In [10] two different handoff sches were proposed and analysed,



containing guard channels preserved for handover commsctPreemptive and non-preemptive
channel borrowing schemes were proposed; the analysisésllma a multi-dimensional Markov
model of the system. In [11] a connection level Markov modaswet up to analyse blocking
and patrtial blocking schemes applied in OFDM (Orthogonabsency Division Multiplexing)
systems. The framework uses either exponential, or hydang distributions to describe con-
nection lengths, the well established techniques for snalyais with fixed number of channels
is here used to describe subcarrier allocation mechani$ims.approach of [12] was to set-up
a closed queueing network model for a base station in OFDMdagstems and use the given
basic frameworks to analyse the effect of different freqyereuse schemes. The work pre-
sented in [13] considers cellular system with hybrid chaatecation scheme. This means that
some channels are assigned to cells statically, but sormmelsaare dynamically divided among
several cells, taking inter-cell interference limits irocount. Call blocking probabilities are
derived, based on standard exponential channel holdirgdgsumptions. The work presented
in [14] is focusing on the queueing evaluation of a dynamiarduchannel scheme in cellular
networks. Again, customer describing times are supposéadite an exponential distribution.
The authors of [15] stepped forward in terms of properly gsialy a teletraffic framework in
terms of handling cell dwell times (by means of Coxian digttions), however they sticked to
fixed cell capacity and connections with exponential disiion, requiring unit capacity.

Later in this document more literature is shown, as the ptesen of the modelling frame-
work requires. During the elaboration of this frameworkp@uer interesting question had risen,
namely how to determine the distribution of the (residuabation of a communication session,
that was initiated somewhere in the network earlier andesrto the point of observation after
some time has already elapsed. As mentioned, [8] partiallghes this problem and deter-
mines the expected channel occupancy time is some spesis.cihe model presented in [4]
also considers residual time variables. The authors ofifi@stigate the effect of mobility on
blocking performance, hence they provide means and Laplansform of the holding time for
connections initiated in a given cell, with exponential balding time and general cell residence
time distributions. Other papers often do not derive thiargity, either because the exponential
assumption does not require this, or this descriptor is asgg to be given in the modelling.
The approach shown in Chapter 4 of this dissertation takiegonke geometry and user mobility
patterns into account and enables the use of general disbrils.

The last topic investigated in this dissertation is presgnt Chapter 5 and it is the prob-
lem of determining capacity of current 3G networks with H3Righ Speed Downlink Packet



Access) enabled. This topic deserved special attentioharpast few years, and this is be-
cause the applied multiple access technology behind 3® raetworks. Namely, as CDMA
(Code Division Multiple Access) is applied, due to inteeflece reasons the offered capacity is
not pre-determined, rather it itself depends on traffic amgb@gation issues, thus radio capacity,
coverage and carried traffic are dependent on each otherrarstrangly coupled. The nov-
elty of the approach presented in this dissertation is th#hodeof handling the multiservice
nature of UMTS, in contrast with the fact that most literatdeals with capacity only in case
of the presence of a single connection type. Moreover, tlodetling captures the effect of
multi-path propagation by means of the usage of distanpest#ent orthogonality factor. The
effect of users’ spatial distribution and cell size is alscarporated and investigated, as well as
the co-existence of traditional Release’99 UMTS traffic &8DPA traffic on the same carrier
frequency in a cell. Last, but not least, the fact that theeesgveral HSDPA terminal types
with different capabilities is also incorporated. The paeter under investigation is the average
cell throughput, as this can be directly used for networkegisioning purposes. The analysis
shown in this dissertation is focusing on the downlink, amfard link of 3G systems. Natu-
rally, the motivation behind is that currently most 3G systeare deployed using FDD mode in
paired spectrum, thus the same physical bandwidth is daifar uplink and downlink traffic.
However, the volume of downlink traffic is usually much higllean that of upload traffic, as
consequence the capacity dimensioning task is usuallpymeed for downlink.

The early works on CDMA system capacity issues [17][18] ket basic framework for
CDMA analysis research. However, these works did not irelodiltiple connection classes
with heterogeneous signal to interference ratio requirgmand transmission rates. Moreover,
these works focused on the uplink performance, as they dered only symmetric voice calls
and in this case the uplink is the bottleneck direction. As 3G systems were standardized,
from the beginning oR000’s several papers appeared targeting the WCDMA radio imterf
Numerous papers deal with this problem using simulationswe are rather interested in those
that use analytical approach. The basic downlink pole egustvere formulated and used for
the estimation of used power in [19] and the approach preddmre is the common base for a
number of studies in the area. Results were shown for sp@eetections only, but the method of
generalisation for multiple service classes was alsoreedlin the paper. The calculations shown
in [20] are similar, but in this case authors consider the g@m soft-handover (macro diver-
sity) as well. Again, total output power was calculated arespnted numerically, but for single
connection types only. In [21] a closed form expression wexs/dd for the outage probability



and capacity was defined as bounded by the outage probabtiéyapproach is based on an as-
sumption, that was introduced by Viterbi [22] and appeargeaiften in the literature: as CDMA
is having a soft capacity nature, the radio cell is modelkdrainfinite server queueing system,
resulting in the number of customers to have Poisson digiob. Than outage probability is
defined as the probability of the total power exceeds the miaxi available. This approach was
used e.g. in [23]. Here the the outage in case of voice colmmsoivas determined using a Gaus-
sian approximation of the total used power, in case of dataections lognormal approximation
was used. In [24] the authors derived an analytical appration method to examine the mean
and variance of used power in UMTS downlink and modelled dtal tused power as having
lognormal distribution. Based on this, in [25] they presehd Markov model for determining
soft blocking and total blocking probabilities. In [26] ameresting approach was outlined, as
the author defined a dimensionless quantity that serveseaamiount of used radio capacity
(which takes into account the multiple connection types@ntsiders the random placement of
users over the cell). As HSDPA services became standardizgabrs appeared evaluating its
performance. However, analytical approaches are lesadrggauthors rather base their work
on simulations. A flow level approach was shown in [27]. Irsthaper the basic methodology
of evaluating HSDPA is well described, then two schedulicitesnes are evaluated analytically
and one more using simulations in different scenarios. 8} #l the necessary equations are
written for joint UMTS/HSDPA performance evaluation, haxgethe authors do not deduce re-
sults, but use the equations in computer simulations arsepte&urves obtained by simulations.
A clear work was presented in [29] in terms of the necessamatons. The effect of hybrid
ARQ and the use of MIMO antenna systems was also includeceiedations shown. Again,
simulation results are available. Similarly, the authdr§30] present the necessary equations
for UMTS/HSDPA analysis but evaluate these by means of sitturls. The work presented
in [31] derives a multidimensional Markov model of a 3G celtwHSDPA. This model con-
siders uplink and downlink in parallel, taking into accotiréd rate streaming connections and
elastic data flows. The resulting quasi birth-death protesslved by matrix geometric meth-
ods. 3G specialties are taken into account by means of tieedenaximum capacity in uplink
and downlink. Interesting results are shown regarding ffexteof uplink transfer rate on the
achieved downlink performance. The technical report ofI@aram [32] well summarises the
capacity issues of 3G radio interface, however for Reled8@hly circuit switched data (single
service) is considered. Moreover, for HSDPA service ontyusdations are presented. The book
written by the same operator [33] discovers very detailgrbeis of 3G network capacity and



planning, however lacks the simple and compact formulatiomulti-service 3G and HSDPA
radio interface capacity.

The methods shown in this dissertation are analytical aggbres to evaluate wireless net-
work performance. The general analysis shown in ChapterslZaequires a fraction of time
compared to simulation, because of the applied fast remussilution. As the method presented
is an approximate one, the accuracy is tested against diongeof the system as well. The
results of Chapter 4 can be obtained using different appes@s shown there. Again, as proof
of concept, numerical results are compared to that of simoms. The evaluation of 3G systems
presented in Chapter 5 relies on numerical computationsdbas presented analytical expres-
sions. The results are compared with snapshot simulatiotiss Chapter as well.



Chapter 2
Analytical model of mobile radio network

In this Chapter | introduce and investigate a general aicalytnodel of broadband cellular
networks. The model is capable of investigating sessia#l [gsrformance parameters of a single
radio cell or sector. To obtain these performance meashessbdel requires very general and
realistic assumptions regarding customer behaviour. Manethe method is capable of handling
flows with data rates that vary in time.

2.1 Overview of mobile network model

In this Section | present the overall modelling assumpti@gzarding the cellular network
under consideration.

2.1.1 Cell capacity

The cellular system considered during the elaboration efattalytical model presented in
this document consists of a number of radio base stationmsalttical cases base stations usually
maintain more than one cells using sector antennas. Inalses each sector is a cell, containing
a number of radio channels allocated to the sector during nagkwork planning, according
to the requirements of frequency reuse and radio capacégeateat a particular geographical
location. Each cell can be characterised by the amount n$itnégssion capacity it can provide
for customers. However, in this document it is often supdadisat a single base station maintains
a single cell, thus the phrase cell or base station is usetthingeably. The model presented in
this thesis does not require the assumption of any particatho interface, nor does it deal with



the networking technology used to sustain communicatioorgnthe base stations and between
the cellular system and external networks. The base ssi@characterized by the transmission
capacity provided on their air interface, regardless thesdchannel access and sharing method.
This approach enables the investigation of wide range aeatiand future cellular networks.

However, the notion of capacity is not as simple and stréogivard in a wireless environ-
ment, as in a wired network offering given link data rates.medy, cell capacity is itself hard
to define, as well as in general is not a time invariant constdhe reasons of these are the
following:

e depending on their location, the perceived Signal to Ieterice and Noise Ratio (SINR)
of different users is different, hence the achievable tataf customers (that is the cell
capacity seen by a user if it were alone in the cell) is diffiére

e due to multipath radio propagation and signal fading phesteanthe quality of the trans-
mission channel is time-varying even for a stationary ussulting in the variation of
capacity for that user

¢ in modern mobile systems channel coding and modulationasetadaptively according
to instantaneous channel state, resulting in the variatidhe number of net information
bits in a given time slot; that is the change of useful bitrate

e intoday’s systems radio resource has several capacityngimes (e.g. in 3G systems time,
channelization codes and transmission power are the ¢gplitiensions), that complicate
the notion of capacity (e.g. transmission power cannot &estated into a transmission
rate/capacity directly)

Despite these facts, calculations with a single, fixed d&paan be applied in the following
cases:

e for some of the given radio resource dimensions of a systemed ftapacity may be
directly assigned (e.g. the channelization codes in UMTBEesy, see the results of Section
3.5), independently of the channel conditions

e itis possible to define and serve data connections with gigeful bitrates in cellular sys-
tems. In this case the applied modulation and coding allovgdéoving the customer with
the given useful rate in case of bad channel conditions. ltese given bitrates the neces-
sary amount of physical resources is well defined (fixed) fdéeast some of the capacity
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dimensions, hence capacity can be expressed in terms aptaeslbf such bitrates. As
example, in UMTS system typically4, 144 and384 kbps useful bitrate connections are
defined, the amount of channelization codes required faetisefixed.

e "best case” or "worst case” scenarios can be defined and aealuassuming a best or
worst capacity case (e.g. worst case is when in all positinsustomers may only use
the most robust transmission format, hence the less bitbe#@ransferred per time unit)

e taking all these into account, definition of and average aiv@dent capacity can be cal-
culated and the performance analysis of the systems isdaotit with assuming this
capacity. As example the work presented in Chapter 5 of thesik is on the definition of
the average radio capacity in a multiservice 3G environiraritother authors (e.g. [26])
define the single dimensioned radio resource for 3G systemekh

2.1.2 Arrival processes and customer classes

The model focuses on the performance of a cell. The incomaffict of the examined radio
access point is assumed to be known, independently of ot &tations. The effect of the
fact that customers are roaming throughout an area thaveyed by several cells is taken into
consideration by means of some of the user describing timabtas, that is affected by other
cells. When using the basic method presented here, one ritayata the performance of all the
base stations in the network by applying this method for @adlidbstations one by one throughout
the cellular system.

The model is used to calculate session level performancarders of a radio base sta-
tion, namely the probability of blocking a communicatiorssien initiated within the cell, the
probability of terminating a connection due to handovelufai and channel utilization. These
measures typically used to describe system quality whenedion oriented services are used,
such as conventional voice transmission, video telephoxideo conferencing, streaming video
and circuit switched data services. Using the notion ofieassther than connection, this ap-
proach is capable of characterizing connectionless, pasiiched services as well. In this
context a session is a time interval when a customer is liteetyenerate data traffic pertaining
to one information transfer session. For instance a ses$iaeb browsing is the time interval
a user downloads and reads several pages or an FTP sessiertimme interval of transmitting
one or more files. These sessions have definite beginningeamihiation, although during the
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session transmission is completed by means of independempeckets or bursts. In the rest of
this thesis the word session or connection is used integeably.

The model presumes that the number of customers that areansntitting is very large in
the coverage area of the cell under investigation and th&ses initiate communication sessions
independently of each other and with small probabilitiehergfore the number of sessions
initiated within the cell is approximated by a Poisson pescd hese connections are referred as
new connections or new sessions, the arrival rate of sushossgs denoted byy. Similarly, the
number of active customers that roam in the vicinity of thikisesupposed to be large, and they
initiate handover into the examined cell with small proligband independently of each other,
therefore the incoming volume of active connections (haedaalso follows a Poisson process,
with the rate of\y. Obtaining these rates is completely out of the scope othleisis, in practical
cases the rates may be the results of measurements on themafralriving connections, or can
be calculated as it was suggested in [1].

While almost every paper dealing with the session level exation of cellular networks
use the well tried Poissonian arrival processes, this mems#d-fashioned when investigating
multimedia services. However, the assumptions of the pusvparagraph are quite realistic, es-
pecially in densely populated areas with fairly large cdlighis case the assumptions inherently
cause the incoming process of sessions to be Poissonianeovir while numerous studies
prove thatpacketarrivals are not Poissonian, according to the literatuedanker arrival time of
connectionsare still well described by exponential distribution. Thelhers of [34] and [35]
showed that the arrival of TCP connections carrying uséiaieid Telnet and FTP sessions are
well modeled by homogeneous Poisson processes within ameritervals and in ten minutes
intervals this is a good approximation for SMTP connectiassvell. In [36] the authors prove
that the Poisson assumption for handover traffic is realidtevertheless, some other models of
incoming handover flow appear in the literature, in [37] a t.oment representation of handoff
traffic is used claiming that it is superior to the Poissor@asumption when a call generates nu-
merous handovers. In [38] a two state MMPP is applied to mbdedoff traffic and the system
is analyzed using this assumption, but with little indioatiof whether this approach is better
or more realistic than the Poissonian. Similarly, in theicent paper [14] the arrival of new
calls is assumed to be Poissonian, while the handover caldbprocess is described by a two
state MMPP. It also has to be noted that besides the citedgpapeve, the majority of the very
rich literature dealing with analytical modelling of wiesls networks assumes Poissonian arrival
process for sessions.
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| suppose that there ar€ different customer types and a mobile that arrives to thieisef
type k with probabilityay, k£ € {1...K}. These types are not identical with the possible service
classes (for example QoS classes of UMTS). Users of diffeyges may vary in terms of their
generated traffic pattern and the length of their sessionig case they do belong to different
traffic classes), or they might follow different mobility f@viour. The latter means that from
modelling point of view customers of the same traffic clasy imelong to different user types if
their mobility is different.

2.2 Customer describing times

In this Section the most important random time variables describe users’ mobility and
duration of their transmission are described. Users ofyhtem are characterized by two type of
random time variables. Trsession lengtlor connection duration, or connection holding time is
the time interval that lasts from the instant of initiating@nection until its termination. From
the modelling point of view this is a continuous random \ialea The general modelling allows
the supposition that the holding time is different for diéfiet customer types, this could model
the fact that session lifetime of a given service might deljpem user mobility (e.g. web brows-
ing sessions are generally lengthier in case of fixed tersyitlaan on fast moving terminals).
However, useful and accurate data traffic models (includeggion lengths) that reveal such a
dependence between mobility and traffic behaviour do natt éxithe literature. The session
length of a type: customer is denoted by. Thedwell timeis a random variable characterizing
the mobility of a user. It is often called cell residence tiarecell sojourn time as well. This is
the time interval that begins when the terminal enters therage area of a given cell (regardless
it is transmitting or not) and lasts until the mobile leaves ¢tell. This time for a typé customer
is denoted by. We supposed that the mobility is independent of the comaatioin pattern,
7 andrf are independent. In the previous paragraph it was writtangéssion duration may
depend on mobility, but this would mean that the distributid session length of a customer,
that is described by an other distribution of dwell time viié different, than the distribution
of session length with an other mobility behaviour. In theagtion, the two mobiles would
belong to different classes. Hence it is not controversiti the assumption that the dwell time
and connection lifetime is independent for a customer of/argclass.

To create a queueing model of a radio base station we neechthad of time a customer oc-
cupies some capacity of the air interface. This time vagigbfrequently calledhannel holding
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time Generally this is not equal to either former time variaptather it is calculated from those.
We do not assume the session length nor the dwell time to hgwenential distribution (al-
though this is a very common supposition in the literatu@)nsidering this, the session length
and the dwell time do not have memoryless distribution, thusfinement of the interpretation
of session length and dwell time is necessary before theesgjmn of the channel holding time.

Regarding the duration of a mobile’s connection, the moelglires the amount of time that
lasts from the instant the connection attaches to the basierstuntil the instant of connection
termination. For sessions initiated inside the examindédras time is equal to the session length
(the connection attaches to the base station at the indtastimtiation). Handover connections
are set up somewhere else in the network, thus some timeeslapsil the mobile hands over
to the examined cell. We are interested in the amount of tima¢ temains from the instant
of handover until connection termination. We refer to thnset asresidual session lengtand
denote it byr{" ;. Considering exponentially distributed session lengtfig, would have the
same distribution as® due to the memoryless property of this distribution. The eipdesented
here allows the use of more general distributions, in thsedhae residual session length has
different distribution. Chapter 4 of this dissertation exitcated to the calculation crﬁR using
the information on network topology, the session length weddwell times. At this point it is
enough to suppose that the residual session length is lakeaiamehow when analysing a radio
cell.

The notion of dwell time also requires differentiation beem the users of handover and new
connections. For a customer that arrives to the cell aftaaralbver, the dwell time is defined
as described above. Regarding new connections, the ndtresidual dwell timas introduced,
denoted byrng. This time interval begins at the instant of initiating thession in the cell and
finishes when the mobile leaves the coverage of the basers{atgardless it is still transmitting
or not).

Assuming exponentially distributed dwell times is very coon in the literature, this would
make the notion of residual dwell time unnecessary. Othivaas ([1][39][40]) derive the dwell
time separately for handover and new connections. Anotlethad is applicable to determine
the distribution of the residual dwell time if we supposet tha system consists of homogeneous
cells. This homogeneity means that the dwell time distrdbuis identical in all the cells of the
system. A user that is constantly roaming throughout tha Ersupposed to initiate a session
at a time instant that is evenly distributed along a very long period. Then the problem of
the residual dwell time is identical to the problem of trdng hippie presented in Kleinrock’s
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Figure 2.1: User describing times

famous book [41].

As the final result for the residual dwell time distributicsrsomewhat not intuitive, it is
worth presenting its derivation shortly. For this, we da&ithe problem into two parts. First
we suppose that we look at a related problem, where in eveegjl dwe interval a connection
would be initiated. So the question is in this case, that ughie distribution of the residual time
that lasts from the connections initiation until the dwaté’s end, given the probability density
function and cumulative distribution function of the dweithe of a typek customer is denoted
by fE(t) and F5(¢) and the connection is initiated evenly over that given dwiele interval.
According to this evenly distributed assumption, if the dwiene were actually of lengthr,
both the initiation instant and the residual dwell time wbhbhve even distribution with density
function % Hence the joint distribution of the dwell time length andttlof the residual dwell
time could be expressed as

1
Pr (y < TSR <y+dy,x< TIIS <z-+ da:) = —dy - fé(x)dx, (2.2)
’ x

From here, we would get the pdf of the residual dwell timerafteegrating the above expression
overzx, from y to infinity

Font) = [ L sh(a)ds, 22)

where the notiorfl’gﬂ(y) in (2.2) is to indicate that this is not the residual dwell ¢ippdf what
we were looking for, rather the one that would result in thecsg case when in every dwell time
intervals a connection would be initiated.
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To arrive to the final result, we should incorporate the effgiclength biased sampling.
Namely this is the fact that in our problem it is more likehatthe user initiates call in a particu-
lar dwell time interval that is longer (it is more likely togk a longer interval than shorter ones,
as we supposed that the instant of picking is evenly digeibover a very long period). This
eventually means that the pdf of the dwell times that will beually "chosen” to initiate a call
within is not f£(x). This means that although the form of (2.2) is appropriais,riot the dwell
time’s pdf, but thechosendwell time’s pdf should appear in (2.2). Let us denote thitelgodf
by fk(x). With this assumption, we can write

fE@)de = K -z - fE(x)dx, (2.3)

where the left hand side is the probability of having the s’ interval to be "around? and
the right hand side expresses that this is proportionaldanterval lengthe. The value of factor

K appears when we integrate (2.3), as this should result infnoen this, we get
K = ! (2.4)
Jo~w - fy(@)de” |
that is the reciprocal of the mean dwell time! Substitutimgvrthis f£(z) into (2.2) instead of
fE(z), we arrive to the pdf of the residual dwell time distributiommely

T @) 1 )

whereE|[r] denotes the expected valuerdf

Figure 2.1 illustrates the proposed time variables as a ledbiiows a route through the
cellular area. The black circle denotes the point of segsitiation, the residual dwell time in
cell A is depicted in the Figure. From the instant of handoméy the examined cell B begins
the residual session length, as well as the dwell time fdiB:eAs we can see, the connection is
terminated in another cell, denoted by a black square.

Considering the above interpretation of residual sesgngth and residual dwell time, the
channel holding time is expressed as

k,N . kH .
Tcn = mln(ﬁ%,}{? T{f)? TcH — IIllIl(TS, TIIT,R)' (26)

for new and handover connections respectively. From nowahis dissertation the superscript
H denotes a variable describing handover connections,d@\sr&h newly initiated sessions within
the cell, R denotes the residual value of a variable. Exmpeg2.6) simply means that a user
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may terminate its occupancy of the channel either by meafisishing the connection, or by
means of handing out of the cell. Thus either the (residuaBlickime or the (residual) session
length is shorter for a customer, this will be the channelipancy time.

In this dissertation | assume that all the customer desuyibmes are modelled by having
phase type distributions. From this point sometimes | usesttort notion PH instead of writing
phase type. PH distributions were first introduced by Makmlits [42] and are composed as a
mixture of a number of exponentially distributed phasesimal probability vector determines
the first phase, than upon ending a phase the next phase eritiaation of the process is cho-
sen according to a transition probability matrix. In othenms a PH distributed time is the time
a finite state continuous time Markov chain reaches an alvgpstate. Using this latter interpre-
tation, the phase type distribution is characterised byrtitial probability vector of the Markov
chain and its infinitesimal generator matrix. Supposing the states of the Markov chain are
numbered such that the absorbing state’s number is thediidhe infinitesimal generator matrix
of the chain has the following structure:

]

)

0.0 0

whereT contains the rates among non-absorbing state§ amsithe column vector of rates from
each state to the absorbing state. The sum of the elementswfa the infinitesimal generator
matrix must be equal t6, thereforeT® is determined byI", namelyZ7° = —T - h, whereh is

a column vector containings. Thus the distribution is well described by the initial Ipability
vectort and matrixI'. For this reason, in the following discussions of this ditsen | also use
the general notion of PH/(I") to refer to a phase type distribution with these descriptdihe
cumulative distribution function and the probability dey$unction of a phase type distribution
with the above parameters has the form of:

F(x)=1—teTh,  f(x) = teT*1°. (2.7)

Numerous distributions are known and used widely that aredRHibutions with special
phase structure. The exponential distribution itself esghmplest PH, a bit more complex PHs
are the Erlang, the sum of exponentials (which is a genetalis of Erlang by letting different
means of each exponential phase) and the hyperexponeistrdbation. The acyclic PH distri-
butions contain a linear sequence of phases, but the prawgserminate in each phase with
a certain probability, or continue with the next phase. Thsiribution is also used quite fre-
quently and it is often referred as Coxian distribution. Boen of hyperexponentials (SOHYP)
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Figure 2.2: Hyper-Erlang (upper) and SOHYP distributions

and the hyper-Erlang distributions have even more comglicphase structure with generally
more phases than the previous ones. The hyper-Erlang isreotesl as choosing an Erlang
with certain probability from a group of Erlangs, each hamifistinct phase numbers and phase
means. The SOHYP is a concatenation of different hyperexpioad distributions, with different
means of distinct phases and with same set of branching Ipitities from each phase of one
"layer”. On top of Figure 2.2 an example of the hyper-Erlamgribution is shown, the bottom
of the picture depicts a SOHYP distribution. The differeaskled lines of the latter are simply
for better visibility purposes.

Studies show ([43][44][45][46][47][48][49]) that moststributions, even heavy tailed ones
can be properly and effectively approximated by an appabgls chosen phase type distribution.
Moreover, if statistics are available on a random variabid wnknown distribution, a phase
type distribution can be chosen that follows the statisifdbe variable. Given these reasons it is
guite general and yet realistic assumption to model all #ee describing times as having a phase
type distribution, since this assumption may include medéth other proposed distributions,
after the fitting of an appropriate PH, or this model can belwgeen real measurement data is
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available about user describing times.

Thus the session holding time of typ@ew connections is phase type distributed P L*)),
the residual session length of handover connections isibesidy PHI®*  L®#*) The dwell
time of handover connections and the residual dwell timesof sessions have phase type distri-
butions PHd*), D)) and PHd®* D®*)) respectively. In Section 3.1 we show that in this
case the channel holding time is also phase type distributed

This distribution family also sometimes appeared in thexditure as model of some customer
describing time variable. In [50] the author used sum of egmdials as model of the dwell time,
later he modelled this time to follow SOHYP distribution 1], but the connection holding time
was still exponential. The authors went a bit further in [&BH analyzed cellular base stations
with the session length also having SOHYP distribution. 98] [the dwell time was modelled
by hyper-Erlang distribution, the same topic and argumeagarding the validity of this model
was abundantly covered by one of the previous article’sastin [54] and [55]. The same
distribution was used in [56] but as model of session lengkie authors of [8] derived formulas
supposing Erlang distributed call holding times and gdriewall times only known by its mean,
the effect of this assumption on the call completion prolitghivas examined in [57]. General
PH distribution modelled the channel occupancy time in @&} the authors calculated system
parameters by solving the resultaviy PH/n queue. In [59] both the session length and dwell
time was modelled by general PH distributions. The time a tesgdes within the overlap area
of two cells was analyzed in [60], that has significant refeeawhen investigating soft handover.
The authors fitted numerous distributions onto numerictd dad found that the hyper-Erlang
distribution is the best approximation. The authors of [dl$p analysed the exponential, Erlang
and hyper-Erlang distributions as session length didiohs in their work. The work shown in
[15] elaborated teletraffic modelling framework with Caxiapproximation of the dwell time
also.

Other distributions (different from the conventional erpatial assumption) also frequently
appear in the literature regarding user describing timesshbw some insights of such efforts
a number of references given here. After fitting an approgidd distribution to any of these,
our general model covers all these cases. Regarding thé titwes, in probably the most often
referred early article in the field of teletraffic modelingoaflular networks ([1]) the authors de-
rived special density functions of the dwell times of new &addover customers, depending on
the cell radius and speed of mobiles. Based on this work ttieesiof [39] and [40] introduced
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the generalized gamma distribution as model of the dwek twith pdf
F(t) = chﬂ(@ta.c_le_(t/b)c’ (2.8)

wherea, b andc are parameters dependent on the cell radius and on the &dhthcall is a
handover or new connectiofi{a) is the gamma function defined &$a) = [, 2 'e "dz. A
slightly different model, gamma distribution was used ifh][6nd [62] to describe cell residence
time, while in [63] lognormally distributed dwell times weeused. In [64] authors claimed that
the dwell time is well approximated by Pareto distributibrteresting result was shown in [65],
where the session length of network game applications wasritbed by Weibull distribution
based on experimental data (although in [66] the good ol@reaptial distribution seemed ap-
propriate to describe game lengths, also based on measusgme&he work presented in [67]
and [68] investigated the holding time in PAMR (Public Aceddobile Radio) systems, based
on measurement data. The authors found that hyper-Erlashghatture of lognormal distribu-
tions are the best approximations. The authors continuegunements on the cellular network
of Barcelona and found that the channel holding time in tié$esm is also well described by the
mixture of3 lognormal distributions ([69],[70]). The authors conabatheir previous results in
[71]. The authors of [72] also presented their work with teeuamption of gamma distributed
dwell times.

After reviewing a number of previous customer describimgetimodels we may conclude
that assuming these to follow some general PH distribusoa liealistic proposition, covering
the most of the models presented in the literature.

2.3 User traffic model — general Markovian sources

In this Section the model describing customers’ generadfict pattern is described. When
modeling cellular networks with other applications besidpeech connections — such as web
browsing, streaming video viewing, on-line game playinglew telephony, etc. — one has to
take into account that these sources do not generate datastant rates, rather aperiodic bursts
and silences follow each other, or data rate varies in timgngwa session. Although numerous
studies were published about analysis of wireless netwarits different but constant trans-
mission rate connections (see references in the Intrazhctit is very difficult to efficiently
demonstrate the validity of these approaches in the meittikse wireless networks of today and
the near future.
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One argument could be the assumption of circuit switched dahnections with different
rates, that carry the workload of various applications,ilsimo the HSCSD (High Speed Cir-
cuit Switched Data) service on GSM networks. Although thigiipretation is a step closer to
the concept of multimedia wireless systems it is unrealistisight of the operation of packet
switched services in current and future networks. Moredwsould be very inefficient and ca-
pacity wasteful to maintain a fix rate connection at a burstyse’s disposal. Another approach
would be to substitute each source with a virtual CBR (CaoridBitRate) one with rate equal
to the source’s effective bandwidth. Effective bandwidbim@epts were introduced in the early
90’s to somehow describe bursty sources by a single trasgmigate, yet keeping the ability of
examining system behavior, such as queueing delays, coomecmission control, etc. ([73],
[74],[75],[76]).

At first sight it might not seem straightforward to ensure Wagiability of user data rate
on the radio interface. Regarding random access wireldsgries, such as the IEEE 802.11
family the medium access method inherently causes the datatdl be bursty: the terminals
compete for the channel wherever a bulk of data is ready toabsmitted, the winner transmits
using the total capacity of the channel, then remains silatit another transaction. Actually it
is not the realization of bursty transmission, but commatmn using time variable data rates
that needs some comments. Considering networks with agdmnedium access, time division,
code division and OFDMA systems dispose current and fuigrefcance. In TDMA networks
user rate variability is assured by means of variable amaoittithe slots allocated to a terminal in
different time frames. Usually the customer notifies thetr@@mnfrastructure about its capacity
requirement in the following frames (using either expl&gnalling channel or piggybacking
this information attached to application data sent egrédad a scheduler decides the number of
time slots allocated to customers.

To fulfill user rate variability in CDMA networks is a bit morteicky (burstiness is again
straightforward: the customer simply transmits or not wiit& code allocated to him). Although
numerous papers deal with multi-service CDMA networkss tisually means the assumption
of different, but constant rates per user class. Howeveb#sic ideas of assuring different
data rates can be used to outline the way of providing timgingrdata rate for a customer.
One approach is to use different spreading gains — utiliantigogonal variable spreading factor
(OVSF) codes —, for different bitrates (e.g. [77],[78],D79n this case bits of higher rates are
spread by shorter codes, therefore by maintaining the saipaate more bits are transmitted
during a time interval than with longer codes. The other apph is to use multicode CDMA
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transmissioh (see e.g. [80], [81], [82]). In this case user data is tratteahias parallel low rate
flows, each spread by unique codes, thus creating parabletizannels via the different codes.
Varying user rates are than achieved by the varying numbgaradell streams. To assure variable
rates during a communication, the former approach wouldiredqo change the spreading factor
(thus the spreading code) during a connection accordingeattual required bit rate. This
demands some special signalling to inform the receiver ath@munew code it has to despread
the user signal with, or some complex blind rate detectigordhm has to be implemented
in the receiver side. In the case of applying multicode CDMA tadditional signalling is not
neccessary, since the receiver only has to despread alhth#gb flows constantly, gaining no
data from those sub-channels that are not used for transmisscase of lower bit rates. But
if the system is planned for the maximum traffic carrying aafyathe codes not used by a
source for a given period may be allocated to other sourcetid case again special signalling
is required to inform the receiver about the instantaneetsfscodes the source is transmitting
with. Moreover, the so-callecbde blockingpghenomenon (see references above and later Section
3.5.1 in this thesis) also complicates the use of OVSF codasultiple codes for variable bit
rate communications.

To capture the variable and bursty nature of general udéictra this dissertation | suppose
Markovian traffic sources. This means that the data traffieegeged by a connection is charac-
terised by a finite state continuous time Markov chain. Eaate©f this chain is assigned with
a transmission rate (that might be zero as well), meaningttieacustomer is able to transmit
with a finite set of possible data rates. The customer startsansmission with a rate that is
determined by the initial probability vector of the undémty Markov chain and it keeps sending
data with this rate for an exponentially distributed tinfggrt the underlying chain jumps into
another state. A state transition may result in the chang@on$mission rate (if the new state is
assigned with a different rate), but the data flow may comtwith the same rate as well, since
more states may be assigned by equal rates. The trafficipaftéris model is characterized by
the infinitesimal generata®® for a typek connection, the first rate upon session initiation is
determined by the initial probability vectgﬁkvm. The transition rates of the traffic describing
Markov chain are obviously the same for new and handovepmests but the initial probability
vectors are different. It is because handover sessions setrep earlier than attaching to the
examined base station, therefore the underlying Markowncjuanped several times until the
instant of handover. We suppose that the change of tranemisses is very fast compared to

loften abbreviated MC CDMA which can be mistaken with muétiséer CDMA
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the dwell times or the session lengths, thus when a handoweiection attaches to the base sta-
tion it has been communicating long enough that the traffecdieing Markov chain reached its
equilibrium. Therefore the initial probability vector ofhdover connection_ﬁ’“vH) is supposed
to be the steady state distribution of the chain, calculbatesblving the well known

0= g(imH) QW ¢ p =1 (2.9)

system of equations, whehedenotes a column vector wifls in its each position.

This type of traffic model is quite common in the literaturaicB a Markovian model was
used in [83] to describe video sources with single or twovegtfactors as well as the aggregate
traffic of several video sources. This type of source modslsugpposed in [84] to describe bursty
video traffic, in [76] this general model was used to cal®ithe sources’ effective bandwidth.
In [85] a superposition of multiple on-off sources was usedbdel VBR traffic, that is also a
case of the general Markovian model. Similar approach wpbeghin [86] and [87] to describe
a multimedia source as the superposition of on-off monoegdifics. The on-off model itself
that appears frequently in the literature as descripticspeech transmission with voice activity
detection or as model of other services is the simplest fdrthe proposed Markovian traffic
model.

This approach of multi-rate Markovian traffic sources alait the ability of phase type dis-
tributions to follow almost any arbitrary distribution @V us to introduce very general models
of bursty sources, yet exploiting the Markovian propertyirafividual phases and thus allow-
ing the use of well-established queueing theory methodgamee systems with such sources.
One straightforward model is to use on-off sources with gahedistributed on and off period
durations. To indicate the significance of this approacheferi88], where the authors investi-
gated the capabilities of on-off sources with arbitrarytrisitions to model traffic generated by
ATM endpoints. According to measurement data, a web trafidefl with Pareto distributed off
periods and on periods dependent on web page size distrisutias used in [89] and in [90].
Similar model but with lognormally distributed think timéstween web pages was claimed in
[91]. The authors of [92] also found the on-off model to agprately describe user web traffic,
but with Weibull distributed on and off times. Sources witaky-tailed on periods were anal-
ysed in [93] also. The effect of heavy tailed on periods wasugated in a P-persistent CSMA
medium access evironment in the recent paper [94].

In order to reproduce these general on-off models as Maakosources, appropriate PHs
should be fitted to the distributions of the on and off duradiand the Markovian model is the
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Figure 2.3: Traffic pattern of general bursty source

result of connecting the phases of the two PHs with finishatgs of the first PH multiplied
by the initial probabilities of the second PH. This approactescribed fully in the subsequent
paragraphs as part of a more general traffic model introdunctiils thesis.

Data traffic of packet-switched applications is often gatent during active periods with idle
time intervals between them. It is common that during agtimeods the transmission is not con-
tinuous in fact, rather consist of periods of sending datkeis or files (bursts) interrupted by
short silent intervals (think times). Web browsing is a tgpiapplication that is well character-
ized by this type of source model: usually several files arendlwaded with short think periods
until the customer finds the information he looks for, thelofgs a longer idle interval while
the user studies the desired page. This type of model wassteghin [95] to describe traffic
generated by interactive applications, such as web br@ysmail and query/response informa-
tion services (although numerical results were presenipgdasing constantly active customers
with Pareto distributed think times). Similarly active els with on-off intervals and inactive
off periods modelled web user traffic in [96] emphasizing tha inactive off periods should not
be ignored to get a realistic model. A good overview of eadmurce traffic models for wireless
networks is summarised in [97], the models listed here asechby in alignment with what was
written earlier. Figure 2.3 shows an example of the traffitgpa generated according to the
proposed source model. Note that this description withpélgods, silent periods and burst may
be used as model with finer granularity: in this case a burstavee the transmission of a packet,
silent period would be the time a packet is generated anditbgeriod would be transmission
gap between packet bursts. To describe such a source as\Wéarkeve suppose that the active
interval’s length is a continous random variable with pdf), the idle periods’ distribution is
described by the density functiaft), the length of the bursts during the active period is de-
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Figure 2.4: Markov model of active periods

scribed by the density(t), that of the short silent periods between bursts is denoted®. Let

us assume that each distribution is approximated by a psofiieed phase type distribution, or
only samples of the above time variables are available, Aadetype distributions are chosen
to fit the experimental data. The parameters of the four ptygeedistributions are denoted by
(a, A), (1, 1), (b, B) and(g, G) respectively.

First we create the model of active periods, with bursts dmattssilent periods between
them. If a general ON-OFF model is needed (without the loagéwve and idle periods), with
arbitrarily distributed ON and OFF times, this approachudtitoe used to obtain its description.
To achieve this, the phases of the silent period distrilougice connected to those of the burst
length distribution. The rates between the two groups ophare the following: those phases
that correspond to the non-zero elements of the initial @iodlty vectorg are connected to those
phases of the burst length distribution that correspontiéabn-zero elements of the finishing
rate vectorB". The rate between phageof the burst length distributions and phasef the
silence distributions if3? - g;. To model the repetitive nature of bursts and silent pertbdse
phases of the latter’s distribution that correspond to thezero elements of its finishing rate
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Figure 2.5: Markov model of active periods, including dioat

vector are fed back to the phases of the burst period, wigs€d} - b, between phask and! of
the two distributions. Figure 2.4 shows an example of angatthe model of active periods. The
upper left and right graphs show the phase type model of tret &nd silent periods respectively.
Below is the joint Markov model with the proposed connecsiamong the two groups of states.
It is easy to see that using appropriate numbering of sttssaggregate active period model
has its transition rate matrix and initial probability vexctvith the following form:

B B’.g

A=
G’-b G

, a*=1[byg]. (2.10)

Here the parameters are denoted4diyanda* since this model does not capture the duration of
the active period (described iy, A)), but the durations of bursts and silences within the active
term.

The next step of creating the general bursty source modeldashieve that this active period
lasts for a phase type distributed time with parametersd). Thus the previously described
model of the active period is taken as many times as many pltasdength distribution of the
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active period has. Each phase of each group is connecteddaugdo the rates of the active
period distribution, namely phageof groupk is connected to phageof group! with rate A,.
Figure 2.5 shows an example of creating the model of actikieg®including its duration. In this
example the length of active periods is supposed to followaghase acyclic phase type (often
referred as Coxian as well) distribution, represented atttlp of the Figure. The Markovian
model of Figure 2.4 is used to describe bursts and silencégrvthe active period. The thick
dashed connectors of the figure represent that each state biid groups are connected with
appropriate rates. It is easy to see, that when the statdssofatter model are enumerated
appropriately, the resultant phase type model of the agireod (including the alternation of
bursts and silent periods) has the following descriptors:

Ag=APA", ag=a®d", (2.11)

where® and® denote the Kronecker product and Kronecker sum respegtiVele Kronecker
product of matrixA of sizem x n andB of sizek x [ is a matrix of sizenk x nl defined as:

AH'B Alg'B AlnB
A®B = U (2.12)
A - B oo Ay - B

The Kronecker sum is defined on quadratic matridesf sizem x m and B of sizen x nis a
matrix of sizemn x mn calculated as:

APB=A®I,+1,®B, (2.13)

wherel,, andI,, denote the identity matrices of sizex n andm x m respectively.

Regarding an equivalent problem that rises during the eddiom of the service time dis-
tribution of the presented queueing model, it is shown inti8ed3.1, Theorem 3.1.2 that this
distribution with parameters in (2.11) has the same demgsitgtion as the one with descriptors
(a, A), thus this model appropriately describes the duration@gittive period as well.

Finally, to include idle periods in the source model, simdpproach is needed that was used
when creating the active period model. The phases of thewhied distribution are connected
to those of the total active period distribution and its g phases are fed back to the active
period distribution with finishing rates multiplied by thatial probabilities of the other distribu-
tion. Thus, the infinitesimal generator and the initial @bitity vector of the final source model
is constructed as:

s q= Qe 1] - (2.14)




This source model was shown as a general ON-OFF model, misisightforward to suppose
not only 2, but arbitrary number of possible transmission rates imtloelel, let us denote this
number now byR. More specifically, different possible rates could be gjweith all the PH
distributions of the duration of a burst with the given tnaunssion rate. Compared to the previous
case, the difference is that one more parameter is needed iteise, namely the probability, that
after finishing the burst with a given rate, the transmisgiontinues with another one. Let
us suppose that these probabilities are collected in m#tri¥;; meaning the probability that
after ratei ratej follows. Another vectorp should contain the probabilies of starting the bursts
with given bitrates. If the descriptors of the duration ofera burst are §,),B;), than the
resultant joint PH distribution, that describes the buighwifferent transmission rates will have
the generator matrix as

B(l) Py - Egl) ’ 1_7(2) PlR : E?l) ’ Q(R)
0 0
ar— | T B o B « BBy by (2.15)
_PRl ‘E?R) '1_7(1) B(R) ]
and the initial probability vector is
a" = [pl '1_7(1)---pR : Q(R)] . (2.16)

2.4 Base station model

This Section presents the modelling assumptions applieésoribe the behavior of the ra-
dio cell or radio base station. In our representation thibesbasic element of the network, that
provide radio capacity to users and as such, this is thettafgerformance evaluation presented
later. The model presented here does not require the assmngita particular radio access
technology, therefore a base station here is generally ledde a channel pool @f, units of
capacity. This capacity is expressed in the same units asahemission rates of the connec-
tions, typically bits per second. However, when using outhoe during the investigation of a
particular system, the capacity may be expressed in other-dalthough these are also closely
related to the rate expressed in bits per second —, for exampIDMA systems the number
of time slots in a frame (and users’ used capacity is alsoiguhit), or bandwidth and users’
equivalent bandwidth in CDMA systems. As a special case westigate the scenario when
Cy = oo as well, clearly indicating the use and significance of tlaisec
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This kind of session level model is applicable to calculateriejection probability of newly
initiated session or handover attempts. Itis clear, tHégr@dint connection types tolerate rejection
differently, e.g. a streaming video session is completebkén when blocked during handover,
but the user of a web-browsing session will probably not evatice blocking. Moreover, gen-
erally it is less desired to drop a handover attempt than jexctre newly initiated one of the
same connection type. Therefore we suppose that severitapharing methods are applied
at the base station. NameBomplete Sharing (C®olicy means that all sessions may enter the
system, whenever the unused capacity of the base statioffigent for handling the session.
In the other case channel reservation is applied at the matidace, implemented by means of
aPartial Sharing (PSpolicy. Practically this means that not all connection typ®y utilize the
whole capacityCy,, namely there is a maximum available capacify; andC, x for typek han-
dover and new connections, meaning that a typennection can be admitted if the total amount
of capacity occupied by typle sessions after admission is less then or equél;tg or Cj, x and
the total occupied capacity does not excégd A less general form of Partial Sharing policy is
often used in the literature, namely the guard channel quncEhis restrains connections that
were initiated in the cell from using the total capacity, avdur of handover sessions. Clearly,
assuming infinite radio capacity makes the principle of céapallocation pointless, since there
is always enough capacity to serve an arriving customer.

Based on the applied channel sharing policy, the base staty operate according to several
admission control mechanisms. L&t denote the amount of instantaneously occupied capacity
of the base station at the moment of a session arrival artfletenote the vector containing the
possible transmission rates of a tyjpeonnection.

BurstlevelCAC controls arrivals by using instantaneous rate inforomatf sessions. Namely
a call is accepted at burst leveldf,. plus its instantaneous rate is less than the allowed cgpacit
Using symbols, in case of partial sharing, the acceptanedyjfek handover session is assured
if

i T

Coct ¢ <Cy and Y ni™ . +cV <y (2.17)

when the customer arrives with ragteherenﬁH’k) is the number of typé handover customers
transmitting with rate at the moment. Burst blocking occurs if (2.17) does not htihdsome
cases burst blocking would not cause the breakdown of th@asgsbut while the connection
is maintained it suffers some degradation of packet leved @@asures (for instance increased

gueueing delays or dropped packets). From the users poinewfit appears as some "distur-
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bance" in the transmission, for example missing or incoimgmeible periods of speech, "broken
up" or stilled pictures of video, or suddenly decreasedlutsm of images. To model main-
tained, but temporarily degraded connections due to biloskimg, we introduce theate reduc-
tion policy of burst level admission control. If rate reductienapplied, upon arrival of a type
k handover flow and if (2.17) does not hold the connection isddrto reduce its rate to a level
that "fits into" the channel. To conclude, within burst 1e@&C two policies can be considered,
depending on the type of arriving connection:

e policy 1,immediate blockingthe connection is immediately blocked. In case of handover
connection or blocking sensitive connection type this istalerable.

e policy 2,rate reduction the connection is forced to reduce its transmission ragsufing
again an arriving handover session and partial sharing'f)iﬁs the highest transmission
rate so that

i

Coc + cﬁk) <(Cy and Z nEH’k) L c§k) < Cin,

the connection is forced to begin its transmission with céﬁb The connection is only
blocked when

Coc + VAN Cy or Z nl(-H’k) . cgk) + VAN Chru,

min min

)

wherec!®) is the lowest possible transmission rate. Again, applymgolicy may result

min

in the degradation of packet level QoS.

It is worth noting that these two approaches can be founddtitérature, sometimes named full
and partial blocking (e.g. [11]).

It is clear that when sources are characterized by posséste tzansmission rate and the
probability of arriving with zero rate is not zero, burst W AC does not bound the maxi-
mum number of admittable sessions. Applying the rate reéclugtolicy may accept even more
connections.

Because the connections change their transmission raiegdine session, the amount of
occupied capacity at the base station may change withowdrtival or termination of a con-
nection. This means that burst blocking of an already aéohitbnnection may occur during
transmission. This happens when a flow tries to switch to restréssion rate with which the
total occupied capacity would exceed the maximum available
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Chapter 3
Queueing model of the radio cell

In this Chapter the queuing model of the formerly describeltutar system is derived and
investigated. In order to utilize well known queuing theomgthods and to keep the model
general and comprehensive | formerly supposed that themastdescribing times have phase
type distributions and | have shown the viability of thisasgtion. Based on this, an appriximate
formula is derived, that enables the fast and efficient cdatmn of session level performance
parameters with reasonable error.

3.1 Service process

This Section is devoted to present the notion and derivatidhe parameters of the service
process applicable in the queueing model representingethdar environment described in the
previous Chapter. In order to formulate this queueing masérvice process is needed that has
the following properties:

e the service time distribution is equivalent with the chdroseupancy time distribution, it
satisfies (2.6),

e the service process describes the instantaneous transmigte of the customer.

In order to define the service process with the above prasefirst we compose the channel
holding time distribution for typé& new connections, using the distributions of the residualtw
time and the session duration. The same method should beumsddetermining the channel
occupancy time distribution for typke handover sessions, using the dwell time and residual
session length distributions.
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Figure 3.1: Construction of the channel holding time dosttion

Let the phase number of the residual dwell time of a typristomer be denoted UVSVR,
that of the connection duration is denoted &Y. Then the channel holding time also has a
phase type distribution witthVf; , - N phases and descriptof&™*, t™*)). This distribution
is composed as follows. We form]’gﬂ groups representing the phases of the residual dwell
time, each containing/} phases. Among the phases of a group the rates are equal tiehef
the phase type distributed session length. Among thoseepludglifferent groups that represent
the same phase of the session duration the rates are eqhalratés of the residual dwell time
distribution. This means that the rate between pliadgroupn and phase of groupm is:

o LY ifn=m,i#j,
e DM =4 n#m
e 0ifi# 75, n#m,

fori,j=1,...,NF,n,m= 1,...,N]’§7R.
If the phases of the channel holding time are enumerateadppptely, the initial probability
vector and generator matrix of its distribution are given as

where® and® denotes the Kronecker product and Kronecker sum of two ogtriAn example
of the composition of the channel holding time is presenteéigure 3.1. Here both the dwell
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time and session length has2gphase Coxian distribution, the right hand side of the Figure
contains thel phase channel holding time distribution with its rates.sFive have to see that
this distribution satisfies (2.6).

Theorem 3.1.1.Letz, y be independent phase type distributed random variablds distribu-
tions characterized byd, D) , (I, L). If z is a PH distributed random variable with descriptors
(¢, T) and (3.1) holds, thea =min(zx, y).

Proof. Let the distribution function of andy be denoted by (¢) andY'(¢). The distribution
function of minz, y) is thenM(t) = 1 — (1 — X (¢))(1 — Y (¢)). Substituting the cdf of PH
distributions from (2.7), we get

M(t) =1—deP'hy, -le"hy, (3.2)

where Np and Ny, denote the number of phases of the distributionsafdy, iy, andh,, are
column vectors of length/, and Ny, filled with 1s. Introducinga(t) = deP! andb(t) = le™,
(3.2) has the form:

M(t)=1- (Z ai(t)> (Z bi(t)> .

=1
The distribution function of is:

Z(t)=1—te"hyp =1 - (d@DeP™'hy .
Using the properties of the Kronecker operatibtise expression is transformed to
2(t) = 1= ((de™) ® (1e™)) by -

Substitutingu(¢), b(¢) and using the definition of the Kronecker product, we get

Np

Z(t)=1->Y aft)- (Z @-(t)) —1- <Z ai(t)> : (Z@(t)) = M(t). O

i=1

To include the instantaneous transmission rate of a customoghe service process, a similar
method is necessary, using the PH distributed channel aocypime and the rate describing

1

e (A® B)(C® D)= AC ® BD,

o ¢AGB :eA®eB.
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Q.

Figure 3.2: Construction of the service time distribution

underlying Markov chain. In this case the states of the trafBscribing Markov chain are
organized in as many groups as many phases the channeldhotdedistribution has. Among
the states of the same group the rates are equal to the réb@s tive state structure of the general
Markovian model. Between two states of two different gratiyag are in the same position within
their group the appropriate rate of the channel holding tis&ibution characterizes the phase
transition. Following its construction, we arrive to the\see process, that is described by a PH
distribution, with the following parameters

SOVK) — fNK) g 0B GONK) — p(NE) gy Q)| (3.3)

The duration of this service process is equivalent with thenoel holding time duration, while
the actual state is assigned to the actual state of the tresismrate generator Markov chain.

Figure 3.2 shows an example of constructing the serviceggscHere the channel holding
time is presented with phases and the rate describing Markov chainiZstates. The right hand
side of the Figure depicts the service time distributiorhvitié appropriate rates. As we can see,
this construction of the service process is analogous Wighcbnstruction of the active period
model presented as part of the general Markovian sourcelrimo8ection 2.3, equation (2.11),
thus the following theorem applies for the active period eias well. Now we have to show
that this service time has the same distribution as the edidraiding time.

Theorem 3.1.2.Let x denote a PH distributed random variable with descript¢¢sT’) and
probability density functiorf(¢). Let@Q andq denote the infinitesimal generator matrix and the
initial probability vector of a finite state CTMC. If is a PH distributed random variable with
descriptors(s, S) and (3.3) holds, then its pdf j&¢).
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Proof. Following the construction of the distribution gfit is obvious that the column vector
S° containing the finishing rates from all the phases of thigritigtion is expressed as

§0 :IO ®ENQ7

where N denotes the number of states of the Markov chainBhds the column vector con-
taining the finishing rates from each phase of the distrinutfz.
Substituting (3.3) into the density functiomoéccording to (2.7) we get:

9(t) = (t@ q) TV (T° @ By, )
Using the properties of the Kronecker product the expressi@mnges:
9(t) = @ g)(e"" @ e¥)(I° ® hy,) = (te™) ® (qe?)(T° © hy,) = (te™'T°) ® (qe%hy,).

The second argument of the last Kronecker productis aIv]/ayismcegth is a probability vector.
Thus the equation reduces to:

g(t) = teT'T° @ 1 = teT'T° = f(t). O

This composition of the service process allows us to detegtiie instantaneous transmission
rate of a connection as well as the phase of the dwell time lamdéssion length distributions.
Namely if a new session is in te: — 1) - N . NJ* 4+ (j —1) . N{¥ 1 ith phase of the service
time, its transmission rate i) and the actual phase of its session length and residual timell
is ¢ andj respectively. The service time of a typerew session hazsfﬁk) . N[()R’k) . Ng) phases
which causes that the Markov chain model of the system haspieudiimensions and possibly
huge state space.

It is also clear from the composition of the service process the transmission rate of a
connection in those phases of the service time that cornesfma particular state of the traffic

describing Markov chain is identical. Namely:if'-*) denotes the vector containing the trans-
(N,k

mission rates™*) of a typek new connection if the session is receiving tlie phase of the

service time £'*) is the same for handover connections), then

(N,k) (N,k) (N,k) (k)
7’1 = 7’2 = et & R,k et Cl
Ny R
(N,k) _ ,,,(va) _ ... (NE) _ C(k)
NENER) Ly T TN R 4 aNgO-NGHE (3.4)
(N,k) (N,k) (k)

cee =7

= =C -
k k R,k k k R,k k
(NG =1)- N -NTM 41 NG N NSRRI GY
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The above construction of the service process should beedayut for each customer type
k,k € {1...K'}. Moreover, handover and new connections of the same typiféaeent in terms
of their describing times and the initial probability vectdf the traffic characterising Markov
chain, thus each customer type requires the use of two setimie distributions. This results
in the composition oR K service time distributions. In this proposed model we doailaiw
a customer to change its service type during a session, hleusetvice times could be handled
independently.

3.2 The driving process

In this section the Markov process that describes the egllabdel is presented. Given the
incoming process of new and handover sessions is suppobedoissonian, the service time is
PH and customers change their amount of occupied capagitygdservice formally the system
is described by a multicladd /PH/C\, queue with phase dependent capacity requirements.

The state of the resulting Markov process is the vector

E = [E(N71)7 A 7E(N7K)7 E(H71)7 A 7E(H7K):|7 (3'5)

where theith element of vecton ™), nEN”“) denotes the number of tygesessions that arrived
to the cell as new connection and receiving ithephase of the typé new connection service
time, n™*) contains the same quantities regarding handover connsctio

Considering the capacity reservation described in Se@idrand the transmission rates in-
troduced in (3.4) we may determine the boundaries of the stzce. Namely the valid states of
the system are thoges, where

E(va) . E(va) S Ok:,N) Q(H’k) . z(H’k) S O]C,H) k/’ = 1, ey K

K K (3.6)
Zﬂ(va) . ﬁ(va) _'_ ZE(HJC) . E(Hvk) S CO
k=1 k=1

holds. This simply means that the amount of occupied capatitach type new and handover
connections may not exceed the maximum available for thpet &nd the total amount of used
capacity cannot be larger than the maximum available atdke btation.

The state space of the system is finite if the connectionsyaltvansmit with some rate. This
means that none of the traffic describing Markov chains ¢osta state that is associated with
zero transmission rate. In this case the system is irretbuaiid finite, hence it is stable and its
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steady state distribution exists. If zero transmissiorleseed (e.g. the well known and widely
used on-off sources) the state space becomes infinite. Howegardless a session’s transmis-
sion state it stays in the system until the channel occupam®yand since no restrictions were
given on the number of customers in the cell from this pointiefv the cell acts as an infinite
server queue, thus the criteria for stability is to have micg rates finite, that is completed in
our case with the requisite of having finite rates of the waf@scribing Markov chain.

To unambiguously describe the Markov chain representiagtbposed cellular system, the
possible state transitions and the rates of these transitie needed. State transitions may occur
because of the following events: a handover or new conneetigves to the system, a session
leaves the system either by handover or by connection tatroimor a customer changes the
phase of its service time, this latter obviously includes thange of transmission rate of a
customer. To simplify notations in the following discussige do not use the whole state vector
n, rather its subvectas™-*) or n™*) that changes due to a state transition. The state transition
rates are also dependent on the applied admission conticy pbthe base station described in
Section 2.4.

Recalling Section 2.1 the incoming rate of handover and rammections is denoted by
and \y, the probability that a particular arriving customer is ybe & is denoted byy,. If for
type k& admission control policy is applied the state transition rates are the following:

e State transition due to a new connection arrival: this exeslts in a state transition from
(N7

staten ™ into staten™" + ¢; at rately - ay. - s; k) whereg; is a vector of the same size
as the phase number of the service time of tym®nnections, filled witl)’'s and onel at
its ith position;

e state transition due to handover arrival: this results itagéestransition from state(:+)

(H,k).

1 )

into staten™*) + ¢; at ratedy - oy, - s

e state transition due to session termination: this eventtem a transition from state(™-*)

(NF) | g(NK0

into staten™*) — ¢; at raten; ), where the vectof ™9 contain the finishing

rates from all the phases of the typ@ew connection service time;

e state transition due to the phase change of the service tstrgbdtion: this results in a
transition from state™*) into staten ™% — ¢, + ¢; at ratenEN’k) : Si(j.\l’k).

Obviously the above transitions may occur when the totalipiexl capacity after transition

does not exceed the amount that is allowed for a particulamection type, namely in case of an
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arrival with transmission raték)

Coctc? <Cun or Coct+ " < O,

)

(k)

)

or in case of phase change that result in a change of trariemrsde frome,”’ to cg.k)

Coc— "+ <Cin or Coe—c” + ¢V < Oy,

7 )

where agairC,. denotes the amount of total occupied capacity prior to $tatesition.

To classify the transition rates when admission controicygd! (burst CAC, rate reduction)
is applied, we suppose without the loss of generality thatptbssible transmission rates (so the
states of the traffic describing Markov chain as well) arene@ated in increasing order from the
lowest rate to the highest. It is clear from the constructbthe service time distribution that
for those phasesand; of the service time distribution that correspond to différstates of the
rate describing Markov chain, but to the same phase of thengt&olding time distribution

. . R,k k k
i—jl=1- NP NP e, NS -1

holds. In the case when poli@yis applied and a connection is forced to reduce its transomss
rate due to the lack of capacity, the initial phase of its isertime is altered to a phase that
corresponds to a lower transmission rate but to the samesidke channel occupancy time.
Supposing that phaseof the service time distribution corresponds to the higlaeshissible
transmission rate the state transition rates due to afvagthe form:

e a new or handover connection results in a state transitam BtatenN-*) or n("%) into
staten™* + ¢; or n®% + ¢, at rate

(k)_{ J J_ (k)_{ J J_
N, 1 N, 1
Q (k) Q (k)
& (N,k) & (H,k)
N,k H.k
AN - Q- g s and  Ag - oy - E s .
N k i+l.N](DR,k).N£k) H k Z.Jrl_N](Dk).NL(‘R,k)
=0 =0

By observing the difference between the incoming rates eftéfo investigated admission
control policies it is clear that polic§ allows more connections to be admitted in case of an
overloaded base station. After all, although this policgerally reduces blocking probabilities,
reducing the transmission rate of a connection may not bizeeldor some type of connections
due to the resulting degradation of packet level QoS measure
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After having determined all the possible transition rat@®ag system states, calculating the
steady state distribution of the system is the straight waachieve session blocking probabili-
ties and channel utilization values. We assume Poissomniaaleof sessions and these type of
arrivals have the well-known property of seeing the timerage (PASTA property — Poisson
Arrivals See Time Average), e.g. stationary distributidritee system ([98]). Thus determin-
ing blocking probabilities means summing up the probaedibf those states in which session
rejection may occur due to the lack of base station capacity.

To determine the steady state distribution of the system wst mnumerate the states and
compose the infinitesimal generator matrix of the systemguiie above determined possible
transmissions and their rates. Given the infinitesimal ggne@Q* (note that it is not the same
as the infinitesimal generator of the Markov chain descghire variability of the transmission
rate of a customer, formerly denoted &*)), the steady state probability vectdris calculated
by solving the well known set of global balance equatiors, i.

Unfortunately in practical scenarios solving this systdmeguations is not possible because of
the huge number of states. In very simple scenarios the spaiee may contain only a few
hundred thousand states. In this case the system of egsiatiay be solved by some numerical
method (e.g. Gauss-Seidel). But in most cases the numbé&ateseasily exceeds tens of mil-
lions, than solving the system of global balance equatism®mpossible. Moreover, if a session
may arrive with zero transmission rate, the state-spacerbes infinite, thus this approach is not
applicable as well.

Fortunately, to determine blocking behavior and systetization, we do not need the steady
state distribution itself. Rather it is enough if the proitigbof having m units of system capac-
ity occupied is knownm = 1,...,C,. These parameters are referred as channel occupancy
probabilities in the remainder of this Chapter.

3.3 Local balance and product form

This Section presents the local balance and product foradgtstate distribution that holds
in case of infinite capacity assumption; this will be usedn&br deriving the approximate anal-
ysis. To develop a fast and efficient method of calculatingnciel occupancy probabilities of
the system we have to take a deeper insight of the balancéi@usiaf the system describing
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Markov chain. To do this, we consider the theoretical casenwthe base station has infinite
capacity, i.e.Cy = oco. Moreover, this case has not only theoretical, but prakcsicmificance
in teletraffic modeling of systems, namely when system perémce is determined in terms of
overload probability that is the probability of total occupied capacity excegdr given value.
This approach is used in the literature when dealing with @GDMtworks, where capacity does
not have a hard bound, but overload can be well defined.

It is clear, that when the base station is supposed to haveteéiapacity, the Markov chain
has a product form solution. This is because the infinite dapease is equivalent with a queue-
ing network, if each phasieof the service time distribution is modelled by a single iitérserver
exponential queue with rateS;; and with routing probability% between queuesand;. We
know from the famous BCMP theorem [99], that this network &ggoduct form equilibrium
distribution, containing the product of the steady stagrifiution of individual queues. In the
context of queueing networks, this is the usual use of th feoduct form solution. However,
as the system under consideration in this thesis is a singlegjwe use the term in more general
sense. That is: product form distribution is a multi-dimenal distribution that is the product
of its marginal distributions (e.g. [100]). Naturally, $hiatter more general definition contains
the stationary distributions of product form queueing re@#s, as the distribution of the queue
length of individual queues are the marginal distributiohthe joint queue lengths distribution.

The system’s analogy with the BCMP network containing ISupsealso means that this
system is quasi-reversible and local balance equatiors(baj. [101]). We now that in BCMP
networks the local balance equations equate the input atmlrates of a network station.
Obviously, in our problem the non-blocking part of the sigtace (i.e. those states, where any
state transition can take place, the idle capacity of the ls&stion is enough to accommodate
a new connection with any instantaneous transmission mtjuivalent with the state space
of the infinite capacity case, in terms of the possible staesitions and their rates. Thus, in
the non-blocking part the local balance equations will &lstdl. We will use the local balance
equations to determine the closed form equilibrium distrdn (product form) and later use it
for approximate analysis as well. The BCMP analogy meartshiesfollowing transitions hold
balance in our system:

e transitions that result in an increment of the number of @mstrs receiving a particular
phase of the service time, caused by an arrival of a new ordwendession, or by the
phase change of an active customer
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e transitions that result in the diminution of the number o$tocuners receiving the same
phase of the service time, caused by one customer leavirgy#tem (either by handover
or by connection termination), or by phase change of a custom

Since no transition is allowed among different customees$yghe following equations are
valid for any typek sessions initiated within the examined cell or arrivedrafi@ndover. The
following derivation considers typke new connections, but for the sake of better readability the
corresponding part of the state vector, i.e. veetdr*) is simply denoted by.*. Moreover,
for better readability we omit the superscrip¥, k) of the corresponding service time matrix
and initial vector as well. Putting all these into the langgiaf mathematical symbols, the local
balance equations have the form:

P
Avagsip(n) + D (n+1)S; - p(n” +e) =

j=1.j#i

(n +1) -p(n” + &) <5? + > Sz'j> :

J=Lj#

(3.7)

wheree; denotes a vector of length filled with zeros and a in its sth position and for the sake
of simplicity the number of phases of the service time of typeew sessions/}}, - N - N
is denoted byP. Although these local balance equations are determinetyubke system’s
identity with a BCMP network, an alternative proof of theidd#ly of (3.7) equations can be
found in Appendix C.

Rearranging (3.7) and writing all the local balance equetioto a single vectorial equation,

we get
—Axags-p(n”) = [(n]+1)p(n" +e1), ..., (i +p(n"+e), ..., (np+1)p(n" +ep)]S. (3.8)

Introducing the vector

E:<(n>f+1)p(ﬂ*+e_)’m7(n*p+1)p(ﬂ*+e_)> 3.9)
p(n* p(n*)
from (3.8) we have

F = —AvoysS™. (3.10)

We can see that the relation of the steady state probabitifieeighboring states is contained
in this vector, namely

Fi-pw') = (nj +1) - p(n” + ¢). (3.11)
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Figure 3.3: Two dimensional state space example

This indicates that the equilibrium probability of staté in the infinite capacity case can be
calculated recursively from state by means of iteratively substituting into (3.11). Thisuks
in the steady state probability of as

(3.12)

An alternative derivation of (3.12), based on the BCMP agmalcan be found in Appendix C.
We observe that (3.12) is identical with the steady statiiligion of a multiclassV/G/m/m

or M/G/oco system (e.g. [102]), withP classes and with offer loads for classi (no change

of required capacity during a connection). Figure 3.3 shawgxample of a two dimensional
system, namely the state space around $taje. This state space would describe a system with
single session type that has two possible transmissios ate exponential channel occupancy
time. Only those transitions and states are plotted that&fftate(i, 7). The right hand side
of the figure shows the equivalent state space: here the eterokl’ replace the arrival rates,
while the leaving rates are normaliseditoWe see that with this description based on the local
balance equations the "crossing” transitions disappeanddheir influence is included ii. As

the elements of’ characterise the ratio of the stationary probabilitiesnad heighboring states
(3.11), 1 use the notion ahultiplier factor for the elements of’ and multiplier vectorfor F.
Now, returning to the original, complete notions of thisdisethe complete and correct form of
the multiplier vector for a typé new connection is:

E(N,k) _ —ANakg(N’k) <S(N,k)> - ) (3.13)
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The complete expression of the product form distributiotinael in (3.12) is [99]

p(N.k) (N,k) (H,k)

K p(Hk)
1 n; 1 n; 1
_ = (N,E)\ (H,k)\ "
pw =g IT| 1T (5) Oy 11 (7)) T, (3.14)

7

where P(N#) denotes the number of phases of typeew customers’ service time addis the
normalization constant so that the sum of probabilitiediaftates equals to one. Namely

PN (N, k) g

K p(H.E)
St = =TI\ IT (B™)" s I (%)
7 =1

alln alln k=1 i=1

(Hvk)[

n;

(3.15)
Recognizing that the infinite capacity assumption allovesstim to run front) to oo for all n;-s,
the sum is the Taylor series of the exponential function,elgm

K pNK) p(HkK)
G=exp (D (D FM 4+ 3" F™) ). (3.16)
k=1 =1 =1

In practical cases the number of phases of the service tigtgldition may be quite large, es-
pecially if exact PH fitting with numerous phases (e.g. 1Di%2used for the session length
and dwell time distributions and sophisticated user traffadel is used. In this case the matrix
inversion of (3.13) is the most resource demanding task.

3.4 Approximate analysis of the finite capacity case

This Section presents the approximate formula that alltwesdetermination of the distri-
bution of channel occupation, which is the base for detemgiperformance measures. Now
let us consider the state space of the system proposed,tinybar the subspace that contains
states where the highest capacity demands cannot be adinbiéieause customers using lower
rates occupy the capacity. To visualise this situationpisader a simple system witt) units of
capacity and users might transmit using or 10 units. If we consider the channel occupancy
distribution to be exponential, this system has three dsiogral state space, each dimension rep-
resenting the number of customers instantaneously usimgea gmount of unit from the three
possibilities. The state space of this example is showngureéi 3.4. Here the abscissa is the
number of users transmitting with the ordinate is the number of customers usincapacity
and the overlapping rectagular means one customer usingits (one level "up” along the
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coordinate), the overlapping trianle means two custom&rgu0 units (two levels "up” along
the z coordinate).

The subspace under consideration consists of the statesedely single circles and not
side neighbors of the plotted rectagulars: these are tliesstehere there is zero customers
using 10 units and the swithcing td0 units or arrival with10 units instantaneous requirement
is not allowed because of capacity limitations (in the stalbat are side-nighbors of the plotted
rectagulars, switching to the highest rate is still possibut arrival with the highest rate is not),
in the Figure these are the states over the dashed line. lvisws that the transitions within
this subspace are governed by the matrix of the service tisteldition, without those entries
that describe the transition rates into or from phases tlaldvmean switching to or from the
highest capacity demand. The arrivals are characterisatebinitial probability vector of the
service time distribution as well, with those entries setdoo that refer to arrival to the phase
with highest capacity demand.

So in terms of arrival rates, finishing rates and phase cheaigs this subspace is governed
by the same state transitions as if we were considering amsyshere the highest transmission
rate does not exist. If we consider a system with infinite capand a service time distribution
that lacks those phases that correspond to the highestiastous capacity requirement, natu-
rally all the findings of the previous Section would hold @bbalance equations, product form
stationary distribution) for this system. This inspires tlerivation of the multiplier factors for
this system, which is naturally calculated according td@3. with the new versions of and
S (not containing entries corresponding to phases with tggtransmission rate). This train of
thought can be further continued, considering the subspheee the second largest transmission
rates also cannot be admitted or switched to, the analogstesns where the two largest trans-
mission rates do not exist, derivation of correspondingtipligr factors, etc. In the previous
example (Figure 3.4) this means the two states at the righb&the Figure.

Actually, in the subspace where new arrival with and switghtio the highest capacity re-
guirement is not allowed (blocking subspace) — note thatgleneral definition contains more
states we considered above, namely those states as wetk Wigenumber of customers using
the highest capacity requirement is not necessarily zegoitee states denoted by thos rectangles
in Figure 3.4 that are not side neighbors of the trianglee-sifstem behaves as if the sevice time
distribution changed. This change depends on the instantsnoccupied capacity at that state
and the allowed capacity for the given customer type.

Formulating the change of the service time of a typeew call, when admission control
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Figure 3.4: Two dimensional state space example

policy 1 (immediate blocking) is applied andunits of capacity is occupied we get

SP@) =0, @) =0, vj:r? > Cin - (3.17)

The diagonal elements of the rate matrix are updated soytha§.; (z) + S\° = 0. For
handover connections the rate matrix and the initial praibalector is changed analogously.

If the second admission control policy is applied, the ratdrim changes the same way as
for policy 1. If rﬁk) denotes the highest transmission rate suchﬂ;ﬁétg Cr~x — = the initial
probability vector changes as:

sN@) = 3 ST s (3.18)

2

j: T’](-k)>ck’N—2?

wheres!"""” means thgth element of the original initial probability vector.

The multiplier factor defined by (3.13) is calculated frome ftarameters of the service time
distribution. As we have seen, in blocking subspaces thiesybehaves as if the service time
distribution changed, it is straightforward to introduoddad dependent multiplier factor, that is
calculated from the changed service time distribution, elgm

EON() = <y - ag - sPN (). (89 (). (3.19)
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To derive an approximate formula for investigating the sgstlescribed above, we should
look at the work of Kaufman [103] and Roberts [104]. The penblthey addressed is the cal-
culation of blocking probabilities on a shared channel. (iradio interface, high speed link),
without the calculation of the steady state distributioth&f Markov chain modeling the shared
channel. Their model included several customer types, aifferent but constant capacity re-
guirements, Poisson arrivals and arbitrary holding tins¢ritiutions sharing a common channel.
This model is the multiclassl/G/m/m queue that has a product form steady state distribution
[102], in the form of (3.12). The basic idea introduced wasapping of the system describing
Markov chain, from the multi-dimensional state space intma-dimensional space, where the
total amount of occupied capacity is followed. Then a reigarsolution is given, to calculate the
channel occupancy probabilities and this recursion usesihitiplier factors £;) that occur in
the product form solution. From these channel occupandygtntities the blocking probabilities
and channel utilisation are easy to calculate.

The original Kaufman-Roberts recursive formula is apileato systems having product
form stationary distributions as (3.12). The recusion iodlsws. Letp(m) = 0 for m < 0,
p(0) =1and

P
/rh

5 = 35(m —1r.) - F. 2

p(m) Zl —p(m =) F, (3.20)
and the probability of havingn units of capacity occupied is obtained after normalisation
namely:

p(m)
(m) ;0(7)

If we suppose a system with moderate load, this would mainlglidin non-blocking sub-
spaces (arrivals and switching to any phase is allowed) &uking parts will have low steady
state probability. In this case, the product form statighdrstribution defined by (3.14) well
approximates the steady state distribution. On the othed hthe local balance equations can
be derived and are valid in the blocking subspaces, as it essritbed above. So the heuristic
idea of approximating the system is: treat the states ofbiocking subspaces with the multi-
plier factors derived and as if these were valid in all théesspace, treat the states of blocking
subspaces with the multiplier factors derived from the dgeahservice time distribution, as if it
were true in the whole state space.

Considering these, the main heuristic idea is to define afmeddrersion of (3.20) recursive
formula. The modification considers the multiplier factappearing in (3.20). Namely | use the
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load dependent multiplier factors defined above. This m#daatsvhen adding an element in the
recursion,F; is not constant, rather its value for channel occupancyavald r; is used. This
approach will not provide exact results, as this is basedrodyzt form approximations, but as
we describe it in Section 3.5 the results have reasonablil smar.

Thus I introduce the modified version of Kaufman-Robertsnfigla, applicable for approx-
imating occupancy probabilities in the multiclasy' PH/C, queue with phase dependent ca-
pacity requirements. The following formula is expressethwthe parameters of the current
application in this thesis, namely the model of a mobile auwtill.

| definep(m) andp(m), the relative and the normalized probability of thatamount of
capacity is occupied in equilibriungi(m) is computed ag(m) = 0 for m < 0, p(0) = 1, and

form >0
(k) (k)
pm) = S5 S i(m — Y FON i — P 4 pm — e FOH (g — )
(m) = p(m) — (3.22)
% p(m)

This recursive formula, along with the definition of the nplier factor (3.19) are the main
results of all the modelling work and queueing system dedimitUsing (3.19) and (3.22) allows
the determination of channel occupancy probabilities effigiently, despite the huge state space
of the model.

3.4.1 Performance parameters

Here | present the key session level performance indic#ttatsallow the characterisation of
the radio network. If the channel occupancy probabilitiesgiven as (3.22), the performance
parameters of the system are calculated as follows.

The call blocking probability in case of applying policy I fatypek call initiated in the cell

(k)
Ng Co

PN =Yg ST pim). (3.23)
k

i=1

The same measure for handover calls is calculated anallygous
If we denote the minimum possible capacity requirement gfpa k call with <" the call

man?

blocking probability for a typé: call initiated in the cell applying the second admissiongol
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has the form of:
N o

PPN =g ST pim). (3.24)

i=1 m:Ck,,N—c(k) +1

min

The channel utilization is simply given as:
Co
0= Z m - p(m). (3.25)
m=0

3.5 Numerical results: Analysis of UMTS downlink channel

The analysis presented in this Section is accomplishedderdo examine the performance
of 3G UMTS radio interface in the downlink direction, withetlmodelling framework and ap-
proximate analytical method proposed in the previous 8esti Results were compared to that
of simulations.

3.5.1 Overview of basic UMTS radio operation

In order to understand the assumptions applied here, aihtreduction to the operation
of UMTS radio interface is presented in this Section. In diimkndirection the UMTS uti-
lizes OVSF spreading codes to provide channels with diffeb&rates to different customers.
The time is divided into frames df0 ms length, each containirg$400 complex chip symbols,
feeding a QPSK modulator. Because of the four level modanaivo symbols are transmitted
during a chip period, resulting in the doubling of the effeetchiprate and corresponding bi-
trates. For every user a spreading code of the Walsh-Hadacodes (OVSF codes) is selected.
UMTS data is transmitted through dedicated physical chiantieat are realized by means of a
selected Walsh-Hadamard codeword for the user (theollgtivare codewords might be used
in parallel to define higher rate physical channels, buttpralcsystems do not support this op-
eration, however the HSDPA extension fundamentally costéie use of more codes creating
a single high-speed channel). The complex spreading iste#dy achieved by applying two
OVSF codes on the real and imaginary branches of the QPSK latamtu These codes can be
generated recursively using:
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Figure 3.5: Code tree and code assignments

and

W, —W,
W'i = )
Wi Wi,

where each row of matri¥¥; contain a spreading code of lengthchips. The maximal code
length assigned to a user in UMTS downlinlGik2 chips (per bit), resulting in the transmission
of 2-75 bits per frame, i.e. a rate @b kbps. The shortest applicable code is of lengtresulting

in the transmission of9200 bits per frame, namely a rate 920 kbps. The set of assignable
codes are often represented using a code tree, where themeaa codes. The tree is generated
recursively similar to the code matrix: placiig ; = 1 code in the root, the descendant codes
of codej at leveli (C; ;) — meaning one of the codes of length- areC; 1 5;1 = {C;;; Ci;} at

the left branch and’;.. »; = {C; ;; —C; ;} at the right branch. This tree view has the advantage
of showing the so called code blocking phenomenon. Namelyah Walsh-Hadamard codes
are orthogonal, but those that are not ancestors or desusnofaeach other. This means that
in any moment the codes allocated to users may not be aghibnar just orthogonal codes, to
assure separation of different users’ signals at the recefigure 3.5 shows an example of code
tree with maximum code lengtt6. As it is clear from the composition of codes, if we denote
the maximum theoretical bitrate (achieved by using ledgtiode, i.e. no spreading, only one
user is serviced at once) by, then a code with length’ (codeC; ;) results in a bitrate? /2"

At any moment the code allocation results in the total ratallbfustomers being less thdt)
namely ifn; connections use codewords of lengththen)". n; - R/2" < R. But due to the
nonorthogonality of Walsh-Hadamard codes of differengtes a code allocation may happen,
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where the total rate of customers is low enough to admit one mestomer with higher rate (i.e.
shorter code), but this cannot happen because of the lackebfthogonal codes. In Figure 3.5
an example is shown, with the assigned codes denoted by dddsn Here the total occupied
rate isR - % but no more connection with code lengilfrate R - %) can be admitted because
of code blocking. Thus code blocking is the phenomenon thsgegwhen sufficient capacity is
available in a CDMA system, but connections with certai@sanay not admit because of the
inefficient allocation of spreading codes. Returning toeékample of Figure 3.5, assigning to
one of the low rate users codg ; or C ;5 instead ofC, , would free code’; ;, allowing a new
connection with code lengthto enter the system.

It is clear that optimal allocation of codes can vanish cddekings, but this require the re-
arrangement of the code allocation scheme after a codeasghged (transmission terminated).
Regarding the situation presented at Figure 3.5 it is clealr when code&’, ;¢ is disengaged,
then reallocating’, 15 andC 16 instead ofC, , and C, 4, makes two codes of lengthor one
code of lengtht available. The problem of optimal assignment and rearnaege of codes was
addressed in several papers, e.g. [78], [105], [106], [1QDB].

In our numerical example we suppose that optimal channigiisaode assignment and reas-
signment take place, therefore code blocking does not mappe described here, the space of
orthogonal spreading codes can be viewed as the capacitydfles carrier in a cell. However,
as it will be detailed in forthcoming sections of this digagon, this is not the only dimension
of the capacity. In reality, the finite base station trangmoiwver is the bottleneck capacity of a
cell, due to interference caused by neighboring cells atfdrgerference that occurs in mul-
tipath environment, due to the loss of perfect orthogopdigtween OVSF codes. However,
for this particular set of results | consider only the codpazdty of the system, interference is
not taken into account, therefore the following resultsdealing with the theoretical maximum
performance of an UMTS carrier. Thus, these examinationsider the case when radio en-
vironment is "friendly” (flat area, users dwelling mainly ihe Node B’s vicinity, no multipath
effect, abundant Node B power).

In practice in the UMTS downlink traffic channels and dedecdadignalling channels are time-
multiplexed, meaning that each frame carries a number fiicteend some signalling bits. In the
following example we suppose that if a source requires angikgnsmission rate, that includes
the necessary signalling information as well, hence thaaaprequirement of a transmission
is given by the necessary gross physical bitrate, contgusignalling, channel coding and other
overheads. Moreover, in UMTS it is not allowed to exploit tb&al downlink capacity by user
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Figure 3.6: Capacity occupation in lightly loaded cell

traffic, since some codes should be preserved to createsagimailing channels. Here we neglect
this, so all the capacity can be used by traffic. But the etdéatignalling channels can easily
be included in the proposed modelling framework, namelyéddjirgy the maximum amount of

capacity that connections of any class may occupy smalker tiine total capacity.

3.5.2 Parameters used in the analysis and results

Here | present all the actual distributions, parameterscastbmer types that were used in the
analysis as well as numerical results of actual investigati| examined a cell with the proposed
modelling framework. User mobility was described by residdwell times and dwell times.
These were modelled to follow lognormal distributions asas suggested in [63]. Here | chose
lognormal distributions with meartsb5 and8.84 minutes and variancdss.6 and33.9 minutes
for residual dwell time and dwell time respectively. Motyldescriptors were the same for each
class and the distributions were approximated by propérbgens phase PH distributions.

| supposed three types of connections:

e The first type is speech, that lasts for exponentially distad time with mea minutes
and generates traffic of exponentially distributed spuriss&bps (corresponding to codes
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of length512) and exponentially distributed silence periods (no trassion), i.e. a clas-
sical ON-OFF model. In practice, the traditional AMR (AdaptMultiRate) voice codec
of UMTS generates speech data at the rate2df kbps maximum, requiring the use ©f
kbps physical bitrate, and the constant occupation of a@sponding channelisation code
of length128. However, in this example | supposed VoIP transmissior) ibw data rate
predictive voice codec with activity detection, hence tbguired low physical rate and the
simple ON-OFF structure.

e The next type is streaming video, with normally distributkdation, approximated by
a proper8 phase PH distribution for new connections, and a PH resiskesdion length
calculated by the method described in Chapter 4. StreanmdggpVs supposed to generate
traffic at constant physical rate @fl0 kbps (meaning the spreading factor3ig). This
bitrate corresponds to a low resolution and low frame-radew transmission o6 kbps
and the attachett kbps voice stream with channel coding.

e The third session type is interactive data session, thaetdaan exponentially distributed
time with meanl5 minutes, generatind380 kbps (code length6) bursts that last for a
Weibull distributed time with mean arourid5 second and OFF periods that are also
Weibull distributed with mean half minute (this kind of soarmodel was suggested in
[92]), both Weibull distributions are approximated byphase PHs. Thé30 kbps physi-
cal bitrate corresponds told4 kbps data bearer service, that has robust channel coding.

The analysis an UMTS downlink channel with such connectigre$ was carried out by the
proposed approximate Kaufman-Roberts method and comgintetations. During simulations
the user descriptor times were simulated according to fitesd PH distributions, therefore the
results contain the inaccuracy introduced by the produat fapproximation, not the PH fitting.
Moreover, in real life problems the adequate method of obigiuser describing distributions is
to fit a PH distribution according to measured or simulatad,d@amely other distributions that
appear in the literature are also risen as approximationezsurement data and the ability of
arbitrary PHs to approximate an unknown distribution igdyathan that of a special distribution
(e.g. Weibull, lognormal, etc.). The reason why we describe original supposed distributions
is to show that the presented framework is applicable foluewimg arbitrary scenarios.

In Figure 3.6 the channel occupancy probabilities of the W BvIownlink are plotted. In
this system the basic capacity unitlis§ kbps (S 512 codes), therefore it is the unit of the
X axis. The total capacity is the theoretical maximum achid® by no coding, it i§680 kbps
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Figure 3.7: Capacity occupation in lightly loaded cell

in this case. It was supposed that each class new and harmwwvections may occupy all the
capacity and admission control policy 1 (immediate blogkiis applied. The system was lightly
loaded, resulting in a channel utilisation 8#%. Simulations were run fo50000 minutes of
system time, that resulted in approximataly000 arrivals. The system is lightly loaded, shown
by channel occupancy probability disappearing ajt#0 kbps. It is apparent, that the results
obtained by the approximate Kaufman-Roberts method andlations are indistinguishables.
The special shape of the curve is due to the fact that mudtipf€40 kbps occupancies have
the highest probabilities, as this is the rate of streamidgwconnections, as well as half of the
rate of interactive data bursts. To get a closer view, ontfei@u7 a section of the previous curve
is plotted. The results obtained by the two methods are dlidestical, as it was anticipated
in a lightly loaded system. A system with heavier load, riisglin a 72% utilisation is also
evaluated. Channel occupancy probabilities are presemédgure 3.8. The simulations were
run for 17650 minutes of system time, resulting again in approximas@lj000 arrivals. We can
see that under heavier load conditions the approximateadetlorks with less accuracy; we
anticipated this since the probability of blocking sub<gmincreased in this case. However,
this accuracy is still reasonable and results in just a stigference in performance parameters.
It is apparent in Figures 3.6-3.8 that the channel occupanalyabilities are plotted with solid
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curves, despite the discrete possible values of total eedugapacity. The solid plot was chosen
for better visibility purposes. The plots are created usimgbps granularity of the capacity axis
(because this is the smallest unit the occupied capacityahagge with). Thus, the reason of
zero occupancy probabilities is that especially in lightlyded cases the probability of occupying
that amount of capacity is close to zero. Naturally, FiguBeshowed an example when load is
heavier, here occupancy probabilities do not reach zera@jpacity values shown in the Figure).
To get a deeper insight of the accuracy of the approximatéadetve created Figure 3.9,
where the deviation of the approximate results from thatroigation is plotted as the system
load increases. At the original configuration (Figure 3@ inhcoming rate of all classes welre
per minute. As accuracy measure, the left side of Figure [813 phe sum of the absolute values
of the differences of channel occupancy probabilitiesdated by the two methods, i.e. the
measure of accuracyis = ) . [psim (i) — px—r(i)|, Wherepg;,(7) is the probability of having
amount of capacity occupied, obtained by simulationgndz(7) is the same quantity calculated
by the approximate method. Note that this accuracy meassmaply the sum of the deviation of
the results. The accuracy measure is plotted as the ratevodumaé handover data sessions grow
while the rate of other connections remains the same, sigéa&curacy is plotted as the rate
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Figure 3.9: Accuracy of the approximation

of streaming video connections increase, while all othersat change. The case of applying
admission control policy 2 (i.e. rate reduction) on intékecdata sessions (both handover and
newly initiated) is also plotted. On the X axis the incomirgger of both handover and new
connections is represented in all cases, so the arrivawaseincreased from to 7 arrivals
per minute. The results show, that the sum of deviations ofipancy probabilities are around
0.15 under the highest load conditions, knowing that this resa#ts from summing up13
differences indicates the accuracy of the approximaterdifigo. The right hand side of Figure
3.9 plots the average value of the relative absolute difiezs, that isn = } 3, [zl —bin(Ol,
where! denotes the total number of possible occupancy values (bttieiparticular examples).
As it is apparent, when the load is increased by means of thstaot bitrate streaming video
connections, the average relative accuracy stays at@ad- 0.05, because in this case the state
space would rather dominated by the fixed rate connectioaking it similar to a product form
space. On the other hand, when the ON-OFF type data traffierges the load, the average
deviation of the results increase, as it was anticipatedveyer, for very high loads this measure
is still aroundo.1.

Figure 3.10 shows the utilisation of the downlink UMTS chelnas system load increases.
The values obtained when streaming load is increased acdqaléy the same for the approxi-
mate method and simulations, either policy 1 or policy 2 igliol on interactive data. This is
because the state space is governed by the arrival of conastaistreaming connections, making
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the problem similar to a product form one. Thus for this caslg the result of the immediate
blocking policy is plotted. In the case when the rate of dats®ns is increased, the results are
slightly different for the two policies and depend on the meeaf calculation (i.e. simulation
or the approximate method). The right plot in Figure 3.10vghthe relative difference of the
utilisations, calculated by the proposed approximatiahgimulation. Formally, what is plotted
is the amounﬂ%%if*m, whereUy;,, is the utilisation value gained by means of simulations,
wheread/x_y is the utilisation obtained based on the proposed KaufmalmeRs based approx-
imation. Apparently the difference is practically zero wtstreaming load is increasing, but in
case of high data loads the utilisation values differ by thas3 percent.

Figure 3.11 gives insight of the performance parameteiseotfMTS downlink channel with
the described connection types. Both cases of increasipifeand new connection arrival rates
of either streaming video or interactive data sessionsasnaxed. The former case is plotted on
the graphs at the top of Figure 3.11, while the latter is atbthigbom. Regarding the blocking
performance of streaming connections, we may concludesthe¢ no capacity reservation was
applied, the blocking probabilities of handoff and newlifiated sessions are equal.

The effect of applying admission policy 2 on interactiveadebnnections is also evaluated.
Regarding data sessions, the blocking probabilities of aesvhandover connections are differ-
ent, since according to the applied model a new session albayins with an ON burst, while
for handoff connections the burst process is supposed t® teached equilibrium until the in-
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Figure 3.11: Blocking probability of streaming (top) andalébottom) connections

stant of handoff, thus the connection is in OFF state witléigorobability so it is not blocked.
In this case the application of policy 2 on data sources ismaluated, since according to the
definition of the policy this would result always in zero btow.

One may observe the following: if the system is loaded byaasing the streaming video
traffic, the approximate method gives very good results eveter extremely heavy loads. This
is because in this case the majority of the capacity is oeclipy the constant rate streaming
connections and the state transitions are mainly detedrbyethe arrival and leaving rates of
these. So we intuitively feel that in this case the approximgathe system with a product form
solution is more accurate, since having only constant gpécations would result in a product
form solution, thus the modified Kaufman-Roberts methodld/puovide exact results.

57



0.8 0.7
07h o O dataincreased 4 o6l - :
o % data increased, policy2 : fe) O daa |n§rea}sed
z o8 O streaming increased | z ® % streaming increased
e @ streaming increased, policy2 8 o5}
g e
S s
o 0.5 4 5
c £ 04}
2 04r x 1 2
c = L
5 x x 5 03 o
£ 03 5 o
@ R o o O (e}
¢ . o o 2 0l g
% 0.2t b o) g % o]
- °
01l 01y
=] o *
0 i i o L.} [} 'y 0 i i * * * *
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
incoming traffic (arrival/minute) incoming traffic (arrival/minute)
(a) Relative error of streaming blocking probabilities (b) Relative error of data blocking probabilities
0.06 T T T T T T 0.04
o]
0.05 O dataincreased x 0.035f O data increased 7
e % data increased, policy2 2 % streaming increased
% O streaming increased % 0.03}
8 ® streaming increased, policy2 8 o
2 0.04f s
= o 0.025
£ ;]
= =
S S
<} x <}
o 0.03 o 0.02f
£ £
s s
5 & 0.015¢ (o)
o 0.02F (0] o
3 3 *
] x ]
2 o 2 oo1r o
© oot ) © * * *
' ° 0.005 - : 4
: a ) . * o f
a
o 8 o f i o i 2 C? t Q i i i i
2 3 4 5 6 7 8 2 3 4 5 6 7 8
incoming traffic (arrival/minute) incoming traffic (arrival/minute)
(c) Absolute error of streaming blocking probabilities (d) Absolute error of data blocking probabilities

Figure 3.12: Relative (top) and absolute (bottom) errohefdapproximation in blocking proba-
bilities of streaming (left) and data (right) connections

More inaccuracy is introduced when the volume of data tratiigses the cell to be heavily
loaded, since in this case the state space is mainly ruletidyransitions of the general ON-
OFF traffic. Since the system dwells in states near the baftitre state space with higher
probability, the product form approximation becomes lessieate. But we may conclude, that in
a reasonable network the blocking probability of a stregwideo connection should not exceed
0.02, data connections may acceptably be blocked with a bit higtabability, say around.04
and under load conditions resulting in these blocking mesastine approximation still provides
acceptable accuracy.

In the top of Figure 3.12 the relative error of the blockinglmabilities calculated by the
approximation and simulations is shown (again, this is theohlute value of the difference be-
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tween the blocking probabilities obtained by simulationd ¢he approximation, divided by the
result of simulation). The left hand side shows this reagvror for the blocking probabilities
of streaming, whereas the right hand side for data conmectidVe might observe quite high
values approaching) percent, contraintuitively for the case of lower loads. Téason of this
is the following. For very light loads, the value of blockipgobability is close to zero. In this
case a minor deviance, in absolute value, will result to lgé las relative value. As example, if
the simulation results i0.0001 and the approximation i0.0002, the relative error i400 per-
cent, however the difference in actual values is negligibleerefore we might conclude, that the
relative deviations in terms of blocking probabilities nignot be as informative.

For this reason, the bottom of Figure 3.12 shows the absetues in the blocking probabil-
ities. One might observe, that the absolute error can beghsas0.02 — 0.05 for higher loads,
that might seem unacceptably high, as this is the allowegderdor blocking probabilities in a
real network. However, comparing this to the blocking ptuliges itself shown in Figure 3.11,
we can conclude that this high inaccuracy occurs only whersitstem is so overloaded, that
blocking probability well exceeds 1, meaning that presumably no system would be designed to
operate under such heavy traffic circumstances. As cowcipander realistic traffic loads the
proposed approximation gives very good results.

{
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Chapter 4

Calculating the residual session length
distribution

In Chapter 2 the meaning of residual session length or rab@hnnection holding time was
introduced. Itis not straightforward to determine therlbsition of this time. Hence this Chapter
is devoted to the investigation of the residual sessiontledigtribution of connections attaching
to a particular base station via handover. To calculate tinsdistribution of the session length,
the dwell time and the residual dwell time is needed, alonip wopological information on
the cells of the area surrounding a particular examined btad®n. If the residual connection
holding time distribution is derived, the blocking perfante and utilization of the cell can
be calculated, for instance by the method we described iprin@ous Chapter. The problem
analysed in this Chapter is very weakly covered in the liteea Among publications of the
recent years [109] could be seen as dealing with the simit@ylem, but with covering a much
narrower scope.

It has to be noted that for practical usability purposesdimss of using the modelling frame-
work described in previous Chapters) the residuall sedsiogth distribution might be approx-
imated with a simpler distribution, having the same meanwam@nce as of the actual residual
session length, as would not greatly influence the systeel [@rformance results achieved
by the model. However, in order to sketch the modelling fraomi in full details, we see
the determination of the actual distribution of the resldumnection duration as an interesting
meaningful problem, that actually can be solved.

60



4.1 Modelling assumptions

In this Section | present the cellular network in which thidiwing calculations targetting
the resudual session length distribution are carried out.

The aim is to determine the residual session length distobwf handover customers arriv-
ing to a particular base station in a cellular system. Thkileelstructure is supposed to have
the following properties. It consist of several homogersecells, meaning that the dwell time
and residual dwell time distributions are identical in alls of the examined area. This propo-
sition models the case when the network covers an area wigtlyridentical or similar radio
environments and with base stations transmitting with egoaers, hence the cell sizes are
equal, moreover the users’ mobility patterns and speedslangical from the resulting dwell
time point of view. However, the generalisation of the faliog calculation with different dwell
time distributions is possible.

Naturally, the dwell time depends on not only the cells battilpe of users roaming through-
out the region (e.g. pedestrians, slow vehicles, fast \&hietc.). In case of several customer
types in terms of mobility, the following analysis should deried out for each type indepen-
dently, since we propose that a customer does not changelisityiclass during a connection.
The following paragraphs suppose a single session lengthldition as well, although this
parameter may also depend on the connection class. Asstimaittpe connection type of a cus-
tomer does not change during transmission, the preseni@datéon should again be performed
for all classes independently.

We suppose that for a given mobility and connection clas®tisea maximum number df,
so that the probability that a customer performs more thhandovers is negligible. Therefore
the residual session length is influenced only by those telscan be reached by less thian 1
handovers from the examined cell. There is no restrictiothershape and nearness of the cells.

The mobility of the users was described by the dwell time$iwit cell, but for the final
goal the movement between cells must also be characterizledassume that while roaming,
a mobile enters cell after leaving cellt with probability I1;,;, regardless of its previous route
among cells. These values are collected in routing mairixObviously those entries of this
matrix that correspond to not neighboring cell9is

One more parameter is needed, that is the distribution afiedion initiation among cells.
Namely, a probability vectoB is given to describe session initiation density in the regiith
B; meaning the probability that if a new session is initiatethimarea that happens in cell
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Customers of a particular mobility and connection classcai@acterized by their session
length distribution. Its distribution function and prolilélp density function is denoted by'(z)
andf(x) respectively, the same descriptors of the dwell times asidueal dwell times aré/(z),

g(z), Gr(z) andgg(z).

4.2 Calculating the Residual Session Length

This Section presents the calculation method for the resskssion length distribution, for
general distributions and for phase type distributions el w

4.2.1 General Distributions

Let us consider the event that a mobile customer attaché®texamined base station after
completing itsith handover. This means that a residual dwell time plasl dwell times have
elapsed after the instant of connection initiation. Les tithe be denoted by and its density
function by ¢ (x). In this case the residual session Iength§f§ = 75 — 7, whererg is the
session length amﬁ{ is the residual session length conditioned on the case \ilgszohnection
arrives after theéth handover. First, we are interested in the distributiorcfion ofrs(f%{, that is

Pr(r® < 79 <t +70)
Pr(rg > 7))

B (1) = Pr(r}, < £) = Pr(rs — 79 < t]rs > 70) = (4.1)

After the expression of probabilities in (4.1), we arrivethe distribution function of the
residual session length supposing that the connectioreamvia itsith handover is

() — F(@)g® (x)da
Jo (= F)g(a)de

The next goal is to derive the probability of the event thatrmoming handover is thé&h cell

FO(t) (4.2)

change of the connection. If this quantity denotedpby is given, then the resultant residual
session length has the distribution function of

1

Fr(t) =Y p - BO(1). (4.3)

i=1

Assuming general dwell time distributions one may have twtioms to calculatey”)(x) of
equation (4.2). One is to perform multiple convolutions loé pdfs of the residual dwell time
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and: — 1 dwell times, i.e.

99(x) = gr(2) * g(x) * .. x g(2). (4.4)

The other option is to determine the Laplace transforms efgtfs of residual dwell times
and dwell times (denoted b¥/g(s) andG(s) respectively), multiply them and inverse Laplace
transform the result:

gV (x) = L7 {Gr(s)- G(s)'}. (4.5)

In most cases both approaches and therefore the calcutdt{d2) can only be performed nu-
merically, thus aIlFF(f) (t)-s of (4.3) will be available as series of numerical data. éftheless
one would need the distribution function in analytical fotonperform further system analysis.
The solution may be to fit some distribution to the resultamharical data and use this. More-
over, convolutions and numerical Laplace transforms areeraime consuming tasks, requiring
huge amount of computational capacity.

4.2.2 Phase Type Models

By applying the family of Phase Type distributions as moaélhe dwell time and session
length distribution, we may overcome some drawbacks of teeipus calculations and the dis-
tribution function of the residual session length will be#able in analytical form and ready to
use in analytical system models.

Let us denote the parameters of the PH distributed sessigthleyl, L andL’. Substituting
the distribution function from (2.7) with these parametats (4.2) we get:

F(i)(t) _ foool el b g®(x)dr — fooo 1eLt2) L g (2)da _
R J’OOOL celr . . g(i) (x)d:zc @)
R R A GO Ty |
foooé. eLz . - g)(z)dx

By comparing this with the distribution function of the PH{Pwe may observe that the resultant
distribution is also PH, with the same phase structure a®tiggnal session length has, only
its initial probability vector changes. If we denote thetiadi probability vector of the residual
session length distribution of a connection given thatrivad after itsith handover bﬁ? we
get

0 _ J’OOOL 7 g(z‘) (z)dx |
“R foo [-elr . p. g(z‘) (x)dx

0 =

(4.7)
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D,%-d,

Figure 4.1: Composition of sum of PH distributions

It straightly follows, that in this case the resultant resibdsession length differs from the con-
nection lifetime only by means of its initial probability e#®r, and instead of (4.3) one has to
calculate

I
=Y p? 1, (4.8)
=1

where agairp® denotes the probability that a customer arrives afteitfitdrandover. Now we
see that after performing these calculations the PH reksdisaion length is known in analytical
form, with parameterg;, L andL".

Modelling the dwell time and residual dwell time by PH distriions also makes the calcu-
lation of ¢ (z) of (4.2) easier. Namely, the sum of two PH distributions &a@PH and can be
composed as follows: the absorbing state of the first PHibligion is replaced by the phases of
the one we want to add. From each phaséthe first PH into each phageof the added PH the
transmission rate i®) - d;. Figure 4.1 represents an example of adding two identical With
3 phases. We denote the parameters of the PH distributedltiweby d, D andD", that of the
residual dwell time byl,,, Dy and D%, hence the former denotion in the Figure. Considering
this method of adding up PH distributions, the sum of a redidwell time and — 1 dwell times
(that has the density functign”)(z)) is also PH distributed. Let us denote the number of phases
of the dwell time byNp, that of the residual dwell time by, g, then the summed distribution
obviously hasNp r + (i — 1) Np phases. The initial probability vector of this distributies
d¥ = [dy 0], where( is a row vector containingi — 1) N, zeros, its rate matriD is a
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hypermatrix with the following structure:

Dy Dyp-d 0
0 D D°.d
DY =
0 0 .. 0 D D°.d
0 0 .. 0 0 D

The column vector containing the rates into the absorbiatp sif this summed PH ha$é, g +
(i — 2)Np zeros and the elements Bf at the lastN, entries. When calculating (4.2)(% ()
has the form of (2.7) with these parameters.

4.2.3 Determining handover probabilities

To calculate the quantity® of (4.3) and (4.8) we have to consider how a user can arrive
to the examined cell (without the loss of generality thid etlenoted by number from now
on) after having initiated handovers. Let us denote the minimum number of handovets tha
is necessary to reach célfrom cell k by H(k,[), this can be viewed as the distance of cell
and celll. Itis clear that only those customers may arrive to the erathcelll after theith
handover that initiated their connections in deflo thatH (k, 1) < i. The series of cell numbers
a customer follows during its roaming to celis referred in this document as a route. A route of
lengthi (i handovers) from celt to cell 1 is stored in a vector of length+ 1 and is denoted by
r@ (k). For instance, a route of lengiifrom cell 4 to cell 1 may ber® (4) = [4,3,2,5,2,1] as
it is depicted in Figure 4.2. Obviously follows from the pi@ysly described mobility model of
customers that a particular cell may appear several timasoate, moreover the target cell may
appear in the route not only at the last position. The prditalinat a mobile follows a route is
the product of the corresponding elements of the routingimBE described above:

Pr(c®(®) = ] T L0409, (4.9)
j=1

Using these network information, we are interested in tlobdability that when a handover
connection arrives to cell, it was the connection’gh cell change, this quantity was previously
denoted a®”. To determine this, we should note that since this systerarithesl is ergodic,
thus:

(4) %

_ , 4.10
P Nuo (4.10)

65



Figure 4.2: An 5 handover route to cell 1

WhereNI({% denote the number of connections that arrive to the refereatt after theith han-
dover andNyo is the total number of handover connections. Let us follovawappens if a
large number ofV connections are initiated in the system. It is clear tNatB,, - Pr(rg > 7))

of them will be initiated in cellt and last long enough to initiate at leadtandovers (the last
term in this product is the probability that the session tloras longer than the sum of a residual
dwell time andi — 1 dwell times). To determine the number of those, that arrvehe refer-
ence cell from celk following any route of lengtli (denoted byV, ;), this expression should be
multiplied by the sum of probabilities of all lengilroutes from celk to 1. That is:

Nii=N By -Pr(rs > 7). Y Pre(k)) (4.11)
all 1 (k)
As last step, these quantities should be summed up for adifdescellsk, namely those cells
that are closer than distant® the reference cell:

Nip=N- > Bp-Pr(rs>7D) > Prr®(k)) = N5, (4.12)
k:H(k,21)<i all r(9 (k)
wherep® is the simple denotion of the fraction of connections thatare interested in. The
total number of handover connections will be simply the stifd d.2) for all possibles, namely
as we supposed that initiating more thahandovers has negligible probability, the sum is for
alli < I:

Nuo=N->_ Y Bp-Pr(rg>7D) Y PreWk)=N-> p%  (4.13)

i=1 k:H(k,1)<i all () (k) =1
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As consequence, the probability in question is:

20 — NI({% B > kr(ky<i Br - Pr(rs > OED P () (k) Pr(r®(k)) o p®
- - T . ; - T ~
Nro Zj:l Zk:H(k,l)gj By, - Pr(rs > 7)) - 32, ) (k) Pr(r0(k)) Zj:l pyv

To calculate this, along with network topological and mitpitescription parameters we
need:

Pr(rs > T(i)) = /OOO (1-— F(x))g(i)(x)dx, (4.15)

that is calculated using the results of the previous sectdow given every necessary expres-
sions, the residual session length is calculated accotdi($3) or (4.8).

4.3 Special scenarios

Before showing some calculated residual session lengthldigons, | investigate two spe-
cial network layouts.

4.3.1 Motorway model

The firstis a linear series of radio cells. This layout is thexled of the part of a radio network
that is covering a motorway. Customers are moving in eitlirexction, but do not change their
heading during movement. This means that from eachictiere is only one route to cell
and that is of lengtti (k, 1). We suppose that mobiles initiate new connections evendaah
cell, that isBy, = ﬁ = B. We assume that the traffic is not balanced, namely mass nemtem
of mobiles may point to one of the two possible directionsr Eothis means that a customer
that initiates new connection travels in one direction witbbability . In this case (4.12)
gets a much simpler form, since a user may arrive to kelteri handover only if it initiated
its connection in either of the two cells that are exactly istahce:; from cell 1 and the route

probability is simplyP, or 1 — P,. Thusp® from (4.12) has the form:
P =B-Py-Pr(rs>t9)+ B (1= Ry) - Pr(rs > 7%) = B- Pr(rs > 1) (4.16)

for everyi < I. Substituting this into (4.14) we get:

Z§:1 Pr(rg > 700))

P (4.17)
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4.3.2 Homogeneous hexagonal layout

The other investigated scenario is an area covered by hameogs hexagonal cells. This
means that new connections are evenly distributed in tlee 80#3, = B for every cell. In terms
of mobility, the homogeneity means that from each cell thdireanight move to any other of
the six neighbors with equal probability, thatlig;, = % for each neighboring cells and!.

In this case all routes of lengthhave probability(%)i. When calculating (4.12) the total
number of all the routes of lengthstarting from the cells: and ending at cell is needed.
Clearly, these routes might begin in a celthat is within thei distance vicinity of celll (i.e.
H(k,1) < 7). To determine the number of these, a simple change of direchelp. Namely
the set of such routes is the same as the set of all routesgthlethat are initiatedrom cell 1.
Since in all step$ possible destinations are available, the total numberdf soutes i$¢, each
with route probability of(%)i.

Therefore (4.12) gets the simple form of

1\ 4
p() B-Pr(rg > o Z Z Pr(r (Z = B-Pr(1s > T(Z))-6Z (6) = B-Pr(1s > T(Z)).

k:H (k,1)<i all (k)

(4.18)
Substituting this into (4.14), we arrive to 4.17 that is wednthe same result as with the motor-
way model case! We may conclude that in this two unique scen#re residual session length
distribution is equal and is affected by the customer dbswitimes only, because of the special
cellular topologies.

4.4 Numerical results

The method was tested in an environment containing stanuaxdgonal cells that were
homogeneous in terms of the dwell time and residual dwek tthstribution of users roaming
in any of the cells. The residual dwell times and dwell timesevmodeled to follow lognormal
distributions as it was suggested in [63]. Here we chosedogal distributions with means55
andg8.84 minutes and variancelss.6 and 33.9 minutes for residual dwell time and dwell time
respectively. The connection holding time was supposedlm$ normal distribution with mean
7 variance2 minutes. In this example this was supposed to model lengthart streaming video
connections, e.g. trailers, video clips or commercialsthwhese parameters the probability of
initiating more than five handovers (i.e. the probabilityagndom normally distributed variable
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being greater than the sum of five lognormally distributedaldes with the above parameters)
was negligible. For this reason the area under investigatantainedi1 cells (cell 1 in the
middle and surrounding cells not further th@n The routing probabilities among cellH ),
as well as the connection initiation probabilities in céls) were chosen randomly, but strictly
not uniformly. The resultant routing matridI) was used as the connectivity matrix of the
graph description of the area, with the nodes representiagells and the edges representing
the borders of neighboring cells. An auxiliary algorithmsaagpplied to find all the routes to the
given cell with length less than six, and their probabisitie

The distribution of the residual of the normally distribditeonnections was computed in
this scenario. The results on one hand were obtained bylatifayg”) (x) of equation (4.2) as
multiple convolutions. On the other hatgphase PH distributions were fitted to the original
lognormal dwell time distributions and &phase PH to the normal session length, with the
EM algorithm [44]. The pdfs of the original and fitted disuitibns are plotted in Figure 4.3,
It is visible, that the PH fitting of the lognormal distribati resulted in a pdf that is hardly
distinguishable from the original one, while the normakdisition was not approximated very
closely by the8 phase PH. The latter approximation naturally could be irmpddy fitting PH
with more phases, or letting the EM algorithm to run for longy@e. However, for demonstrating
the validity of the calculation this approximation accyrae@s enough and resulted in just slight
degradation in the accuracy of the derived residual sedsiwgth distribution, as it is shown
in subsequent paragraphs. Figure 4.4 plots the probal#itsity function of the residual
session length in the described example system. Besidgsapk obtained by the convolutional
method, the effect of utilizing easier summation of PH randariables is also visible. The
curve labelled by “PH fitting all” plots the density functiar the residual session length if all
the three descriptor distributions were replaced by a fliddas mentioned above and the result
was calculated according to (4.7) and (4.8). The curve lathéPH fitting dwell” presents the
result of the approach when only dwell times were approxathal PH (to avoid time consuming
numerical convolutions) and the session length was takeraiccount with its original pdf. The
Figure presents probability density function, while thetimoel described in Chapter 4 computes
cumulative distribution function. Naturally, the latteag/computed, than the pdf was calculated
by numerical derivation. It is apparent that both PH fittipgeaches result in a pdf that slightly
differs from that of obtained by convolutions, especiallguand time zero. As it was intuitively
anticipated, substituting all three descriptor distribns with fitted PHs resulted in the most
inaccurate result, because of the inaccuracy introducé&Hofjtting. However, with this method
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Figure 4.3: Results of PH fitting

the time consuming numerical convolutions are avoided gowetr, the resultant residual session
length pdf is available in analytical form, thus useful forther analysis, while the other methods
result in only series of numerical data. The Figure contdiesexperimental pdf of the residual
session length, obtained by running a simulator of the dssdrsystem as well. This curve
was generated during simulating the motion and sessiortHergf customers in the area and
after recording the remaining connection holding tim&@#00 handover connections into the
examined cell.

The cumulative distribution functions obtained by the fapproaches are also depicted in
Figure 4.5. In this graph the slight differences are lessaegq, and the cdf obtained by simula-
tion is practically equal to the one obtained by the “PH fgtdwell” approach.
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Chapter 5
Capacity and performance of 3G systems

In this Chapter | focus on the capacity issues of the 3G raderfiace. The radio access
technology of the UMTS (Universal Mobile Telephone Systér)ased on a spread—spectrum
method, namely WCDMA (Wideband Code Division Multiple Assg Due to the inherent
properties of CDMA access, users cause interference toaheh when transmitting, or being
transmitted to. This results in the phenomenon, that theagpof the radio interface, the
radio coverage and carried traffic are strongly coupled ametdd on each other. The previous
investigations of this Thesis were focused on the case wiegdpacity of the radio interface
is given. This Chapter rather focuses on taking into acctlumteffect of interference, hence
examining the effective capacity of 3G systems, but the pwetan be directly generalised to
any other CDMA system. Besides Release '99 UMTS radio iate;fthe HSDPA (High Speed
Downlink Packet Access), defined in Release 6 of the 3G stdadamily is also examined.

5.1 3G radiointerface

In Section 3.5.1 the basic operation of UMTS radio interféoeterms of usage of OVSF
codes for defining physical carriers) was described. Herwdstigate more on the properties
of the radio interface and HSDPA extension, for the sake tteb&lescription of the issues
investigated in this Chapter.

As mentioned earlier, in downlink direction the physicalffic channels of different users
are separated by giving different orthogonal codes to ehahrtel. Since these are orthogonal,
theoretically the transmission to other users does noedatesrference at the receiver. However,
due to multipath propagation of radio signals, reflected poments with different delays and
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different attenuations are added to the main componeneateiteiver. Since OVSF codes are
orthogonal only if all codes are chip-synchronous, the cédle signals lose orthogonality at the
receiver, effectively causing interference. The resulthid multipath effect is that each user’s
signal cause interference to each other user in the celgower the pilot and control channels,
as well as the reflected components of a given user’s own lusighal cause interference. This
happens even if rake receiver is applied (used to mitigaex symbol interference). This ef-
fect is usually taken into account by means of the orthogtyi@ctor (OF)p. In the literature
the supposed values pfare between.5 and0.9, accounting for bad multipath conditiornsdgr-
thogonality would mean the complete loss of orthogonaldyood channel (OF means perfect
orthogonality, no multipath effect, no intra-cell interdace). It is intuitively not surprising, that
in practice the orthogonality factor is not constant, btihea time variant and also depends on
the receiver’s distance from the base station (the grela¢adistance, the more serious multipath
effect may occur, causing the OF to decrease as functioreaditance from the base station).
Thus the determination of the orthogonality factor itseldddressed in the literature quite often
[110][111][112][113]. In [111] the authors revealed thlae tmedian of the orthogonality factor
decays with the distance according to the following simptection:

1

=5 (5.1)

p(r)

where the distance from the base station is expressed in kilometers @nd 2.9 value was
suggested in the paper. Later in this dissertation | useettpsession to describe the distance-
dependency of the orthogonality factor.

It is easy to see that the OVSF spreading codes (channefisadides) are not enough for
UMTS operation. As the OVSF codes are not orthogonal if ciffié signals do not arrive to the
receiver synchronously and uplink transmission of UMTSassynchronised among the users,
OVSF codes are inherently not capable of differentiatirgguplink channels of different users.
Hence, another type of codes, the so-called scramblingscargealso used to separate signals of
different terminals in uplink direction. These are frao8mf long pseudorandom codes, having
good orthogonality (cross-correlation) properties. Viditith a second coding of the signal (that
does not spread the signal spectrum anymore, it's chipsateeisame 3.84 Mcps as that of the
channelisation codes) in uplink all other terminals’ sigreuse interference to a particular user,
with an effective interference power reduced by the prangsgain, or spreading factor of the
transmission applied for the user. The OVSF codes are usgdate different physical channels
(signalling and data channels) of a terminal. In downlihle, same quasi-orthogonal scrambling
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codes are also used, but the role is to differentiate theabifrcells (sectors) that use the same
carrier frequency. This means that unlike in 2G, in 3G theesaarrier frequencies might be
used in neighboring cells, and the cells are identified bfedsht scrambling codes. Naturally
this cause the level of interference to increase: each heigig cell's (supposing that they use
the same carrier frequency) total transmit power adds updddtal interference of a user. It
is easy to see, that in both uplink and downlink, users anid ee¢ coupled by means of the
interference caused to one another: if power is increasedtigate interference, this will force
the neighbors to increase their powers. Thus, the maximupubpower of the base station in
downlink, and the maximum power level of users in the uplirkthe limiting factors of system
capacity.

In both uplink and downlink direction power control is pregeo avoid unnecessarily high
transmitted powers and therefore unfair access to the cdionel due to the near-far problem
and to mitigate the effect of fast fading on the channel. R@wgtrol ensures that the transmitted
powers are enough to maintain the necessary signal to enteide ratio (SIR) for each user.
Fast power control is performed in evan667 ms, that is in every UMTS slots. In downlink
direction this means that prior to modulation each usensil®yls are multiplied by a factor that
results in the difference of the transmitted power targgthe given user. This means that in
downlink, the total output power of the base station has tmeenodate not only the power
requirement of different dedicated traffic channels, big gower adjustment on each channel
as well. Moreover, the output contains the power of pilot aadtrol channels and that of the
extra dedicated channels of soft-handover connectionghé&mnore, if HSDPA is deployed, the
shared channel carrying HSDPA traffic also requires trassiom power.

As a conclusion, it is apparent that the RNC (Radio Networkt€@iler) device of the UMTS
system performs the distribution of radio resources altimget dimensions. One dimension is
the number of channelisation codes, allocated in discned@tifies. The other dimension of the
radio capacity, the transmit time is also discrete, as tnesmission time is usually allocated in
10 ms frames (or multiple20 ms, 30 ms). The third dimension is the transmission power, that
can be viewed as a continuous resource.

5.1.1 HSDPA operation

Release 6 of 3GPP standards introduced the new HSDPA (Higéd3pownlink Packet Ac-
cess) services. The goal was to increase the download r&tMoss (theoretical maximum of
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1920 kbps using one channelisation code, in practice typicallykbps) with almost an order of
magnitude, to the theoretical maximumiaf.4 Mbps. The theoretical maximum term refers to
the fact that the transmission rates cited here are the $tigiohievable bitrates of the physical
layer. The motivation was that currently widespread ajgpilins generate bigger mass of down-
link transmission than uplink. Latter in Release 7 the hpgied uplink extension of the standard,
the HSUPA (High Speed Uplink Packet Access) was also defined.

The main features of HSDPA compared to Release’99 are tlmnioly. Transmission is ac-
complished on a shared channel (High-Speed Downlink Si@inednel, HS-DSCH), in contrast
with the dedicated channel approach of Release '99 UMT8datih a shared transport channel
is also part of the original standard). On HS-DSCH the lemjtbhannelisation codes is fixed
to 16. Multiple channelization codes can be clamped togetherdate a single transport chan-
nel, namely a single transmission uses these codes pgraileirder to multiply the achievable
throughput. The maximum number of parallel codes,i$0 or 15, depending on terminal and
base station capabilities. Code multiplexing might be aplly present, meaning that within
a transmission interval more users are served parallelyy usfferent subsets of the available
channelisation codes.

The channel is distributed among userims frames { UMTS slots). The scheduler is
placed into the base station, in order to reduce round tniye ttompared to original UMTS
standard, where the scheduler sits at the RNC. The schetledetes which user gets the next
2 ms time frame and chooses an appropriate transport forntase@md a frame on the shared
channel. The transport format is described in terms of thebar of parallel spreading codes
used, the channel coding and the modulation. Hence, forengnansport format, the number
of useful payload bits is determined. In case of HSDPA, tleeafd 6 QAM modulation is also
allowed, resulting in the doubling of possible physicadalitrates.

Considering the explanation of Section 3.5.1, we may catectiat a HSDPA channelisation
code of lengthl6 provides480 kbps physical bitrate. As HSDPA allows the concatenation of
maximum15 such codes antl6 QAM modulation, hence thg0 fold highest physical rate of
14400 kbps mentioned earlier in this Section.

Changing modulation, coding and number of channelisatiates is the channel adaptation
mechanism of HSDPA. This approach is used in contrast tgfaser control, to comply trans-
mission with changing channel and interference charatiesi Channel adaptation is based
on the user terminals’ constant report of the channel qualihere are separate uplink control
channels, where users send their experienced CQI (Chanmadityindicator) based on their
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max resource (power, code)

HSDPA

UMTS

time
Figure 5.1: Resource sharing between UMTS and HSDPA

measurements on the common pilot channel. A given CQI valdetlae terminal capabilities
determine the transport format the base station shouldweghdAccording to the standard, the
reported CQI and corresponding transport format must erthkeluser to receive and decode the
HSDPA frame with frame loss probability less theén. The values of CQI may vary between
0 and30, ranging from very bad channel with no chance of transmisgovery high signal to
interference ratio, allowing the transmission of leasusil{thus highest useful bitrate) formats
with maximum number of parallel codes.

In order to achieve the highest spectrum utilisation, HSIBBA operate together with con-
ventional UMTS services on the same carrier frequency.ignddise the HS-DSCH channel gets
the power that is remaining after satisfying all UMTS detkdachannels and the remaining free
spreading codes of lengilé. Thus HSDPA operates on the remaining resources left unused
UMTS. Figure 5.1 shows this basic resource sharing policgaldgous idea is present in 2G
networks: GPRS service may use the time slots left vacaniéY¥siSM services. As in case of
2G, where time slots might be permanently allocated for GR&8c only, it is possible that the
operator pre-configures some resources (powern 6Séodes) for only HSDPA use, in order to
maintain a minimal HSDPA capacity. Moreover, some manuf&es’ systems are not capable
of dynamically allocating remaining resources to HSDPA, fbuassignment must be used, or
even separate carrier frequency must be dedicated to HSBIRACcas. Clearly, the best spec-
trum utilisation is achievable in case of common HSDPA/UME®&iers, thus my investigations
will focus on this operation. However, if HSDPA traffic is pent, this also increases interfer-
ence level at UMTS terminals. Thus, the remaining total pave@not be allocated to HSDPA,
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since the power level of UMTS traffic must also be increaseel twuthe interference induced
by HSDPA. Primarily HS-DSCH channel is transmitted with #ilewed remaining power level.
However, there is some form of "hidden” power control in HDRamely when the channel
is very good (high CQI), the system would transmit with higtrdte transport format, it may
happen that the scheduled user terminal is not capable eivieg transmission over0 or 15
parallel codes and/drt QAM modulated signals. In this case the high CQI value natifiee
base station to reduce its transmission power with a givesuatrand this reduced power is still
enough for the user to decode its signal.

Along with the channel adaptation, error free transmisssoachieved by means of new
ARQ mechanism in HSDPA. The so-called Hybrid-ARQ uses cltasebining (the erroneous
packet is kept at the receiver and combined with the retrétestrone), incremental redundancy
(retransmission is done with a more robust transport forarad selective repeat techniques (just
damaged frames are re-sent within a transmission windowgtease robustness and efficiency
of the retransmission procedure.

The standard define® terminal categories. These are different in terms of thaability
of receivingl6 QAM or not, the maximum number of channelisation codes tla@ydecode, the
number of soft bits they can store for turbo decoding andehjaired time (expressed in number
of frames) between two consecutive receipt of transmit.d&tgure 5.2 summarizes the most
relevant features of different terminal categories. Itgparent, that the useful maximum bitrate
achievable by HSDPA ranges from arousti kbps to12.78 Mbps, depending on the terminal
category. Naturally, these rates are achievable only ia ohgood channel conditions and lone
users. The shared nature of HS-DSCH results in the drop ofithchl transmission rate if other
users are present. As mentioned earlier, the base stasdhéeole of scheduling transmissions,
based on channel quality measurements coming from usensaastdcheduling information. In
the literature there are numerous HSDPA scheduling meshmnisee e.g. [114] and references
therein), but practical implementations usually constieze scheduling disciplines:

e Round Robin Scheduler: the Node B (the base station in 3G@netagy) fairly schedules
timeslots to users, one after the other. This schedulingiisrf terms of even distribution
of timeslots among users, however unfair in terms of recetheoughput. Namely ter-
minals under worse channel conditions will receive lesaddie to the applicable more
robust (thus lower data rate) transport formats. In casdffdrent terminal categories,
this discipline allows the better terminals (with more athed capabilities) to gain higher
throughput.
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cat. |modulation max.codes |inter- |eff.bitrate
tti

1-2 |QPSK/16QAM |5 3 1194.67 kbps
3-4 |QPSK/16QAM |5 2 1792 kbps
5-6 |QPSK/16QAM |5 1 3584 kbps
7-8 |QPSK/16QAM |10 1 7205.5 kbps
9 QPSK/16QAM (12 1 8618.5 kbps
10 |QPSK/16QAM |15 1 12779 kbps
11 |QPSK 5 2 829.75 kbps
12 |QPSK 5 1 1659.5 kbps

Figure 5.2: HSDPA terminal categories

e Proportional Fair Scheduler: this assures fair throughitibution, as scheduling deci-
sions are based on the past actual throughput of the useieyally it means that users
with bad channel receive more frames. If this schedulingp@iad without taking into
account different user capabilities, better terminals matyutilise their more advanced
capabilities, as they will receive much less frames.

e Max CQI scheduler: this discipline schedules the user withldest channel conditions.
This is an unfair approach, since users suffering from hggrference might not be sched-
uled. However, this results in the highest system throughpu

5.2 Capacity analysis

Given the CDMA access of 3G radio interface, capacity, cageland carried traffic are cou-
pled and changing in time. Therefore it is not straightfav@® characterize the radio interface
with a single transmission capacity, given in say kbps. H@akeor rough capacity dimension-
ing purposes, both for UMTS and UMTS/HSDPA cells simple aast methods are needed that
capture the most important properties of 3G radio intertawe derive results for radio capac-
ity. The method described here takes into account usertdititn, cellular topology, different
transmit powers and most importantly the multiservice reatf the UMTS. What follows is a
method that is applicable to answer the following questions

e What is the average throughput of a UMTS carrier, if the add power resource is given?
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e Given an average carried capacity, what is the amount ofubpipwver used? How much
power is allocated to HSDPA services?

e What is the available cell throughput of HSDPA? What is thiei@@ble user throughput
over the edge of cells?

e How does these above parameters depend on user distribNtole B powers, channel
characteristics, interference level, etc.?

5.2.1 System description

The forthcoming analysis is carried out supposing the systescribed in this Section. Ba-
sically the analysis will concentrate on a given cell, hograwe effect of surrounding cells will
be considered. | suppose omnidirectional transmit anteand terrain without mayor obstacles,
resulting in circular cell areas, with the base station mriiddle of the circle. Due to the inter-
ference limited nature and coupled coverage and traffic dfi@Metworks, usually cell size in
UMTS is much smaller than in GSM. The radius of the examindld edenoted withRcell. The
placement of neighboring base stations are determineddingao standard hexagonal layout,
the influence of two rings of neighboring cells3(base stations) will be considered.

The interference effect of neighbors are calculated basedhannel attenuation model.
Channel is considered to influence the signal power with egptial path loss, generally

PL(r)=p-r7". (5.2)

This exponential model incorporates well known channel esduch as COST 231, Okumura-
Hata or Hata models, where different propagation enviraritmge.g. rural, suburban, urban),
carrier frequencies and topological parameters (basestatight, mobile antenna height) are
considered via the parametétand- in (5.2). Neighboring base stations are modelled as source
of interference power, transmitted at constant level, Inlike most of the literature, here base
station powers may be different. Thermal noise will be kaliaeglected in numerical calcula-
tions, but shown in basic theoretical expressions. Theoreakthis is that at room temperature,
the noise has power of aroundl07 dBm at the5 MHz wide UMTS band. Considering the
cellular layout described above W of the furthest interfering base station would cause adoun
—117 dBm interference power at a customer that is placed intodhefid of the considered
radio cell. The noise power hence is justdB above this itself negligible interference. More-
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over, we are rather interested in how interference influesgstem behaviour. Nevertheless, the
incorporation of thermal noise into the calculations isigfintforward.

| assume that UMTS users and HSDPA users are present in hendeh single carrier ac-
commodates both traffic. Users of UMTS might use anyso$ervice classes (bearers). Based
on the chiprate and modulation described earlier and on dlssilple lengths of OVSF codes,
the physical transmission rate in downlink direction magyJaetweenl5, 30, 60 ... 1920 kbps,
corresponding to the use of channelisation codes of lekhigth256, 128 ... 4 chips. However,
in practical systems just a few services (radio bearers)sed. The typical services have useful
data rate (not including the redundancy induced by forwaror &orrection and necessary sig-
nalling bits) of12.2 kbs (maximum rate of the variable bitrate AMR speech codgidipps (low
resolution video, high quality audio or low rate date)4 and384 kbps bearers (video or data).
The corresponding spreading factors &28, 32, 16 and8 (the amount of redundancy is notable,
considering the corresponding physical data rate#®) 0240, 480 and960 kbps).

Each service class is characterised by the signal to inéerée ratio required for acceptable
performance. This is more precisely expressed in termsqfired bit energy per interference
spectral density rati%, for now on the% requirement is denoted hy, for service typek or
userk. The values o, are assumed to be known. In the literature, several setsloévaan
be found, based on link-level simulations or just estintegioHowever, as it will be shown, the
performance of the system is highly dependent on these s/dlues in a real capacity planning
procedure should be chosen very carefully.

User distribution is assumed to be known over the cell arelagaren in terms of the pdf of
user positions. However, it is reasonable to assume thas o$elifferent services have differ-
ent distribution over the cell disc (e.g. HSDPA users arbamafound on places that represent
residential area, while UMTS voice bearer users rather ldovestreet area, etc.). Thus differ-
ent distribution for different service class users may suased. Usually the basic and most
common assumption is the even distribution of users oveatba, but this assumption will be
released in this dissertation.

5.2.2 Capacity of Release '99 radio interface

In order to analyse the 3G operation with HSDPA deployedt #irsell with only conven-
tional UMTS traffic is analysed. The following investigatis based on the basic downlink SIR
equation of UMTS systems (e.g. [19], but naturally all papese some form of these basic
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equations). To investigate the capabilities of the 3G radiexface, the basic signal to interfer-
ence ratio equation should be formulated, for a given usserved by base statidh Namely,
approximating interference as Gaussian, the bit energy ioterference spectral density ratio
should be over a given threshold, to achieve the necesdagyror ratio for a service. Given the
user is placed on polar coordinates ¢;) with the serving base station in the origo this is:

[@} _ & ‘Pio(ri7¢i) } LO(Ti) > (5 3)
Io ]; ~ Rb; (L= p(r:)) - P - LO(ri) + Zb;ﬁo Pl - L(ris @) + Puoise K .

whereP?(r;, ¢;) is the transmission power targeted to us€i’(r;) is the channel gain between

the serving base station and the user, depending on the gisdnce;, P°,
stantaneous transmitted power of the serving base stadtippdenotes the instantaneous power
radiated by théth neighboring base statioh?’(r;, ¢;) is the path gain between this and user

The power of the pilot and control channels is includedh,, thus its power is

Pl =P —> P (5.4)

.-S Is the total in-

p(r;) is the orthogonality factorpP,;s. is the power of the thermal noisd2c and Rb; are the
chiprate and bitrate of the given service used by the custoiRegarding the latter quantity,
in some cases it is the useful bitrate of the service, thatushniower than the actual physical
bitrate. In other interpretatioRb; is the physical symbol rate, in this case the fractior Rb;
(processing gain) is equivalent with the spreading fademgth) of the channelisation code used
for the given service. Note that any interpretation mightused analogously, the difference
results in the change of the requirgdhreshold. In the following | use the former representation
It is worth noticing here, that inequality (5.3) does not tzam antenna gain, however if
supposed, this should be simply incorporated in the exjaesd the path gain as a multiplier
factor (or an additive factor on dB scale). Moreover, altfioin this analysis omnidirectional
antennas of base stations were supposed, the incorpoddts@ctorized antennas is easy at this
step. Namely a horizontal antenna characteristic shouldsbd (that gives the extra attenuation
of the antenna, as the function of the angle between the ni@ation and the position we are
interested in). This again can be incorporated into theesgion of path gain, but now this will
depend on not only the distance from the base station, buteoditection of the position vector,
i.e. LO(r;) is replaced byL’(r;, ¢;). The direction-dependent extra attenuation should also be
taken into account when calculation interference powenfneighboring base station.
Inequality 5.3 must hold for all active connections. By exainyg relationship (5.3) one can
see how the capacity and traffic is coupled: any additioaakimission will raise the interference
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power at the denominator, requiring the raise of the usefulgy at the nominator, that results
in the raise of transmitted powers to all users. The amoumtadfic is bounded by the finite
transmission power of the base station, namely

> PXri i) + Py < Y. (5.5)

The code dimension of downlink radio resource also bounglatimber of parallel connections.
Referring to Section 3.5.1, the code constraint can be fatad as

> mp - 2978 <504, (5.6)
k

wheren; is the instantaneous number of connections using chaatieliscode of lengtl’.
This expression is valid for data traffic channels. As thenary and secondary Common Control
Physical Channels (CCPCH) and the Common Pilot Channel€{@Rypically occupyt OVSF
codes of lengtl256, data physical channels might occujiy at the bottom level of the code tree,
hence this number in (5.6) insteadxdR.

The problem of the multi-service nature of UMTS is taken imtoount by means of different
¢ requirements and the different processing gains of sesyvitence the power required for a
service depends not only on its distance from the base statio

The problem of determining the capacity of such a multiservietwork is arisen because
of the high number of possible combinations of active usémifeerent service types, not to
mention the problem of their position. Therefore | propdsefollowing method.

| define the average capacity of a UMTS carrier as followingt the useful bitrate of the
kth bearer type be denoted B, and the average number of active bedrés N,. This latter
average is understood as, supposing any given user traffiitecpand service mix, the average
number of type: bearers scheduled in every radio framéVjs Clearly, this quantity depends on
the traffic demand as well as scheduling policy of the netveortt user positions in the network
(as this basically influences required power). Given th@seimstances the average capacity of
a UMTS carrier is defined as .

Rumrs = Z N, - Rb. (5.7)

k=1
In the following, we will use the average number of total stled connectionsy and the ratio

of typek bearersy, clearly N, = N - n;, and

K
k=1
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This quantity characterizes the average amount of usefalighput carried over a UMTS catrrier,
therefore the term capacity is used. However, because tigembnature of traffic and capacity,
this may not be straightly seen as a given capacity to be dlfaut from a system level point of
view, a given cell can be seen offering this capacity on ay@ramong users. In the following,
the term capacity and throughput will be used interchanigdabthis quantity.

This quantity is very useful during network dimensioningpé. At this stage the operator
needs rough estimate of the average traffic that can be titedrover an area with a given
number of cells (in order to estimate the required numberetitt As we will see, that this
defined average capacity takes into account the multisenature of UMTS, as well as radio
conditions (path loss) and interference.

To obtain carrier throughput, the following calculatioheald be performed. After rearrang-
ing (5.3) and considering that power control forces theesystio achieve, but not to exceed the
SIR requirement (i.e. the equality is supposed), we get:

sz iy ¥4
Plri,¢;) =g — | (1— P+ Y Phy (r, gb) +n ], (5.9)
Re o )
wheren, = ngl*e) is the relative noise power. Using the expressionPff, from (5.5) this

expression results in the linear system:

sz Tz7¢z
Pio<ri7¢i> =& Re ' ((1 - p(rl)) ’ (PF(’)il + ijo(rja (bj ) Z inst ) ) + 77@) )
J b#0
(5.10)
The latter sum in the right hand side of (5.10) draws spedign&on in the literature.

Namely, considering all neighboring base station trarsmuith the same power as the exam-
ined base station, the sum \

s = o 511)
b#0
is called other to own cell interference factor or geomedstdr. In our analysis it is not required
that all neighboring Node B-s transmit with the same pow#rpagh itis convenient to introduce
the notion of other to own cell path gain factor, however iis tase this describes the effect of

only one interfering Node B. That is:

_ Lb(%@')
fo(ri i) = 00

Let us concentrate on the mean of transmitted powers in ttersy If we take the expectation

(5.12)

of (5.9), this result in the average power transmitted toea.ughis average will be the same for
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all terminals using a given bearer typdas the parameters affecting the average are the bearer
type dependent processing gain, SIR requirement and bgatigbution). Consequently, the
following expression is viewed as the average transmitteekp to a type: connection. That is

P =cp- ]be <(1 —70) P+ > Ph f +%) . (5.13)
b#0

The average orthogonality factor depends on the servias,ciance user distributions of each

service clas# might be different the same argument applies to the othewtocell path gain

factor. In the expression abov@ andPa{’vg denote the average output powers of the examined

base station and that of the mterferlng base stations. Véeage orthogonality factor can be

i / /  6)dgdr, (5.14)

wheregy(r, ¢) is the probability density function of clagsuser distribution over the cell, ex-

calculated as

pressed on a polar coordinate basis. It is obvious, thaeiuger distribution is given in carte-
sian coordinates (and the corresponding density funcsomell), first the coordinate transform
should be performed to get(r, ¢). As an example, if users are evenly distributed over the disc

representing a cell, the density function on cartesiandioates isg(x,y) = after trans-

R2’

forming the density function in polar coordinategjigr, ¢) =
evenly distributed users and using the distance depena#rthg orthogonality factor (5.1), for

the average we get: )

whereR is the cell radius. One can observe, that — in contrast waghcimmon assumption of
having constant orthogonality factor — the cell radius Wél/e impact on performance, through
the average OF.

The average relative noise power is similarly calculated:

/ / i noise o (r, )dedr, (5.16)

if we assume even user distribution and exponentlal pathrtosdel with parameters and~,

this results in
2 : Pnoise

M= o3
f-y+28
With regards to the other to own cell path loss ratio, theofeihg can be stated. According to

R. (5.17)

Figure 5.3, with a customer dwelling at poiit ¢), supposing exponential pathloss model with
~ exponent:
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Figure 5.3: Distances for calculating(r, ¢)

D? 2D, :
Jy(r.¢) = (T—; — = cos(w;, — ¢>) , (5.18)
whereD, is the distance between base statiamd0, w;, is the angle between the line connecting
these two base stations and thaxis. Based on this, the average other to own cell path Itiss ra

is calculated as: B R oo
f=[ | firo)at.opoar (5.19)
0 0

After determinating the required mean parameters, equdfid3) must be solved for alk’
service classes with a supposed level of average used pﬁ&g}. (As result, we have average
power levels of all< bearer types, name@i.

The average number of simultaneous transmissions at the irddrface was earlier intro-
duced and denoted hy. As stated earlier, this means that on a long time averages thV - n;,
active connections of typeon the radio interface. This inherently means, that theagesused
output power is

K
N> - Pyt PYy = FY (5.20)

avg®
k=1

After the average power levels are calculated from (5.A3has to be determined from (5.20).
After having N, the average useful capacity (or average useful throughging) a given average
power level) of the UMTS bearer is simply calculated as (5.8)
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For the further capacity evaluation of 3G radio interfac&éhviHSDPA enabled, we need
another measure of the system. As it was outlined earlieDP#Smay use the remaining trans-
mission power of the base station, thus it is required to $mnwecharacterize the used power
of Release '99 transmission. The specific question to be emesins "what is the average used
power for Release '99 transmission, given an average Rel@@sraffic amount oy rs kbps”.
The former idea can be used again in the reverse directiomelNafor obtaining the used power,
N is expressed from (5.8), with the givéhyrs traffic. Then, since in this caﬂé’vg IS unknown,
it's expression from (5.20) with the previously determin€dshould be substituted into (5.13).
Then we arrive to a slightly modified version of the basic é¢mgua, namely

FZ:gk.% <1—pk anPl+P19ﬂ +Z e f_,g%—W). (5.21)
b0

This linear system has to be solved for Eli-s, then the resultant average used power is
given as in (5.20).

When performing this calculation, some notes on the powerteffering base stations should
be given. One method of modeling the neighboring interfeegrower is simply to use a constant
value, given in Watts and substitute this into the calcalai By choosing this value to be the
largest possible power, a worst case scenario can be esdluBhe former investigations allow
the use of different powers in neighboring base stationsadls w

However, an important and realistic scenario is when thghimring base stations carry
about the same amount of traffic as the examined one. If we toaraticulate the average used
power for accommodating a given amount of traffic, this raibe problem that interfering Node
B power should appear in equations (5.21) that is only avklafter solving it. This implies the
use of the following iterative approach.

e Step 0. Suppose arbitrary level of interfering Node B poverss than the maximal output
power).

e Step 1. With the given interfering power level solve (5.2bgtermine the used power of
the Node B in question with (5.20).

e Step 2. Substitute the resultant power level as interfguoger. Repeat step 1 and step 2
until convergence.

Convergence is achieved when the powers calculated in tacessive iterations do not differ.
It is straightforward to extend this iterative approachgewlthe neighboring base stations carry
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unequal traffic. In this case the calculation of used poweukhbe performed in all cells, one
by one, with using interfering powers calculated earliemfeighboring cells. The iteration goes
"round” all the cells until convergence is achieved.

5.2.3 Capacity and performance of HSDPA

To evaluate the average capacity of a 3G carrier when HSDRkepsoyed, the basic SIR
equation is the starting point, written for the HSDPA chdni®r a HSDPA usef, served by
base statiof that is

Phs - Li(r,¢)
(L=p(r)) - Pog - LY(r, ) + Zb;ﬁo PilI)lSt - LY(r, @) + Proise
In this expression the terir is the fixed spreading factor used in the HSDPA channel. Givain

SIRps(r, ¢) = 16 -

(5.22)

HSDPA uses multicode transmission, each physical chaspetdding code) causes interference
to the other ones due to multipath propagation, hence thepoiWHSDPA also appear in the
denominator of (5.22) as the part of the total output powensiering this, the only change
regarding the former equations is that the HS-DSCH champmas as if it was a new type of
UMTS service class, but does not have an explicit SIR requiremeaather it chooses transport
format according to the SIR of the channel.

As it was outlined earlier, the HSDPA terminal reports itsqgeived SIR to the base station
by means of the CQI parameter, that — along with thew ternaiatggory — explicitly determines
the transport format it can receive. Thus, in order to evalt#5DPA in terms of transmission
capacity, a relationship is needed which connects SIR w@h G general this depends on the
quality of the receiver at the terminal — if a manufactureali¢e to produce a receiver that can
decode the least robust transport format at very low SIRtahminal should report high CQI.
Therefore it is very hard to find general SIR-CQI relatiopshin fact, most of the literature rely
on [115], where, based on detailed link-level simulatidhs, following relationship was found
for 0.1 block error probability:

0 SIR < —16
CQI=<¢ |88 +16.62] p —16 < SIR<14 (5.23)
30 SIR > 14

where the SIR should be given in decibels. Another exprasi&iond for this relationship is
given in [116], that is simply
CQI = |SIR+3.5]. (5.24)
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By observing the two expressions we see that the term camespy to the spreading factoé is
the difference, namely the definition of SIR differs in thesrh in the two expressions, otherwise
they are identical.

The basic method to evaluate HSDPA is to assign a single pealae to the interfering
base stations and another value for the Release8g{s) traffic within the cell, and set HS-
DPA power (P34) to a constant level (this models HSDPA systems with prefigared HSDPA
power). Than in (5.22) the ter®),, = Plyrs + Pis + PPy. Obtaining the SIR from this,
transforming SIR into CQI with (5.24) and using the CQI-spart format tables given for each
terminal categories in the standard, the following simplesiions can be answered

e what is the available transmission rate of a terminal of giwvategory placed at a specific
location

e what is the available throughput of a given terminal at tHebmeder
e what is the average cell throughput achievable by HSDPA.

For obtaining the average capacity, the following methqurigposed.

As it is outlined earlier, the instantaneous SIR a termiratpives determines the CQIl it is
reporting to the base station, with the relation defined b¥3por (5.24). The standard contains
tables that define the applicable transport format whenengBQI is reported, for each terminal
category. The transport format explicitly determines tia@$mitted useful bits during a frame,
hence the instantaneous useful transmission rate. Tlous (§.22) the achievable throughput of
a terminal of category can be directly derived, using the mapping

SIRi(r, ¢) = CQI;(r, ¢) = Ri(r, ¢), (5.25)

whereR;(r, ¢) is the achievable transmission rate of a categdeyminal at positior{r, ¢).

Earlier we supposed that user distribution is given in soomefover the disc representing
the cell area, let us now denote the density function of HSD&&s’ position byyus(r, ¢). The
average throughput achievable by the category is thenletdclias:

R 2
R; = / / Ri(r, ¢)gus(r, ¢)dedr. (5.26)
r=0 J ¢p=0

We assume that there is information on the ratio of diffeterminal categories among all
the HSDPA devices, that is;, i € [1..12] for categoryi. The average cell capacity of HSDPA is
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then given by averaging over the device categories:

12

RHSDPA = ZRz o7 (527)

=1
This quantity is well characterizing the HSDPA service imis of the average amount of traffic it
can serve, if the operator configures a given maximum levedaib resource (codes and power)
to HSDPA.

To take deeper insight into system performance we have tdiédhe case when HSDPA
service uses the power and code resource that is left unysbd Release’99 traffic. That s, the
HSDPA resource is not supposed to be known in advance, lsutat¢ulated from the Release’99
traffic amount.

In this case the following method is applicable. The aim idd¢termine the average available
power and with this, the achievable average throughput dP¥Sservices, given that the cell
is carrying an average dtyyrs kbps UMTS traffic. The used power of UMTS has to be deter-
mined basically according to the method described above diiference is, that HSDPA traffic
also means intra-cell interference for Release’99 trafiit ace versa, thus the linear system of
equations (5.21) is changed. As we are interested in HSDPAoty and HSDPA utilizes the
total remaining power of the Node B, the modified expressamains all the maximum possible
output power of the Node B, namely

—0 Rb _ -
Py=cp 5 <<1 =) () + D Pl fl+ nk> , (5.28)
b£0
and the average HSDPA power is coming from the last equafidineosystem, that is the one
that assures that all achievable power is allocated, namely

K
—0 —0
Pys =Py = N-> - P — Py (5.29)
k=1
As earlier, during this task the average number of "virtuaBlease’99 connections is given
through the average useful traffiti;\ts, namely

N — Rumrs (5.30)

Zszl ni - Rby,
It is easy to see from the (5.21) and (5.28) what was expladaelter: including HSDPA traffic
will increase the necessary power level for UMTS, thus adldwiSDPA power is is not just the
difference between the total output power and UMTS power.
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Obtaining average HSDPA throughput and mean achievableRASBer throughput on a
location again simply means determining the SIR from (5.2&h the averagei_D%S used and
then applying (5.24) and the averaging technique descabede.

5.3 Numerical evaluation

In this Section the average capacity of 3G systems is evaluditased on the numerical
methods investigated in previous sections. The analygicaininations are compared with results
of snapshot simulations. The latter is based on uncorcel@edom snapshots of the possible
traffic scenarios.

During a snapshot, users placed within the cell randombgmtng to user distribution over
the surface. For each customer the service dlasschosen with given probability,. The
system (5.10) is solved for a current set of users, and théused power as well as the number
of occupied spreading codes is determined. The placemeetotustomers is continued one by
one and with each new customer (5.10) is solved again, twetiidtal used output power reaches
a given level or the number of occupied codes gets greaterthigamaximum. The placement is
stopped at this moment.

Here it is important to note that the aim of the simulationsasto investigate some advanced
admission control, load balancing or scheduling, etc. rapims, but to provide results in terms
of average used power and average cell throughput, or usteibdtion if necessary, in order to
compare these with the results coming from analytical itigatons. Therefore just two very
simple simulation policies are applied during the invesiigns:

e In the conservative processing method, the last customiér, whom the power level
or number of spreading codes exceeded the maximum is ignogedpshot statistics
(used power levels of customers, actual position of custsnbetal used power, total used
spreading codes, total useful transmission rate of cusgmatios among service classes
in the current snapshot) are collected for the previoustyitidd users, discarding the last
one.

e The second processing method is to include the last usethatstatistics as well. As user
generation stops when the given amount of maximum powerdsesled, this method is
unrealistic since it may let the used power to exceed the maxi. However, if this level
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is set to be less than the physical maximum power of the baterstmost snapshots will
result in feasible total transmission power level.

With the first processing policy the simulation is realistiderms of not letting more than
the given maximum amount of transmission power and sprgachdes to be used. However,
it is apparent that this policy will bias the actual statisttompared to the parameters given as
inputs to the simulations. Namely users’ actual spatidfithstion will change, as it is likely that
a distant user is discarded due to its required higher posvel [hence the actual distribution
will be sparser in the vicinity of cell border, compared te thiven input distribution). Same
argument applies to the actual service class probabilitiggher bitrate (thus lower processing
gain) connections will be often the last ones to be discadiegto their required higher power
levels. This result in the distortion of actual service slestios. The average used power level is
naturally less than the given maximum level.

By applying the second simulation method, neither the apdistribution nor the service
class probabilities of customers will be distorted, as efigrated users will be served. However,
if the last customer is also accounted, the actual total péswel might far exceed the given
maximum (and can be easily greater than the typical maximiust Watts of Node Bs available
on the market). In most scenarios, where users are spreaddatioe base station, usually the
power is the bottleneck resource, namely user generationgla snapshot stops because of lack
of base station power. However, in scenarios where custarerlikely to appear near the base
station, thus experiencing less interference, the coarires may become bottleneck, hence the
OVSF code tree "runs out” before the power. This would mean tthe customer generation is
stopped because the code limit is exceeded. Considerirsgtiomd processing policy, the actual
average power level or even the average used spreading aodenmight be greater than the
given thresholds. To overcome these shortages, typicaibller threshold values should be
given, than the actual physical thresholds. Another praimath this method is the possibility of
reaching the pole of power equations. Namely the possiligisos of the linear system (5.10)
might get values that result in extremely high total powemgwen negative powers. To see this
we should sum up (5.10) for all usershence the left side of the resulting sum is the total used
power, without pilot and signalling channels:

po = > 5@'}1%;1[); ((1 — p(rs)) Py + > Pi%aﬂ(ﬁ; ¢z)) '
w 1= (1= p(ri)) 2
The nominator of this expression can be viewed as the dolwidading factor, as this expres-

(5.31)

sion approaches, the total used power approaches infinity. Moreover, thendiol loading
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factor can easily become negative (in case of small OFs aatl pracessing gains, hence with
high-speed connections and distant mobiles in case of tali®. Therefore, if during the sim-

ulation, the last customer is also taken into account in tagssics (with whom the total output

power exceeded the given maximum level), this may causethaktreme high level of power

is accounted. Nevertheless, this method is also applitalikst the accuracy of the numerical
method.

Taking the above reasoning into account the conservativeegsing method is used during
the simulations, despite its biasing effects. As the areymethod presented in previous Sec-
tions require the knowledge of user spatial distributi@rygee class probabilities and average
used powers, to evaluate the validity of this method in anaccenario, first the snapshot sim-
ulation should be run to obtain actual parameters. The bagsea spatial distribution is collected
numerically, in terms of experimental probability dendiipction of the actual distances from
the base station, per service class, and used in the a@dlgéitculations. In this manner the
biasing effect of the snapshot simulation is overcome.

It is very important to point out that during the investigais the role of the simulations is
to obtain the actual parameters needed for the calculasindgo justify the analytical method.
Apparently no specific assumptions on actual detailed datéct characteristics, scheduling
principles, etc. are used, nor do we simulate system betainaletails. For this purpose the
two basic snapshot simulation methods are sufficient. Fhenptesented point of view, specific
radio resource management operation, based on trafficatbestics would result in the change
of average used power level and the service mix, thus theoppmethod will be basically
applicable for evaluating other scenarios.

In real life situations, the proposed methods may be userbtagh dimensioning purposes.
This phase of radio network planning precede the detaildglzaning and its main output is
the number and position of cells to cover a given area withs Tieans that inherently the pa-
rameters available for this task are also rough estimatidfser spatial distribution might be
estimated according to population statistics and antiegpbpenetration of UMTS usage of users,
or based on previous experiences on 2G networks. Servige naaos may be estimated based
on anticipated popularity of different services among sig#tis can be significantly influenced
by pricing) and on the knowledge of the basic scheduling aad Histribution mechanisms im-
plemented in the actual network devices, or experiencekeddy operating network segments.
Development of the method presented in this Chapter wasvatet! by actual network dimen-
sioning problems and was conducted in collaboration withreglarian 3G operator. The method
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was partially implemented as part of a network dimensiosoifgwvare tool, that is currently used
by the operator.

5.3.1 Capacity of UMTS system without HSDPA service

The first set of investigations target a UMTS cell without H8Dservices. The effect of
used power, user spatial distribution, service classsatell size and distance-dependent or-
thogonality factor are revealed. In all the calculatidrnservice classes are assumed, WilR,

64, 144 and384 kbps useful throughputs. The requested signal to interéereatios for the ser-
vices are assumed to I8¢ 7, 3.5 and4 decibels, respectively. The channel path loss is taken
into account with exponent.8 (this model approximates the Okumura-Hata path loss model
fairly accurately). In the basic setting two rings of neighihg base stationd § Node Bs) were
accounted as interferers, with equal transmission powfe2$ BVatts. The power necessary for
pilot and signalling channels was set to constawatts.

In general, three basic service mixes are investigatedelyatine ratio of12.2, 64, 144 and
384 kbps connections are assumed tdbi0.3 0.2 and0.1 in service mix1; 0.3 0.3 0.2 and0.2
in service mix2; 0.2 0.3 0.2 and0.2 in service mix3, that is we examine the effect of increasing
the amount of highest bit-rate connections at speech ctione@xpense.

Figure 5.4 displays the average achievable cell througapuell radius is increased, sup-
posing even user distribution over the cell. The two set sifiits compare the case of constant
orthogonality factor 4 = 0.7) and distance-dependent OF according to (5.1). The graphs w
obtained with simulations according to the second proonggsolicy, with threshold power usage
of 20 Watts. It is apparent, that with constant orthogonalitydexthe cell size does not influ-
ence the achievable throughput. This is because duringalhisilations the thermal noise was
neglected. The effect of white noise would become significaicase of large distances from
the Node B, hence with noise, the average cell capacity woetlease as cell size increases.
The same applies to the used average power levels, as r@Batbe Figure (power levels are
obtained by means of simulation and were input to capacitutations). Though the decrease
of average OF forces higher level of average used power,ghssll not enough to stop the
decrement of cell throughput in the variable OF case. It gaagnt, that calculating with the
distant variable nature of the OF reflects the experiendesthaller cells have higher capacity,
in contrast with the constant OF resulting in cell size irefegent capacity.

Figure 5.4 indicates that in case of applying the distareqgeddent orthogonality factor
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Figure 5.4: Average cell throughput (first row) and used pdaecond row), with constant (left)

and distance-dependent (right) orthogonality factors

model, the accuracy of the numerical method decreases wirendering bigger cell sizes, es-

pecially for service mix3. Figure 5.5 plots the accuracy measure for the distanceraismt

orthogonality factor scenario. Accuracy is defined as thie & the difference of results (anal-

ysis and simulation) and the results obtained by simulatidms increasing inaccuracy is due

to the fact that was explained regarding the snapshot stroniasmall orthogonality factors and

the relatively higher ratio 0384 kbps services allow the cell to approach its pole, and inqart

lar snapshots the actual power level gets very high, caubmgverage used power to increase.
The analytical model reflects this increment in terms of digiher number of users, hence total
cell throughput. The case of constant orthogonality fadtwes not have this effect, hence the
accuracy of the numerical method remains ur@eg5 for all examined cell sizes in that case
(not plotted).

The proposed capacity evaluating method is also useful tergiéning the effect of user
distribution in the cell. To capture this effect, besides @ven user distribution over the cell
(referred to in the following as "even scenario”) two othesse considered:
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e "hotspot scenario”: user distribution over the plane faoa symmetric two dimensional
normal distribution (with independent normally distriediz andy coordinates, with means
0 and equal variances), this is used to model the case whemargemainly placed around
the base station

e “concentrated scenario”: asymmetric two dimensional radra andy coordinates are
independent normally distributed variables, with diffgreneans and variances) user dis-
tribution that models the case when users are mainly lcediiz a well defined small area,
apart from the base station.

Naturally both distributions are truncated and normalizeble based over the cell.

Using these latter two scenarios (and especially the hotsgmario) and the second sim-
ulation policy would often lead to reaching the pole of thetsyn, due to the high number of
admitted users near the base station (the proximity of tke btation mean low inter-cell inter-
ference and high orthogonality). Therefore the followingastigations were carried out using
the first simulation policy.

Figure 5.6 compares the effect of user distribution: it ipapnt that in the hotspot case
cell capacity is more than the double of the capacity in trenBvdistributed scenario. Bigger
capacity of the hotspot scenario is not a surprise, as useixglly enjoy higher SIR values as
they generally dwell around the base station.

The accuracy of the proposed analyis was determined forvée @istributed and hotspot
scenarios and shown in Figure 5.7. Apparently our method doedeviate by more thah2.5
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Figure 5.6: Average cell throughput (left) and used powrgh(j, with even user distribution
(top) and hotspot scenario (bottom)

percent for both scenarios. We may also conclude, that indtspot case there is a steady rising
trend in inaccuracy, as the cell size grows, while for eveitritiution scenario the accuracy does
not have this clear trend.

Figure 5.8 shows the same results in the concentrated soceAaiit was anticipated, the cell
throughput in this case is between that of the even and hiosseoarios. The Figure plots the
average throughput of the UMTS cell as function of the caliua in case of the three service
mixes described above. In the hotspot scenario the variaht®e user distribution is set to
be the one-third of the cell radius, in the concentrated aterthe mean and the variance of
both x andy coordinates are set to t%eRceH and% respectively, wherd?..; denotes the cell
radius. Regarding the accuracy in case of concentratedsoeitis similar to that of the hotspot
scenario, with inaccuracy reaching the maximum valu@.6%, with the increasing trend in
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Figure 5.8: Average cell throughput (left) and used powigh(y, in concentrated scenario

inaccuracy as the cell size increases.

With regards to the planning of the cellular UMTS networle thllowing statements can be
concluded. If customers are generally condensed over s@tieat locations (e.g. residential
blocks with rarely visited areas in between), it is worthtafigng base stations to the center of
these locations as this result in significant increment bfoagacity. Cell size (by means of the
pilot channel power) can be set to be higher: this allowsufélinent of coverage requirements
with smaller number of base stations!

With regards to the simulated values of used power, it is hvodticing, that applying the
previously described simple simulation method resultsifiei@nt used power patterns for dif-
ferent user distributions. First it may seem controversiaay the average used power is slightly
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decreasing as cell radius increasing in even scenario. iJhiscause of the simple simulation
assumptions: generally, bigger cell means that higher paswequired for a single customer,
thus the remaining unused power (power of the "last” customigh whom the total power ex-

ceeds the maximum) is higher, as a consequence the totaposet is smaller. This is not the
case in the hotspot scenario, as users are unlikely to begfacfrom the base station.

5.3.2 HSDPA capacity results

This section investigates the capacity of the 3G systemSIDFA service is deployed. Cur-
rently available 3G equipment of the market not always sughe dynamic sharing of resources
between conventional Release’99 traffic and HSDPA serbigerequires the operator to previ-
ously configure the available resources (power, number ahmélization codes) for the two
types of traffic. This facilitates the capacity evaluatidti®DPA, as the effect of existing R'99
traffic can be taken into account by means of the reduced,dnstant power level and spread-
ing codes allowed for HSDPA. It is straightforward to accoself interference caused by R’99
traffic with the highest power level allowed. This resultsainvorst case capacity estimation.
Also, this method allows the evaluation of cells that do nmtcemmodate conventional R'99
users but HSDPA traffic only. This is useful, as we anticipgheeHSDPA and HSUPA services
to displace conventional R'99, as all services become paskiiched IP based (hence circuit
switched services, along with the dedicated channel pbyllog of original UMTS will slowly
vanish).

Figure 5.9 shows the average cell capacity as the functiaelbradius, calculated by the
proposed analytical method (curves denoted by "a.”) analsiraulated values (dots denoted by
"s.”). Results were obtained for the following settings.

Five sets of radio resources (denoted by "HS'5et "HS seb”) were defined for HSDPA,
modeling situations from abundant to scarce HSDPA ressujpewer changing frormd5 to 5
Watts along with the number of codes changing friio 7). Total power of28 Watts was con-
sidered, with constar Watts pilot and signalling channel power, consequentlisiagtrfering
power was rising fron3 to 23 Watts in the five sets. Only three types of terminals were con-
sidered among th&2 possible types (typ#é, 7 and 10, with assumed ratios df.5, 0.3 and0.2
respectively).

It can be stated that as we anticipated it, hotspot scenasiolts in the highest HSDPA
capacity, and even scenario provides the least HSDPA thpautg Capacity is not very sensitive

98



6500 ‘ ‘ ‘ : : : [ S —— e A
~a
5000 r*&***»m.‘, PR, # HSsetl,s.
Bl 6000y : : : ——HS setl, a.
# HSsetl,s.
3550070_6_9‘”‘9‘9-9-6—9—6—6-9—94_9_9_9_9_{,_‘_“8 setl, a. ? 0-0-0-0-0-0-0-0-006 6600600600 O HOSeZs
k3 0 HSset2,s. §5500—+++ o ‘== HS set2, a.
_fsooo—+‘++++"“++++++v+v+++ HS set2, a. 5 TREEAA R 4 Hssens.
2 TEEEY 4 Hssers. 2 5000t o HS set3, a.
3 4s00] v HS setd, a, F o HS setd, s.
£ "'E-n-r_‘.a,H_m_l__‘_Eu o HSsetd,s. £ O BE8-0-G80-0-0B8-0-0 88068 aqg| - - - HSsetd, a
= o-0-8 8-0-p- = @p-o| ~ - ~HS set4, a. = 4500F o HSsels s
© 4000 ¢ HSset5, s. © i
——HS set5, a. M‘@M ——HS set5, a.
3500} ] 40001 ]
3000 i i i i i i 3500 i . i i i ;
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
cell radius (m) cell radius (m)

6500 M | ‘

60001 # HSsetl,s.
——HS setl, a.
©©0-0-0©90-0-000-0-60 9000000 © HSset2s.
=== HSset2, a.

+ HSset3,s.
5000 «HS set3, a.
o HSset4,s.
4500f TFRO-CO OGO B EE e BB R ama ~ - HSSEH a
o HSset5, s.

——HS set5, a.
40001 M

3500 i i f i
0 200 400 600 800 1000 1200
cell radius (m)

5500
Rtttk 2 C8 S S0 NP N S AR R AR

cell throughput (kbps)

Figure 5.9: Average cell throughputs in even (left), hotgpight) and concentrated (bottom)
scenarios as function of cell size

to cell size, except in case of scarce radio resources. gediraoughput does not exceéd
Mbps even in case of abundant resources.

Figure 5.10 reveals average cell throughput in cas®0i cell radius, as the function of
HSDPA power. Other settings are as in the previous scenaxtept the number of HSDPA
codes, that is also a parameter that labels the differemesurlt is apparent that in case of
hotspot scenario the HSDPA capacity approaches its maxisteeply as HSDPA power is in-
creased, while in concentrated and even scenarios cagmoiss less quickly. The bottom right
corner of Figure 5.10 shows the average achievable thraugiver the edge of the cell. This
result is naturally the same for hotspot and even scena®#é angle of user position in polar
coordinates is evenly distributed in both cases), but diféaly marginally in concentrated sce-
nario (denoted by "con” in the Figure). Although results @vealculated for higher number of
spreading codes, results were the same a8 émdes. This is because the fact that over the cell
edge higher rate transport formats (i.e. more spreadingg)athnnot be used because of more
significant intra-cell interference experienced there.
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Figure 5.10: Average cell throughputs in even (top left)tspot (top right) and concentrated
(bottom left) scenarios and average throughputs over dgé dbottom right) as function of
HSDPA power

The accuracy of the analysis method is expected to be highdrdse HSDPA capacity anal-
ysis cases, than for Release’99 UMTS. This is due to the Fattfor Release’99 the method
contain inherent approximation of user numbers of diffesemvice types by their mean values.
In contrast, for the HSDPA case the analytical formulas docoatain such bias by mean ap-
proxoimation. The evaluation of the accuracy was condufdedll the cases plotted in Figure
5.9 and in Figure 5.10. Generally the accuracy measure daehaw typical trend for cell sizes
of power values and stays at very low value. The worst acguraasure was arourid>%, with
most of the values remaining beld3%.
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Chapter 6
Conclusive remarks

This dissertation is devoted to the development and pragsentof analytical models and
methods that allows the fast and efficient performance avialn of cellular radio networks.

The first main group of results contain a general queueingainafdnobile networks, taking
into account user mobility, session duration and burstyneadf generated traffic. The queue-
ing model is analysed using a recursive approximate sol@mal its accuracy is tested against
simulations. The approach shown here has the advantageabfiren general distributions to
model user behavior (hamely phase type distributions);éean be viewed as a generalised and
conclusive version of several prior, more restrictive v@&rkhe other advantage is the capability
of modelling general variable bit rate traffic sources, leemore realistic view on the network
performance is achievable. The performance metrics amdlgiee traditionally applied for cir-
cuit switched services (namely blocking probability, mditerface utilization), however using
the approach of communication sessions and bursts, coonlests, packet switched communi-
cations can also be investigated with the approach. Theopeaprecursive solution enables the
investigation of the presented queueing model, otherwigeactical cases it would be impossi-
ble due to the resulting very large state space. This solmiakes the performance analysis not
only possible, but fast as well. In contrast, we get only agnate results. However, as shown
by numerical results, that were obtained for the same sysgang the proposed algorithm and
computer simulations as well, the accuracy of the approtionas reasonable. The accuracy is
very good in case of moderate network load, which is the doraaellular network should be
dimensioned (namely blocking probabilities should be keptenough). Numerical results are
shown for UMTS radio interface, taking the code dimensionagsacity.

Another problem investigated in the dissertation is thegeination the distribution of the
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residual duration of a connection that arrives to a cellrdfssmdover. This quantity is needed in
order to perform correct session level analysis of a cellsyatem. Closed form expressions are
given for general network layouts and two special, yet ingaarnetwork topologies are further
investigated. In general case the resultant distribusoonly given numerically. However, if
phase type distributions are used to model customer bah#éweresultant distribution is given
in analytical form and can be used directly in further anialySlumerical results obtained via the
direct method (no phase type approximation of user behgarat results after phase type fitting
to descriptive variables show very good correspondence. résultant residual session length
distributions of both methods were compared to experinieigaibution obtained by computer
simulation and this also fits well to the distributions oh&d by calculations (not surprisingly,
as here the topic is pure calculations, so matching sinmagsults are rather showing that the
implementation of the numerical calculations and the sataulis correct).

The last topic investigated here is the problem of detemgi3iG radio capacity. As 3G net-
works are based on WCDMA radio interface, the inherentiatence-limited nature of CDMA
access cause that capacity, coverage and carried traffté oéBular networks are strongly cou-
pled. Moreover, multiple radio bearer types with differenaracteristics might be developed and
used and adaptive modulation and coding is also presentDPA®nabled networks. All these
cause the radio capacity, expressed in bits per second tthamtetermined easily. Therefore a
calculation method is shown in this document, that definesatierage capacity or throughput of
the cell and shows how to calculate it, for a given averagd bsse station output power. This
analysis takes — as it is in reality — the finite transmissiower as the limiting resource. Multi-
ple bearer types are taken into account by means of theldistn of usage of different bearers,
radio path loss is taken into account with appropriate pgapan models, while multipath effect
is considered via the use of distance dependent orthodgpfedtor. Numerical results show that
user distribution has mayor impact on cell capacity, in apot scenario, where customers tend
to dwell near the base station, the carried traffic of the médjht be twice that of the capacity
with evenly distributed customers. Average HSDPA capaisitglso derived. The case when
both Release’99 and HSDPA services are deployed on the samner drequency is investigated
also. Here the interaction between the two is taken intowatdaoy means of the amount of used
power for each services. The effect of HSDPA terminal catgegenetration is also taken into
account, as well as the allowed code resource to HSDPA ser&itnumerical results regarding
3G performance are justified by results obtained from srassmulations.
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6.1 Future research

One research direction within the topic of 3G analysis iaightforward: the extension of the
proposed capacity model to uplink direction, including H#®Uservices. The main differences
and challenges of extending the downlink model are becduke tact that intra-cell interference
powers are attenuated individually for each user (whemeaswnlink, the attenuation of inter-
ferers’ signals and useful power was the same) and intemtetference is the sum of powers of
randomly placed users (while in downlink, outer interferecould be well modelled by a given
power level from a fixed neighboring Node B location). Morenuhe level of outer terminal
powers is affected by the power level of terminals in the exaahcell. Intuitively it seems that
the method of writing the expression of average terminalggamd define the ratio of different
radio bearers may work. The problem of interacting powergeighboring cells may be handled
by either solving the system of average power equationgimhole network under examina-
tion, or to use an iterative method. The latter would stathwblving the power equations for
a given cell, supposing no outer interference, than solthegequations for a neighboring cell,
with the interfering powers calculated in the previous stegghe previous cell, and continuing
iteratively with substituting updated power values untiheergence. To model HSUPA service,
the first approach could be — as HSUPA uses power controlididaled channels as Release’99
UMTS —to simply consider HSUPA as specific radio bearer typksvever, HSUPA scheduling
enables not only the change of transmit power, but the atlaptaf transport format to changing
radio environment. Hence, if the level of interference doetsallow a HSUPA connection with
a given bitrate, it may switch to another, lower bitrate s@ort format.

Another straightforward step toward more detailed evadnabf joint Release’99-HSDPA
performance is the computation of not only the average,Haitistribution of used powers and
customer numbers. One idea to calculate the exact distiibaf the power allocated to a user,
from (5.9). However, by examining the expression we may kamecthat it is computationally
unattractive. First, the total used power is also presetitarequation (that is dependent on the
distribution we want to determine). On the other hand, thewoto own path loss ratios are
summed in the equation, so the convolution of multiple thations are required. These can
be overcome if we suppose that HSDPA traffic is always preskah the random tern®?_,
should be replaced with the constant base station p&e®n the other hand, the other to own
cell path loss ratio could be approximated by some distiobutn the literature sometimes it is
approximated by lognormal distribution. In this case, tisgribution of the sum of these factors
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will be again well approximated by lognormal. The distribuatof the orthogonality factor can be
easily determined by variable transformation. This yidldg the random terms in the equation
will have closed form distributions, their sum has to be glted using numerical convolution.
The other option to use PH fitting to the distribution of thensather to own cell path loss ratios
and the orthogonality factor, in this case the user powdribligion will be in hand as having
also a PH distribution. after having the distribution ofnsenitted power to a typg user, this
will allow the following analysis: determination of the suRelease’99 power distribution under
any traffic mix and thus the determination of HSDPA powerrthstion. Having this will allow
the determination of the distribution of HSDPA signal toeirierence ratio from (5.22). As the
denominator is analysed in the previous step, the last (butrivial) task is to compute the
distribution of the fraction of the two resultant random gtikes. From the random SIR the
mapped random CQI and achievable bitrate follows. This agatmn will give much deeper
insight into the performance of 3G cellular systems, moegav allows the development of an
elaborate queueing model. The skeleton of this queueinghogicould be: the flow of sessions
using any Release’99 radio bearer is supposed to be Passamd the used power distribution is
given previously. Than the occupied total power can be aealyy for example the "'stochastic
knapsack with continuous sizes™ model [102] to determireeddf of total occupied power (and
session blocking performance of Release’99 connectidin)is continuous handling proves to
be computationally infeasible, than the discretizatiothef power levels and assigning discrete
probabilities to these result in well known loss queueingleloThe HSDPA performance is the
analysed as following: supposing that there is a schediérrovides fair share of the radio
capacity (in terms of bitrate achieved) in all possibleegatf residual radio resource (power
and codes) the HSDPA is analysed as a processor sharingnsystth the average HSDPA
throughput determined for each state. The overall perfoomas then calculated by summing
up all the results weighted by the state probabilities.

It is inevitable to expand the capacity analysis shown ig tligsertation to the recently stan-
dardized radio interface of 3GPP LTE (Long Term Evolutidns tsystem is also often referred
as Enhanced UTRA). The method shown here is applicable nrdiesse directly, if there are
results on the usable transport formats (hence transmisates) as function of the signal to
interference ratio. Somehow this analysis will be simplemt that of 3G, because of the fact
that users are separated in time and frequency domainnseiference will not occur in perfect
LTE system. The detailed approach would require the ingastin of network topologies with
different frequency allocations (different bandwidthgitibe used in different cells, these can
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be overlapping as well). In LTE it is an essential requiretrisom the industry, that frequency
reuse ofl should be able to be used (same bands in neighboring celi c@n be achieved by
means of intelligent scheduling, that avoids the allocatibthe same physical resource (carrier
frequency and timeslot) for users dwell near cell bordessha required high power would cause
high interference. This mechanism — without the detailenl®adge of such operation — should
also be taken into account when investigating neighboratigrterference issues in LTE.
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Appendix B

New scientific results formulated in the
dissertation

Result group 1: Analytical modelling framework of broadband
cellular networks with multi-rate traffic sources

Result 1.1

| have developed a general connection level stochastic inmagiéamework of a radio cell
of broadband wireless networks. The model has the followmgel capabilities:

e itincorporates arbitrary connection duration distribas,

e it describes user mobility with arbitrary dwell times

¢ it models the variability and burstiness of user generatetid

¢ it describes immediate rejection and service rate redaettbmission policies.

The channel holding time is modelled by a phase type digtabuwhich is proven to have
descriptors according to

E(va) — C_i(R7k) ® l(Rvk) T(va) — D(Rvk) @ _l—/(k)7

whered®*) | D) are the descriptors of typecustomers’ residual dwell time add*, L*)
are the descriptors of the session duration distributiohe $ervice process of the system is
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proven to have phase type service time distribution witttdpsors

§(N7k) — E(va) ® q(k) S(va) — T(va) @ Q(k)’

whereQ™ is the infinitesimal generator of the Markov chain that diess generated bitrate
pattern of a typé session and the service process defines phase dependantyaagupirements
for the connections.

Result 1.2

| have introduced a general Markovian source model that lis tabcapture the variability
of generated user bitrate. The novelty of the model is tha¢#cribes active traffic generation
phases, containing actual transmitted bursts; there cgajfebetween bursts and bursts may be
transmitted by different bitrates. The model describestiva phases between active transmis-
sion of a session. The model enables the assumption ofasbRhase Type distributed durations
of traffic generation phases and burst lengths. This sounmehs described by an underlying
Markov chain, characterised by its infinitesimal generatat initial probability vector

Q=

) g: [Qeﬁ)l]

[ Ag  A%-i

lo 'Qeff I7

wherei andI are descriptors of the inactive idle periods and
A =ADA", ag=a®d,

wherea and A are the descriptors of the duration of active transmisserrods and

_ . . ;
B Pio- By - bey - Pir- By - bg

4 | P By -boy By o Par - Bly) by
_PRl 'E(()R) 'l_)(l) B(R) |

*

a = []h '1_7(1)---]?1%'(_7(3)] 3

Wherel_)(r) andB,) are the descriptors of the durations of rateursts, € 1... R andP, ,, is the
probability that a burst with rate is followed by a burst with rate,. (Section 2.3)
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Result 1.3

| have identified the state space and transitions of the qgsgstem describing the general
model of broadband cellular networks. | described the dtatesitions for immediate blocking
and rate reduction admission policies. (Chapter 3)

Result 1.4

| have shown that the local balance equations of the form

P
Anogsip(n) + Z (n;k +1)Sji - p(n* +ﬁ) =
J=1j#i
(nf +1)-p(n* +e) <SO+ Z Sw)-
J=1j#i

hold within the non-blocking part of the state space. Baseithis, | have elaborated the modified
version of the Kaufman-Roberts recursive algorithm fordhkeulation of the channel occupancy
probabilityp(m), which | gave ag(m) = 0 for m < 0, p(0) = 1, and form > 0

- K - k) ) (k)N )y r®) Lk 2
Blm) = Sopy S blm — ) S EEN i — ) 4 pm — o) e O (i — )

and
p(m) = p(m) =g——

Zm op( )

| used this algorithm to obtain approximate results of sesk&vel performance parameters of the
modelled system. | compared the analytical results withutations and found that the accuracy
of the approximation is suitable. (Sections 3.4, 3.5)

Result group 2: Residual lifetime of handover connectionsn
cellular systems

Result 2.1

| have developed a general method that is applicable tordeterthe distribution of the
residual session duration of a customer that arrives to engiadio cell with handover. | have
shown that for customers having dwell time distributiontwdensityg (¢) and residual dwell time
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densitygg (t) and session duration distributidf(t), the residual session duration after handover

iS given as
I
Fr(t) =Y p9 - F{ (1),
=1
where - ‘
FO () = Jo (F+2) ~ Fla))gOw)de
! JoZ (1= F(2))g®(2)dz
and
g(i)(x) = gr(x) * g(z) * ... x g(x).
and
0 — NI({% Zk:H(k,l)gi By, - Pr(rs > 7%)- 37, () (k) Pr(r(k)) B p®

= I . . - I N
Nuo > o1 Zk:H(k,l)SJ By, - Pr(rs > 70)) - 32 ) (k) Pr(r@(k)) >, pY

| have validated the method using computer simulationst(@ss 4.2, 4.4)

Result 2.2

| have developed the method of determining the residual ection lifetime distribution
when user describing time parameters have, or approxinbgtptiase-type distributions. | have
shown that in case of phase-type session duration, theugdsidstribution has the same phase
structure, only the initial probability vector changesarciing to

0 _ _Jo L-et - g (z)da

R foool.eLx ﬁg(l)@j)dx

Using computer simulations | have shown that the phasedgpeoximation introduces tolerable
inaccuracy into the method.(Sections 4.2.2, 4.4)

Result 2.3

| have investigated two specific scenarios, the motorwaytla@thomogeneous cell structure
scenarios and | have shown that the residual session leagtthle same distribution in these
cases. (Section 4.3)
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Result group 3: Capacity and performance of 3G systems

Result 3.1
| introduced a new interpretation of the average useful capaf a UMTS radio cell as
K
Rumts = N - an - Rby,
k=1

whereN is the average number of scheduled radio interface commestiy is the ratio of type:
connectionsRby is the useful datarate of a typeradio bearer. | have developed the calculation
method of this capacity, that is

PO PF(’)ll

avg
_0 b

Zk L - Py
whereP? | is the average power used for data transmissiip s the power of pilot and control

avg

channels an?i is the expectation of the power used to serve a typearer. The latter should
be calculated as

?izewRR—bf' ((1_pk e T P f£+m> :
b0
whereg,, is the required SINR (Signal to Interference Noise Ratiggl®f bearerk, R. is the
chiprate of the systerpy, is the average orthogonality factaﬁjfvg andPa’jvg are the average power
levels of the serving antth neighbouring base station& andm; are the average of the path
loss ratios and relative noise power.
| have shown by means of comparison to the results of snagshatations, that the calcu-

lation method is applicable with reasonable accuracy.ti@ex5.2.2, 5.3.1)

Result 3.2

| have introduced a method that is capable of determiningwieeage used power level of a
UMTS Node B, if the average amount of carried traffic is giv€he method is composed of the
following steps:

R
N = - UMTS ’
Zk:l ng - Rbk
whereRuwrg is the given amount of average carried traffic. Then the tisgatem
P, P, + PY) P+ B.-18
k—Ek'E (1 —px) - an 1t P11+Z g Sk T Tk | - (B.-18)
b#£0
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is solved for allP;,. The total average used power is then

P, =N- an 0+ PO, (B.-18)

| proposed an iterative method to obtain the average usedrdewel, if the neighbouring (inter-
fering) base stations are modelled as carrying the samerarbtraffic. The method consists
of the following steps

e Step 0. Suppose arbitrary level of interfering Node B powlerss than the maximal output

power).

e Step 1. With the given interfering power level solve (B). &etine the used power of the
Node B in question with (B).

e Step 2. Substitute the resultant power level as interfgumger. Repeat step 1 and step 2
until convergence.

(Section 5.2.2)

Result 3.3

| developed a method to analyse HSDPA useful throughput aexhge cell throughput of
HSDPA services. The method is the following. SINR is det@ediaccording to
Pig - LY(r, ¢)
(1= p(r)) - Py - LI(r, &) + Xy s0 Pt - L2(r, &) + Paoise”
where P is the power allocated for HSDPA transmission (considesegemaining power left

SIRus(r, ¢) = 16 -

unused by Release’99 serviceB),;. is the power of the thermal noise, other quantities are as in
previous equations. It is assumed that SINR is mapped teeabie useful datarate denoted by
R;(r, ¢). The average throughput achievable by a categbt$DPA terminal is then calculated

[ 0 /¢ R O)s(r, )0

wheregys(r, ¢) is the probability density function of the HSDPA user spadiatribution over

as:

the plain. The average HSDPA capacity is

12

Rusppa = Z R; - oy,
=1
whereq; is the ratio of category HSDPA devices among all devices. (Sections 5.2.3, 5.3.2)
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Appendix C

Theorems and proofs

C.1 Proof of the existence of local balance equations (3.7)

Theorem The local balance equations (3.7) hold in the non-blockiag pf the state space
(and in the whole state space of an infinite capacity system).

Proof.The global balance equation equating the incoming andrganates of state* has
the form of

P P
p(n") </\Nozk — Z n;‘5u> = Z Anagsp(n® —e;) + (C.1)
=1
P P
S~ (nf +1)8%( n+ez+z 1) Y Syp(' +e—e)
i=1 j=1 i=1,i#j o
An equivalent local balance equation with (3.7), exprestiee balance around staté is
P
Anagsip(n® — €;) + Z (nj +1)Sip(n” +e; —e;) = (C.2)
j=1j#
P
(") <S? + > sij) .
j=1,j#i
Due to the properties of Markov chaiit§ + Z] 19 = —S in the right hand side

of (C.2), thus—n;S;;p(n*) can be substituted into (C.1). After substitution and cHimggethe
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obviously equal terms, we arrive to

Anagp(n®) + Z Z n;+1)Sp(n’ +e; — &) = (C.3)

i= 1] 1,5#1

p
Zn+150 n'+e; +Zn+1 ZS”pn +e — _).
=1 7=1

i=1,i#j

The second terms of both sides of this equation are equal, i.e

P P P P
> Z n+ DSt +ej—e) = (ni+1) Y Sypn+e—e¢),  (CA)

i=1,i#j
since both sides sum up the same quantities but in differelers. Cancelling these terms (C.3)
gets the form

Mw

Anagp(n p(n* +e;). (C.5)

=1
Substituting(n; + 1)S?p(n* + ¢;) from (3.7), using thagf;l s; = 1 and applying the same
argument that was used regarding (B.3), we get

Avagp(n®) = Anagp(n®),

hence the local balance equations of the form (3.7) holds.[

C.2 Alternative proof of the existence of equilibrium distribu-
tion 3.12

As it was stated in Section 3.3 that the queueing system nusdekibed in analogue with a
BCMP network containing infinite server (or type 3) queurserms of state transitions and rates
in the non-blocking subspace; considering unbounded sysépacity the system is equivalent
with a BCMP network of IS queues. It was derived that the systas the equilibrium probability
distribution of (3.12), wheré’;-s are elements of from (3.10).

This can be shown from the BCMP point of view, as follows. AsSection 3.3 the states
and transitions considering a classew connection were described, here we refer to this case
as well. This means that the incoming rate of the correspgnBCMP network is\y - a. We
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know that the joint queue length distribution of the BCMPwmatk with exponential IS queues
with service rates ofi; has the form of:

P n*
) =511 (2) o)
=1

2

where the individual arrival ratels are calculated from the traffic equations, namely

P
A=Ak > A (C.7)
j=1,j#

Herem,; denote the probability that an arrival jumps into que@adr;; is the probability that
a job enters queugafter finishing in queug. As each queue of this analogous BCMP system
represents a phase of the service time of the system coedi(leith initial probability vector
and rate matrixS), the parameters in (B.7) arey, = s;, 7j; = %]“ and in (B.6)u; = —9S;;.

Collecting all\-s in (B.7) into one side and writing the equation into veletidiorm, we get:

—AN oy - s = A - diag(

— Sjj) .S, (C.8)

where) contains);-s and diag——) is a diagonal matrix containings— values. From this we
have
A= —Ax-a-s-S7' - diag(—9j;). (C.9)

Comparing this with (3.10), we see that
A= F - diag(—5j;). (C.10)

If we substitute each; into (B.6), we get back to the original statement (3.12).
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Appendix D

List of Abbreviations

3GPP - Third Generation Partnership Project

ARQ - Automatic Repeat reQuest

ATM - Asynchronous Transfer Mode

CCPCH - Common Control Physical Channel (UMTS radio inteeja
CDMA - Code Division Multiple Access

CIR - Carrier to Interference Ratio

CPICH - Common Pilot Channel (UMTS radio interface)
CQI - Channel Quality Indicator

CTMC - Continuous Time Markov Chain

FDD - Frequency Division Duplex

FTP - File Transfer Protokol

GPRS - General Packet Radio Service

GSM - General System for Mobile communications
HSCSD - High Speed Circuit Switched Data

HSDPA - High Speed Downlink Packet Access
HS-DSCH - High Speed Downlink Shared Channel
HSUPA - High Speed Uplink Packet Access

IP - Internet Protocol

IS - Infinite Server

LTE - Long Term Evolution, the next generation radio intedaf 3GPP
MMPP - Markov Modulated Poisson Process

Node B - base station in 3GPP terminology
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OF - Orthogonality Factor

OFDMA - Orthogonal Frequency Division Multiple Access
OVSF - Orthogonal Variable Spreading Factor codes
QAM - Quadrature Amplitude Modulation

QoS - Quality of Service

Release’99, R'99 - 3G network without extensions defineaiterlstandard releases
RNC - Radio Network Controller

SIR - Signal to Interference Ratio

SMTP - Simple Mail Transfer Protocol

SNR - Signal to Noise Ratio

TCP - Transmission Control Protocol

TDMA - Time Division Multiple Access

UMTS - Universal Mobile Telecommunication System
UTRA - UMTS Terrestial Radio Access

UTRAN - UMTS Terrestial Radio Access Network

WATM - Wireless Asynchronous Transfer Mode

WCDMA - Wideband Code Division Multiple Access
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