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Abstract

Long Term Evolution (LTE) is a beyond 3G system conceivechlite objective of providing
substantial advances in terms of data rates, Quality ofi&(@oS) provisioning and cost reduc-
tion for users and operators with respect to currently afséél 3G systems. This project focuses
on a subset of Radio Resource Management (RRM) functiesalitithin the context of LTE up-
link and specifically on Power Control (PC), Adaptive Traission Bandwidth (ATB) and Packet
Scheduler (PS). PC and ATB are link adaptation techniquesse/iole is to adapt the power and
transmission bandwidth to the time-varying nature of thanctel. The PS entity, instead, mul-
tiplexes users in time and frequency domain based on a langety of parameters like channel
conditions and QoS requirements.

In a LTE system the orthogonality of users within the samé& oedlized via the Orthogonal
Frequency Division Multiplexing (OFDM) scheme, eliminatine intra-cell interference leaving
the PC functionality with the task of limiting the inter-teiterference - due to a frequency reuse
factor of one - and the terminal power consumption. A PC dligar therefore is proposed which,
compared to the open-loop form of the standardized PC fanmiroduces the dependency from
the user generated interference when setting the tramsgitbwer. The results show a consider-
able performance gain that can be used to improve the outagehroughput (by more than 50%)
or the cell capacity (by more than 15%) by proper parametangu Such performance boost is
preserved only in a full (infinite) buffer traffic whereas atibuffer traffic scenario considerably
reduces the gain due to the different distribution of usetse cell and consequently the different
interference patterns.

The main contribution of this research project pertainsdisgign of the PS entity. In LTE up-
link the adoption of the Single Carrier - Frequency Domairtijle Access (SC-FDMA) scheme
limits the flexibility of the allocation schemes. The prahlés initially bypassed by designing a
simple scheduler which assumes a Fixed Transmission Baltid@TB). This gives the possibility
to quantify the frequency selectivity and multi-user dsigr gains obtained from a channel-aware
approach compared to a channel-blind one. In a second plsaseduling algorithm (novel to the
knowledge of the author) is designed to integrate the flityilhf ATB into the scheduler. Such
algorithm is shown throughout the thesis to provide fleiipih terms of inbuilt adaptation to cell
load, user power limitations and QoS requirements wheredrly appropriate scheduling met-
rics. Moreover the comparison of FTB- and ATB-based scledukveals interesting viewpoints
regarding the principles of multi-user diversity gain.

In the last part of the thesis the design of the schedulingérmork is completed by the addition
of a time domain unit motivated by control channel limitasocomputational complexity and QoS
requirements like Guaranteed Bit Rate (GBR). The focusaeefiore shifted on the design of time
and frequency domain metrics which are modified as to takeaotount additional requirements,
e.g. the GBR, and different traffic types, e.g. the mix of GansBit Rate (CBR) and Best Effort
(BE) traffics. The proposed metrics are shown to effectiy@lgritize the users based on their
traffic type and GBR requirement while keeping a similar td&lbughput performance.






Dansk Resumé

Systemet “Long Term Evolution (LTE)” er et nyt system eft€,3om er designet til at tilbyde
vaesentlig hgjere datahastighed, garanteret servicelyalg til en lavere pris end tidligere 3G sys-
temer. Dette projekt omhandler radio ressource manageithemE uplink med fokus pa power
kontrol og pakke schedulering med variabel bandbredde paeh Power kontrol og variabel
bandbredde er link teknikker, som tilpasser sig det tidsevande radiomiljg. Pakke scheduleren
har til opgave at multiplexe brugerne i tid- og frekvens daratebaseret pa en reekke parametre og
malinger. LTE er baseret pa OFDMA teknikken, sa der ikke getinterference mellem brugere

i samme celle, hvilket betyder, at power kontrollen primiaarttil opgave at kontrollere interferen-
cen mellem celler — under antagelse af fuld frekvensgenbrogmaksimum transmissions power
per terminal. En aben loop power kontrol algoritme, som lafbeenger af interferencen genereret
til naboceller er derfor blevet undersggt. Resultatet sgaliundersggelser viser stort potentiale,
med mere end 50% hgijere datahastighed for brugere pa cetekagrnaevnte forbedring er un-
der antagelse af en sakaldt "Full buffer” trafik model, meeset veesentlig mindre forbedringer,
hvis en "Finite Buffer” trafik model benyttes. Hovedformitaed dette forskningsprojekt er de-
sign af pakke scheduleren. Uplink af LTE er baseret pa SC-RDivilket seetter nogle begreen-
sninger mht. fleksibilitet, nar brugere allokeres bandideedSom et fgrste skridt er der blevet
designet en scheduler med konstant transmissionsbantdbpet bruger. Studierne med denne
scheduler giver mulighed for at undersgge multi-brugeerdity fordele ved at allokere brugerne
der, hvor de har de bedste radiobetingelser i frekvens-awmnaden efterfalgende fase generalis-
eres scheduleren til at allokere forskellige bandbredterugerne. En sddan scheduler har starre
fleksibilitet og er bedre til at tilpasse sig under forskgdliforhold som for eksempel trafikfordel-
ing, servicekvalitets krav, osv. Sammenligningen af paddteeduleren med konstant og variabel
bandbredde viser nogle interessante effekter mht. muitydr diversity. | den sidste del af Ph.D.
rapporten videreudvikles pakke scheduleren yderligeérsgsvicekvalitets krav som f.eks. garan-
teret datahastighed for brugeren tages med i beslutniogsgsen. Pakke scheduleren fungerer
ogsa i et scenario, hvor brugerne har forskellige trafikriedemed forskellig garanteret data-
hastighed for nogle af brugerne. De opnaede resultater, @seen foresldede pakke scheduler
virker og bl.a. er i stand til prioritere mellem forskelligasser af brugere og kan opfylde kravene
fra brugere med minimum garanteret data hastighedskrav.

ranslation by Klaus I. Pedersen and Jytte Larsen, Nokiam&is Networks, Aalborg, Denmark.
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Abbreviations and Mathematical
Conventions

Abbreviations and mathematical conventions used in theighee listed below for quick refer-
ence. The abbreviations are additionally defined at thair diccurrence.
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Chapter 1

Thesis Introduction

Introduction

As of April 2008 the number of mobile subscribers worldwidgstpassed the 3 billions mark
and it keeps growing at a rate of 15 new subscribers per sgddndrhe mobile phone, from
object of desire has become a vital communication tool pta@ fundamental role in our daily
life and providing a remarkable social value. Parallel te ¢gnowth of mobile subscriptions, the
explosion of Internet services and amount of informatiadiy available has shifted the attention
from voice services to data services. Moreover the impogari mobile and Internet worlds has
led to the conception of services which are mostly a preiegaf mobile users, e.g. location-
aware services which provide information which is relevianthe context of the user physical
environment.

The plethora of services available, characterized bydifferesponse patterns in terms of data
rate, delays, error rates, etc. has drawn attention on theriance of providing the required Qual-
ity of Service (QoS) as well as on the need of increasing tlaflable capacity. The Wideband
Code Division Multiple Access (WCDMA) radio access teclugy, conceived within the 3rd
Generation Partnership Project (3GPP), has been deplégeihg from year 2002 to meet such
needs as shown in Figure 1.1. In order to preserve com@gtéss compared to other technologies,
the 3GPP standardization body has proposed an evolutidredMCDMA technology by intro-
ducing the High-Speed Downlink Packet Access (HSDPA) iras¢ 5 and High-Speed Uplink
Packet Access (HSUPA) in release 6 which provide highertsgdegfficiency and data rates. Such
evolution, continued with release 7 which introduced tetbgies like beamforming and Multiple
Input Multiple Output (MIMO), is generally denoted as Hi§@peed Packet Access (HSPA) and
informally known as 3.5G and it represents a considerabpgarement over the WCDMA tech-
nology. Nonetheless, the need to offer advanced solutieeissolonger time frame has pushed the
3GPP into initiating a further development, also known asd-®erm Evolution (LTE), which in-
troduces significant changes in the radio access interiaeekhas the network architecture. Such
technology, informally known as 3.9G, represents the fraamnk within which this PhD study is
carried out.

The rest of the chapter is organized as follows: In Sectidriie LTE targets are described.
Section 1.2 contains the evolution of the radio interfacecti®n 1.3 gives an introduction to the
Radio Resource Management (RRM) in LTE which then focusekiak Adaptation (LA) and
Packet Scheduler (PS) described in Section 1.4. Sectiofotrulates the scope and objectives
of this study. The scientific methodology used is outline&éttion 1.6. The novelty and contri-
butions of the thesis along with the list of articles puldidrduring the PhD study is detailed in
Section 1.7. Finally, Section 1.8 lays out the organizatibthe thesis.
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3GPP Schedule
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Figure 1.1: Standardization and commercial operation plan along wathrdink and uplink peak data rate

12].

1.1 Introduction to UTRAN LTE

UTRAN LTE was started within 3GPP with the aim of creating ehteology capable of be-
ing competitive in the long-term future by meeting incregsuser demands in terms of service
provisioning and cost reduction over HSPA. Compared to H&®ase 6, the number of nodes
between the air interface and the backbone network has leelerced resulting also in a lower
call setup time. As a result, several RRM functionalitiegluding Admission Control (AC) and
mobility control, have been moved to the Evolved Node-B @&&) which assumes a higher
importance given the decentralized network architecture.

The targets agreed within 3GPP in the study item phase arem=ted in [3] and summarized
as follows:

e Peak data rates exceeding 100 Mbps in the downlink and 50 Mltps uplink (in 20 MHz
bandwidth).

e Increase in spectral efficiency by a factor of three to fames in downlink and two to three
times in uplink [2].

e Significantly reduced control-plane latency as well as p&ame latency (10 ms round-trip
delay [4]).

e Scalable bandwidth operation up to 20 MHz, i.e., 1.4, 3, 5150and 20 MHz [5, 6].
e Support for packet switched domain only.
e Enhanced support for end-to-end QoS.

e Optimized performance for user speed of less than 15 kmpth,hagh performance for
speeds up to 120 kmph, and the connection should be maidtaiille speeds even up to
350 kmph [7].

e Reduced cost for operator and end user.

Among the listed targets, the support for only the packetcheid domain highlights the focus of
LTE to enhance packet based services. The overall goal isvielap an optimized packet based
and IP-based access system with high data rate and lowyatexamples of such services include
High Definition TV (HDTV) broadcast, movies on demand, iative gaming and Voice Over



Thesis Introduction 3

Internet Protocol (VolP) [8]. In order to achieve such gaakgolution of the network architecture
and, more importantly for this research project, of theaadierface is conceived. The latter is
going to be described hereafter.

1.2 LTE Radio Interface

Compared to HSPA another significant evolution is the depkyt of the Orthogonal Frequency
Division Multiplexing (OFDM) multi-carrier transmissioscheme made possible by the availabil-
ity of OFDM transceivers at feasible cost.

1.2.1 OFDM Transmission Technology

The OFDM s a Frequency Domain Multiplexing (FDM) schemedufee the modulation of multi-
carrier transmissions. The information data is divided getof parallel data streams carried by
closely spaced and orthogonal sub-carriers. Each sulec@éarmodulated with a conventional
modulation scheme like Quadrature Phase Shift Keying (QR8KL6-Quadrature Amplitude
Modulation (16-QAM). The low symbol rate makes affordalile tise of guard interval between
symbols which enables controlling of time-spreading artéri®ymbol Interference (ISI). The
simplified channel equalization is only one of the reasony thie OFDM was chosen as the
multi-carrier transmission schemes by LTE and other staliition bodies. Other advantages in-
clude high spectral efficiency, efficient implementatioa Fast Fourier Transform (FFT), inherent
bandwidth scalability, flexibility of bandwidth allocatioby varying the number of sub-carriers
used for transmissions. The OFDM also shows some disady@tike sensitivity to frequency
synchronization and above all a high Peak-To-Average P&atip (PAPR). As the amplitude of
the time-domain signal is dependent on hundreds of sulecsrfarge signal peaks will occasion-
ally reach the amplifier saturation region, resulting in adinear distortion [9]. The last problem
requires high linearity power amplifiers which operate veéittarge backoff from their peak power
suffering from poor power efficiency.

1.2.2 SC-FDMA Radio Access Scheme

Based on the enumerated properties, among the OFDM-baskiplenaccess techniques, the
Orthogonal Frequency Division Multiple Access (OFDMA) heeen selected for downlink trans-
mission in LTE. Due to the PAPR limitation the same schemel@voapose a significant burden
in terms of power consumption on the mobile handset regultireduced battery life. For this
reason the Single Carrier - Frequency Domain Multiple As¢&C-FDMA) (also known as DFT-
spread OFDMA) has been selected for the uplink transmigsiea Figure 1.2 for a comparison).
In this case the subcarriers, due to the DFT-spread operatie transmitted sequentially rather
than in parallel thus resulting in a lower PAPR than OFDMAnsilg. This produces a higher IS
which the eNode-B has to cope with via frequency domain érptgdn. Thus the SC-FDMA,
while retaining most of the benefits of OFDMA, it also offeexiuced power consumption and
improved coverage. On the other hand it requires the sutecsaallocated to a single terminal to
be adjacent. This constraint will prove to be very challeggivhen designing resource allocation
schemes.

1.3 LTE Radio Resource Management

The term RRM generally refers to the set of strategies anarigihgns used to control parameters
like transmit power, bandwidth allocation, Modulation addding Scheme (MCS), etc. The aim
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Sequence of QPSK data symbols to be transmitted

QPSK modulating
data symbols

—> Frequency 60 kHz Frequency
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Data symbols occupy 15 kHz for Data symbols occupy M*15 kHz for
one OFDMA symbol period 1/M SC-FDMA symbol periods

Figure 1.2: Graphical representation of OFDMA and SC-FDMA. Only foubsarriers over two symbol
periods are represented. The payload is represented by @&8ksymbols [10].

is to utilize the limited radio resources available as effitly as possible while providing the users
with the required QoS.

The set of RRM functionalities in LTE has known an evolutiampared to previous systems:
some entities are removed while some others acquire adiffeole. As an example the AC
and the mobility control have been moved to the eNode-B whssumes a higher importance
given the decentralized network architecture compared38Ad The same process was started
already in the HSPA evolution where the PS entity was mowvar fthe Radio Network Controller
(RNC) in the WCDMA to the Node-B in the HSPA. The advantage@ by that solution was
the possibility to operate at a faster rate (every 2 ms) asegurence of being close to the radio
channel, thus providing significant spectral enhanceniéiis

The uplink and downlink RRM functionalities, even thougleytshare the same general ob-
jective of efficiently utilizing the available radio resaes, are mostly treated separately given
the different scenarios and effects to be analyzed. Thesfouhis research project is on the
uplink RRM. The considered functionalities include Powem@ol (PC), Adaptive Modulation
and Coding (AMC) and Adaptive Transmission Bandwidth (AT8¢nerally termed as LA tech-
niques), scheduling and AC, though a major effort has beewctaid towards PC, ATB and schedul-
ing in particular.

1.4 General Considerations on Link Adaptation and Packet Seedul-
ing

In a real propagation environment the radio channel is &fteby fast fading variations due to
the scattering of multiple paths and the constructive otrdetve recombination at the receiver.
Such variations take place on top of slower fading variaiemvhich change with the location
- and distance-dependent path-loss - which changes witldiii@nce of the receiver from the
transmitter.
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The LA refers to the techniques deployed to adapt the tresssom parameters to the time-
varying nature of the radio link. The transmission paramseteclude, for example, the MCS, the
transmit power level, the transmission bandwidth [4, 12je Bpectral efficiency can for example
be improved by using a more robust MCS under adverse chaanditions and vice versa when
the channel conditions improve. AMC, indeed, is known toHee most efficient type of LA in
improving the system performance as shown in [13, 14].

LA can take place at a fast or slow rate depending on the kifddihg the system is trying
to cope with [15]. Such mechanism requires knowledge of tlengel quality information. A
finer frequency granularity of such information and a faséte at which it is updated improve
the precision of the LA and therefore the spectral efficidmalyit also requires a larger amount of
signaling, thus requiring such parameters to be chosefudisue

The PS is the network entity responsible for the allocatibeystem resources to users over
the shared data channel [16]. In a scenario where multiesusre sharing the same wireless
media the PS can improve the spectral efficiency by utilizivgystatistical behavior of the radio
channel as well as that of offered traffic [17]. Similarly keetLA, the PS relies on the knowledge
of the channel quality information to exploit time, spaaegency and multi-user diversity. Of
particular interest in this research project is the latthiclv refers to independent channel fading
statistics experienced by different users within the saoverage area. The multi-user diversity
gives to the PS entity the possibility to schedule users lware experiencing fading peaks. Packet
scheduling has been widely investigated in literature, fmeexample, [18] for the Code Division
Multiple Access (CDMA) and [11, 19] for the HSPA. In LTE, givéhe choice of supporting only
data transfer, the PS plays a key role in the overall systaforpeance. The aim is not only to
improve spectral efficiency while exploiting the differéatms of diversity, but also guaranteeing
the QoS requirements associated with different traffictype

Compared to HSPA systems, in LTE the PS is given high impoea@s reflected by the pos-
sibility of operating also in the frequency domain [20]. $lopens the possibility for the exploita-
tion of frequency diversity which refers to uncorrelatedichel fading statistics for the same user
on frequencies which are separated widely enough. Whileowriink (DL) the adoption of the
OFDMA makes the exploitation of the frequency diversitygibke, in Uplink (UL) the SC-FDMA
limits such possibility but still leaves the chance to achimulti-user diversity.

The importance of the PS in LTE is reaffirmed by the choice oflg fP-based packet switched
technology dictated by the need of providing services whidht in a wide range of data rate, delay
and reliability requirements. This include also the suppbroice services which will not benefit
any longer of the circuit switched technology and will havedly on the VolP technology.

As final remark, it is worth to point out that PS and LA entitibsing co-located in the eNode-
B, can interact with each other in order to improve the radsmurce utilization [21].

1.5 Thesis Scope and Objectives

The objective of this work is to develop algorithms for sallédy and LA in order to improve
system capacity and QoS provisioning, as well as to anahgie performance in the framework
of LTE Uplink.

The evolution of the radio interface, including the additiof the frequency domain and the
introduction of a new multiple access scheme, the decisicsupport only packet based trans-
missions and new classes of services poses new challengies RRM functionalities when it
comes to improving spectral efficiency and supporting tifferdint QoS requirements. Of all the
available RRM functionalities, the focus, as anticipaisdjoing to be on the PS and LA, though
the interaction with other entities is often taken into astto Specifically, novel algorithms are
derived and their performance evaluated at system leved.stidy is carried out within the con-
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text of the LTE framework modeled according to the specificet given in [20] and is limited to

the Uplink only. Other RRM functionalities like Handover @jl and Load Control (LC) are not
covered in the thesis while the AC, whose design and anahgsisheen carried out in a parallel
study, will be deployed and be part of the default assumgtinihe last part of this project.

In LTE, LA, as previously anticipated, refers to the addptabf signal transmission param-
eters like power (via PC), modulation and coding (via AMCY dandwidth (via ATB) to the
varying channel conditions. The scope of such technique improve the spectral efficiency
and the reliability of the channel [17]. The advantages efAMC have already been proven in
the mentioned works [13, 14] and the evaluation conductddShconfirmed that the fast AMC
(performed every TTI) is able to improve the system perfarceaover the slow AMC. For this
reason it is included as a default assumption throughouitiwe study. The focus is therefore
restricted to PC (being the ATB considered at a later stagetlze aim is to design and evaluate
the gain of an interference-based PC approach over theasthngen-loop approach in a variety
of deployment scenarios.

Next, the objective of the project is to design and evaluagegperformance of different packet
scheduling algorithms. Initially the aim is to design a amelraware scheduling algorithm assum-
ing a fixed-bandwidth allocation and to evaluate the gairr avehannel-blind approach. After-
wards the objective is to design a more flexible algorithmalhintegrates the ATB functionality
into the allocation algorithm. Such allocation algorithriil Wwe assumed as default for the rest of
the study.

In the last part of the thesis the scheduling framework isgleted by the addition of the Time
Domain (TD) unit and the attention is shifted on the desigd analysis of the metrics for time
and frequency domain scheduling for QoS provisioning. Tded dere is to gradually expand the
design of the metrics until they incorporate additionaleasp (like Guaranteed Bit Rate (GBR))
and are able to serve alarger set of scenarios which diffeesiins of QoS requirements and traffic
types, like a mix of Constant Bit Rate (CBR) and Best EfforE}B

1.6 Scientific Methods Employed

Given the number of parameters involved and the complexaati®n among the system entities
the problem is too complex to be approached analytically. tlkie reason the preferred method-
ology is to construct a system model following some asswnptiand guidelines, like the ones
given in [20, 22], and to implement such model in a systemlIsiveulator. The results presented
in this thesis have therefore been produced via extensmguoter simulations using the system
model developed and implemented during the course of theqtro

Whenever possible the analytical method is used. The sysitamiator developed is a state of
the art semi-static, multi-cell and multi-user simulatbincludes detailed implementation of LA
based on AMC and FPC, explicit scheduling of HARQ processelsiding retransmissions and
link-to-system mapping technique suitable for SC-FDMA.gkiety of traffic is also implemented
including the full infinite buffer, which is recommended Ihetstandard, and more realistic traffic
models such as finite buffer and constant bit rate.

The aim is to evaluate the system-level performance of tbpgeed RRM framework using
the Key Performance Indicator (KPI)s listed in A.5 in orderécommend algorithms for practical
implementation.
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1.7 Novelty and Contributions

The main contribution of this research project is the desigd analysis of a RRM framework
which merges into scheduling several aspects of LA. Theyaisalakes into account the complex
interaction of the different entities including PC, AMC aA@ and is carried out in a variety of
scenarios. Thus, the evaluation of the proposed algoritfemsired work not only in terms of
conceptual design but also system modeling, software wesigplementation and testing.

The first topic of research to be presented in the thesis iglésign of a Interference based
Power Control (IPC) algorithm which is based on the Fraetidhower Control (FPC) formula
agreed in 3GPP [23].

Related to PC the following contribution has been publi$hed

e M. Boussif, N. Quintero, F. D. Calabrese, C. Rosa, and J. kfjgiterference Based Power
Control Performance in LTE Uplink” ifProceedings of the IEEE International Symposium
on Wireless Communication Systems (ISW@8Ykjavik, Iceland, October, 2008.

in such publication the IPC concept is proposed and the gasvaluated in a full buffer traffic
scenario. Additionally a rule for setting some of the pargarsinvolved is derived.
Within the same topic, the following contributions have thee-authored:

e C. U. Castellanos, D. L. Villa, C. Rosa, K. |. Pedersen, F. BlaBrese, P. H. Michaelsen,
and J. Michel, “Performance of Uplink Fractional Power Gohin UTRAN LTE” in Pro-
ceedings of the 67IEEE Vehicular Technology Conference (VTSingapore, May, 2008.

which evaluates the performance of the pure FPC strategyffaraht scenarios and suggests
appropriate values for the related parameters.

e C.U. Castellanos, F. D. Calabrese, K. I. Pedersen, and @, Rdglink Interference Control
in UTRAN LTE Based on the Overload Indicator” Proceedings of the IEEE Vehicular
Technology Conference (VT @algary, Canada, September, 2008.

which proposes and evaluates a method for controllingithparameter values via the exchange
of the Overload Indicator message among eNode-Bs.

The second topic of research is the design of schedulingitdgss. Here, the main focus is
on the potential gain achievable by the channel-aware stingdand considerations regarding the
control channel limitations are added only in a second pHagkerent kinds of resource allocation
algorithms and scheduling metrics are designed and eealaaitd conclusions are drawn on which
one provides the best performance.

As a result of such studies the following articles have bagighed:

e F. D. Calabrese, P. H. Michaelsen, C. Rosa, M. Anas, C. U.ellasbs, D. L. Villa, K. I.
Pedersen, and P. E. Mogensen, “Search-Tree Based Uplimkn€Eh&ware Packet Schedul-
ing for UTRAN LTE” in Proceedings of the 87IEEE Vehicular Technology Conference
(VTC), Singapore, May, 2008.

which evaluates the performance of two Fixed Transmissiand®idth (FTB) based resource
allocation strategies (matrix based and search-tree pased) the Proportional Fair (PF) metric.

'Even though the author of this thesis does not appear astttstrzof the paper, the ideas presented therein have
been elaborated and partly evaluated as part of this Pheqiroj
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e F. D. Calabrese, C. Rosa, M. Anas, P. H. Michaelsen, K. |. Bede and P. E. Mogensen,
“Adaptive Transmission Bandwidth Based Packet ScheddongTE Uplink” in Proceed-
ings of the 68 IEEE Vehicular Technology Conference (VTChlgary, Canada, September,
2008.

which proposes an ATB based resource allocation algorithchcmmpares its performance and
properties with the FTB based one.

e F. D. Calabrese, C. Rosa, K. I. Pedersen, P. E. MogensenfofR&nce of Proportional
Fair Frequency and Time Domain Scheduling in LTE Uplink” siitbed to15" European
Wireless Conferengé\alborg, Denmark, May 2009.

which adds the time domain scheduling to the framework yaeal different combinations of time
and frequency domain metrics and identifies the one whichiges the best performance.

In the last part, the QoS aspects are also taken in consamer&pecifically users with finite
buffer and a GBR requirement are considered and diffensr® tiomain metrics are analyzed. The
performance is analyzed both with and without the AC fumlily. This investigation sets the
ground for the analysis of more complex scenarios in terniafifc types and GBR requirements.
Those scenarios include users with different GBR requirgmas well as mix of BE and CBR
traffic types.

The results of these studies have been partly publisheckifottowing conference contribu-
tion:

e M. Anas, C. Rosa, F. D. Calabrese, K. I. Pedersen, and P. MegetCombined Admission
Control and Scheduling for QoS Differentiation in LTE Ugirin Proceedings of the 68
IEEE Vehicular Technology Conference (VT Calgary, Canada, September, 2008.

In addition the collaborative work on the design of RRM fuoealities for LTE Uplink has re-
sulted in the following publications whose results are usethe research project but are not
specifically discussed or analyzed:

e C.Rosa, D. V. Lopez, C. U. Castellanos, F. D. Calabrese, Withaelsen, K. I. Pedersen,
P. Skov, “Performance of Fast AMC in E-UTRAN Uplink” iRroceedings of the IEEE
International Conference on CommunicatiditGC), Beijing, China, May, 2008.

e M. Anas, C. Rosa, F. D. Calabrese, P. H. Michaelsen, K. |. Bede and P. Mogensen,
“QoS-Aware Single Cell Admission Control for UTRAN LTE Upk” in Proceedings of
the 68" IEEE Vehicular Technology Conference (VTS)ngapore, May, 2008. [Maybe to
be attached as appendix]

Finally, the following publications have been producedhgsa dynamic system level simulator
developed in the first year of this PhD and are not includetigrthesis.

e F. D. Calabrese, M. Anas, C. Rosa, K. |. Pedersen, and P. EeiMeq, “Performance of a
Radio Resource Allocation Algorithm for UTRAN LTE UplinkhiProceedings of the &5
IEEE Vehicular Technology Conference (VTDublin, Ireland, April, 2007.

e M. Anas, F. D. Calabrese, P. Mogensen, C. Rosa, K. |. PedéiBerformance Evaluation
of Received Signal Strength Based Hard Handover for UTRAKR'LIl Proceedings of the
65" IEEE Vehicular Technology Conference (VTDWblin, Ireland, April, 2007.
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e M. Anas, F. D. Calabrese, P. E. Ostling, K. |. Pedersen, P.evisgn, “Performance Analysis
of Handover Measurements and Layer 3 Filtering for UTRAN LirEProceedings of the
18" [EEE International Symposium on Personal, Indoor and MeBiadio Communications
(PIMRC), Athens, Greece, September, 2007.

A significant part of the PhD project has been devoted to thealitng, implementation and test-
ing of the semi-static system-level simulator - from whihk tesults presented in this thesis have
been generated - as well as the dynamic system-level sionuamed Efficient Layer Il Simulator
for E-UTRAN (ELIISE), whose results have not been preseimdtie thesis as they followed an
entirely different line of thought than the one subseqyeatiopted. The main contribution to the
semi-static system-level simulator has revolved arourdittvelopment of the scheduling frame-
work, with emphasis on the ATB-based algorithm, as well &sdifferent time and frequency
domain metrics (both channel-aware and QoS-aware). Thelamwent of such simulator has
been carried out in collaboration with other Nokia and Nd&iemens Networks colleagues. The
contribution to the dynamic system-level simulator ELIliB#olved the overall design of the soft-
ware from scratch as well as the modeling and implementatfdeatures including PC, AMC,
Outer Loop Link Adaptation (OLLA), scheduling and mobilifhe development of this simulator
has been carried out in collaboration with PhD student Molach#inas.

1.8 Thesis Outline

The PhD thesis is organized as follows:

e Chapter 2:0verview of Uplink Radio Resource Management in ETHhRis chapter presents
an overview of the uplink RRM functionalities in LTE. Partlar attention is given to the
description of PS and LA entities.

e Chapter 3:Interference based Power Controllhis chapter describes a new algorithm for
power control based on measures of the interference prddwceach user within the sys-
tem. Simulation results are presented mainly assuming buftier best effort type of traffic.
This research topic has been carried out in collaboratidh Mokia Siemens Networks col-
league Malek Boussif to whom | recognize 50% of the work. $Sjwadly, the author of
this thesis has contributed the concept and the algorithmefitg while the software im-
plementation and the generation of results (via simulatias been carried out by Malek
Boussif.

e Chapter 4: Fixed Transmission Bandwidth Based Packet Schedulibis chapter first
describes a matrix-based resource allocation algorithdnpaesents results in a variety of
scenarios. Afterwards the same algorithm is generalizeséoa tree-based approach. The
obtained results are compared with the simpler matrixdbaggroach.

e Chapter 5:Adaptive Transmission Bandwidth Based Packet Schedulihg chapter presents
a packet scheduling algorithm which integrates the ATB fiamality in the resource allo-
cation algorithm. The proposed algorithm is analyzed wausation and the results are
compared with the ones obtained under FTB and presenteciprévious chapter. The
suggested algorithm is shown to provide flexibility compltiethe cell load.

e Chapter 6:Scheduling for Elastic Traffic with Minimum Throughput Gamatee- In this
chapter the full scheduling framework, which includes tiamel frequency domain schedul-
ing, is deployed. An investigation of different time anddguency domain metrics is carried
out and some recommendations are given based on the piksentdts. Afterwards the
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GBR is also considered and the metrics are adapted to seshensw requirement. A com-
parison of different metrics is shown first without AC andeaftards with AC. The AC
deployed is studied by PhD student Mohmmad Anas and theacefatblished article is
reprinted at the end of the thesis.

Chapter 7:Scheduling for Service Differentiationin this chapter the packet scheduling
framework is tested in a traffic mix scenario which include &ers and CBR users. The
results presented demonstrate the ability of the proposstdatio effectively prioritize the
CBR users over the BE users which are allocated only the ressunot used by the CBR
users.

Chapter 8:0Overall Conclusions and Recommendatieridhis chapter provides a summary
of the overall study and discusses future research issues.

Appendix A: Semi-Static System Level Simulator Descriptidimis appendix provides the
detailed description of the semi-static multi-cell systiewel simulator including network
layout, channel model, traffic model, link-to-system lewelpping and definition of impor-
tant KPIs.

Appendix B:Statistical Significance Assessment and Convergembes appendix presents
the analysis of statistical significance of KPIs for repreative simulation scenarios taken
from the study.



Chapter 2

Uplink Radio Resource Management in
LTE

2.1 Introduction

This chapter presents an overview of the LTE system ardhite@and the Uplink RRM function-
alities. The entities which are not of interest for the pcojgre not described or only briefly men-
tioned while the packet scheduling and the LA functioneditinvestigated in this research project
are introduced in this chapter and then described in moeglsi@t their dedicated chapters.
Following a top-down approach, first the setting of QoS patens at the bearer level is de-
scribed in Section 2.2. Afterwards an overview of trans@ontl physical channels, useful for
a better understanding of later sections, is given in 2.3e RRM functionalities are also de-
scribed following a top-down approach: Section 2.4 givegscdption of the channel-aware and
QoS-aware AC algorithm developed in a parallel PhD study mhiimad Anas [24]. The PS
entity is introduced in Section 2.5 and treated in more tefai Chapter 4 while Section 2.6
describes the modeling of Hybrid Automatic Repeat reQudstRQ) and the related assump-
tions. Section 2.7 describes the set of functionalitiesgaly grouped under LA, including AMC,
OLLA, ATB and PC. Finally Section 2.8 contains a descriptadrthe uplink signaling from the
User Equipment (UE) to the eNode-B, specifically ChanneieStdormation (CSl), Buffer Status
Report (BSR) and Power Headroom Report (PHR). Section 2t a summary of the chapter.

2.2 QoS and Associated Parameters

An Evolved Packet System (EPS) bearer is the level of grabufar bearer level QoS control in
the Evolved Packet Core (EPC)/E-UTRAN. One EPS bearerabkstted when the user connects
to a Packet Data Network (PDN), and that remains establighedighout the lifetime of the
PDN connection to provide the user with always-on IP conwigégtto that PDN. That bearer is
referred to as the default bearer. Any additional EPS bdhedris established to the same PDN
is referred to as a dedicated bearer. The initial bearet @u& parameter values of the default
bearer are assigned by the network, based on subscriptianTdze decision to establish or modify
a dedicated bearer can only be taken by the EPC, and the beakbQoS parameter values are
always assigned by the EPC.

An EPS bearer is referred to as a GBR bearer if dedicated netsgsources related to a
GBR value that is associated with the EPS bearer are periiyaaéacated (e.g. by an admission
control function in the eNode-B) at bearer establishmendiification. Otherwise, an EPS bearer
is referred to as a Non-GBR bearer. A dedicated bearer daerdie a GBR or a Non-GBR bearer

11
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Figure 2.1: EPS Bearer Service Architecture [25].

while a default bearer shall be a Non-GBR bearer.

The EPS bearer service layered architecture is illustiat€ture 2.1.

Each EPS bearer (GBR and Non-GBR) is associated with thewfimly bearer level QoS
parameters signaled from the Access Gateway (aGW) (wheyesite generated) to the eNode-B
(where they are used):

e Quality Class Identifier (QCI): scalar that is used as a egfee to access node-specific pa-
rameters that control bearer level packet forwarding tneat (e.g. bearer priority, packet
delay budget and packet loss rate), and that have been pfigur@d by the operator owning
the eNode-B. A one-to-one mapping of standardized QCI galoestandardized character-
istics is captured in [26].

e Allocation Retention Priority (ARP): the primary purposeARP is to decide whether a
bearer establishment / modification request can be accepteeeds to be rejected in case
of resource limitations. In addition, the ARP can be usedheyegNode-B to decide which
bearer(s) to drop during exceptional resource limitati@g. at handover).

Each GBR bearer is additionally associated with the GBRdrydavel QoS parameter, which is the
bit rate that can be expected to be provided by a GBR bearerGBR denotes bit rate of traffic
per bearer while Aggregate Maximum Bit Rate (AMBR) denotdst aate of traffic per group of
bearers.

Additionally there is the Prioritized Bit Rate (PBR), whithset from the eNode-B in uplink
for both GBR and non-GBR bearers in order to avoid starvatibfow priority flows [25]. It
should be noted that PBR is only relevant for users with pl@tbearers.

2.3 Transport and Physical Channels

The mapping between the transport channels, which deskealeand with what characteristics
the data are transferred over the air interface, and theigaitychannels which corresponds to a
set of resource elements carrying information originatnogn higher layers, takes place between
Layer 2 and Layer 1[25, 27].

In downlink, four types of transport channels exist: BraatcChannel (BCH), Downlink
Shared Channel (DL-SCH), Paging Channel (PCH) and Mutti€C&snnel (MCH). The BCH
is characterized by a fixed and pre-defined transport formétsrequired to be broadcasted in
the entire coverage area of the cell. The DL-SCH is the mosibfee and is characterized by
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Figure 2.3: Mapping between uplink transport channel and uplink ptatgibannel [25].

support for HARQ, support for dynamic link adaptation viaigion of modulation, coding and

transmit power, possibility to be broadcasted in the ert@®, support for dynamic and semi-
static resource allocation and support for DiscontinuoeseRtion (DRX) to enable UE power
saving. The PCH is characterized by support for DRX to enblitepower saving and require-

ment to be broadcasted in the entire cell. The MCH is requdifoadcast in the entire coverage
of the cell and offers support for Multimedia Broadcast Must Service (MBMS) transmission

on multiple cells. The mapping of downlink transport chdarte downlink physical channels

is represented in Figure 2.2 where only four of the six plalsahannels are indicated. They
are Physical Downlink Shared Channel (PDSCH), Physicah&cast Channel (PBCH), Physi-
cal Multicast Channel (PMCH), Physical Control Format bador Channel (PCFICH), Physical
Downlink Control Channel (PDCCH), Physical Hybrid ARQ lodtor Channel (PHICH).

In uplink, two types of transport channels exist: Uplinkagd Channel (UL-SCH) and Ran-
dom Access Channel (RACH). Like in downlink the UL-SCH is thest flexible and is character-
ized by support for HARQ, dynamic link adaptation, supportdynamic and semi-static resource
allocation. The RACH is used for the initial access to thdeys the call setup and the exchange
of limited control information. The mapping with uplink psigal channels is represented in Fig-
ure 2.3. There are three types of physical channels: Phydmak Shared Channel (PUSCH),
Physical Uplink Control Channel (PUCCH), Physical Randootéss Channel (PRACH). The
PUSCH carries the UL-SCH, PUCCH carries HARQ Ack/Nack’sasponse to downlink trans-
mission, scheduling requests, and Channel Quality InfaamgCQI) reports. Due to the Single
Carrier (SC) constraint a user cannot transmit at the sameedn PUCCH and PUSCH.
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Figure 2.4: Interaction between RRM functionalities with focus on shlleng and adaptation.

2.4 Admission Control

An overview of the functionalities of main interest to thioject, their interaction and location in
the protocol stack is shown in Figure 2.4.

The AC is a Layer 3 (network layer) functionality located hreteNode-B whose task is to
admit or reject the request of a new radio bearer or of an haandmndidate. The criterion used
to admit or reject a new bearer is based on ensuring an effigidimation of the available radio
resources, by admitting new bearers as long as radio reare available while at the same time
guaranteeing the QoS provisioning of ongoing sessions jegtneg requests which cannot be
accommodated [25]. The AC needs therefore to be QoS awahatsa hew user can be granted or
denied access based on whether the QoS of such user can ldfuthile guaranteeing the QoS
of the existing users. For the same reason the AC for BE useptional. In order to evaluate
the possibility of admitting a new user the AC needs to wilize information on the local cell
load. The eNode-B could also interact with neighboringscelil order to make AC decisions
based on multi-cell information. In this project, thoughlyolocal cell information is considered.
Moreover it is assumed that each user has only a single baadeonly new calls are considered
for admission as handover is not implemented due to the laatobility.

The QoS-aware AC algorithm adopted in this study uses therad® channel conditions to
make an admission decision and considers the GBR as the a8yc@terion. It is based on the
FPC formula agreed within 3GPP [23] and it is described imitketn the paper reprinted at the
end of the thesis.

2.5 Packet Scheduling

The PSis an entity located in the Medium Access Control (Mé@)layer which aims at utilizing
efficiently the UL-SCH resources. The main role of the PS istdtiplex the users in time and
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frequency domain. Such multiplexing takes place via mappinusers to the available physical
resources. If the system is affected by time and frequeriegtsee fading the PS entity can exploit
the multi-user diversity by allocating the users to the ipog of the bandwidth which exhibit
favorable channel conditions. In this way the radio chaffadihg, which used to be a limitation
to the performance of wireless system, is turned into anrgdge.

In this study the PS has the possibility of performing a magmf users to Physical Resource
Block (PRB)s on a Transmission Time Interval (TTI) basis @dherefore referred to agst
scheduling The data in the frequency domain can be multiplexed vialiloe or via distributed
transmission. In the distributed transmission the subararof one PRB are distributed over the
entire frequency band with an equal distance of each other.tHs reason it can exploit the
frequency diversitand offers robustness against frequency selective fattirthe localized trans-
mission, which is the focus of this study, the subcarriesga®d to one user are adjacent with
each other. Localized transmission can potentially aehiewlti-user diversityin the presence of
frequency selective fading by assigning each user to aqmodf the bandwidth where the user
exhibits favorable channel conditions.

The PS is strongly related to LA (in particular ATB) and HAR@ttionalities. Indeed, the
scheduling decisions need to take into account a large $attofrs including payloads buffered in
the UE, HARQ retransmissions, estimation of CSI, UE sleatesy QoS parameters, etc. Most of
these parameters are going to be considered in the thesightlsome of them will be introduced
only in the last chapters.

The problem that the PS tries to solve can be formulated aptamination problem. The so-
lution to the optimization problem can be very complex gitle® number of different parameters
involved and the resulting possible combinations. Due &ftard time constraints encountered
in a real system and the computational limitations, the $dstgoing to be on the design of prac-
tical framework and scheduling algorithms which aim at s@vthe problem introducing some
simplifications or intelligently reducing the space of pbkssolutions.

Even following a practical approach, scheduling remaimsl&umentally an optimization prob-
lem and the preferred approach is to adopt a search algowitiioh traverses the space of possible
solutions in order to identify the optimum or a sub-optimumorder to make decisions along the
search path, the algorithm requires an optimization éoitelin the following referred to ametrig
which is designed as to take into account different scheduspects including channel gain, QoS
requirement, traffic type, etc. Assuming that such critefihe metric) can be evaluated for every
user and every PRB, the optimization problem can be forradlas:

maximize My, = Z M; jA; (2.1)
iEQi,jGQj
subject to:
| Tlifuseriis allocated to PRB

Aij = { 0 otherwise (2.2)
Z AiJ < 1,V] S Qj (23)

1€Q;
Ai’j - Ai,(j—i—l) —|— Ai,k S 1, fOI’ k — ] —|— 2,] —|— 3, ceey |Qj| (24)

where; ; is the metric for uset and PRBj, (2; is the set of userd); is the set of PRBs,
A, ; a selection variable and;| the cardinality of(2; (that is, the total number of PRBs). The
inequality (2.3) expresses the orthogonality of the usetisinvthe same cell, that is, at most one
user can be allocated to a certain PRB. The inequality (X@gjesses the requirement that the
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Synchronous
HARQ
K
User to PRB
N NooK g N o mapping
— TD PS > FD PS -

Figure 2.5: General scheduling framework.

PRBs allocated to the same user must be adjacent; jf= 1 andAi,(jH) = 0,then4d;;, <0
for k > j + 1. If on the other hand boti; ; = 1 and A; ;1) = 1, the inequality requires that
A < 1.0 A; 5 = 0 then the inequality becomes redundant as it statesAhat< 1 + A; (j41)-

The problem we are trying to solve involves two design phases is thedesign of the allo-
cation algorithm that is the algorithm that determines the user to PRB mapple other is the
design of the metricthat is the optimization criterion whose value is compargdhe allocation
algorithm to decide which user to serve first..

The allocation algorithm, in turn, can also be split in twd-ghases which can be indicated
as a phase difiser selection referred to as TD scheduling - and a phasd&B allocationor
user to PRB mappingreferred to as Frequency Domain (FD) scheduling (see €igu#). These
two steps can actually be performed in one solution by the ¢Heduler and this is, indeed, the
first simplified approach followed in this work to give an ialtsystem evaluation. In the later
stages also the TD scheduler is introduced to take into atdimnitations due to control channels
and computational complexity. The user to PRB mapping piraselink is complicated by the
presence of the SC-FDMA which limits to a great extent theilfiéty of allocation. This aspect
of the allocation phase will be vastly discussed in the cgneimapters.

The metric has to be designed as to enclose the same praeipieh are at the base of the
RRM, that is, efficient use of the time-frequency resources@oS provisioning due to the variety
of existing services. In case the scheduling is split in TD BB two metrics are needed, one for
the TD and one for the FD. The role of the two metrics is diffierend so is their design. As
general rule of thumb the TD metric is assigned the role ofiproning the required QoS while the
FD metric is assigned the role of efficiently using the timegliency resources. This indication
can on the other hand change significantly according to tinebeu of users in the cell and the
variety of their QoS requirements. In case of a low numbersefsiin the cell, for example, QoS
provisioning may also be needed in FD.

2.6 HARQ

In LTE both retransmission functionalities Automatic RapeeQuest (ARQ) and HARQ are pro-
vided. ARQ provides error correction by retransmissiorscknowledged mode at the Radio Link
Control (RLC) sublayer of Layer 2. HARQ is located in the MAtbsayer of Layer 2 and ensures
delivery between peer entities at Layer 1 [28]. In case a pat&et is not correctly received, the
HARQ ensures a fast Layer 1 retransmission from the tratsn{iVE). In this way the HARQ
provides robustness against LA errors (due, for examplerrtws in CSl estimation and reporting)
and it improves the reliability of the channel.
The HARQ has the following characteristics:

e It uses aV-process Stop-And-Wait (SAW) protocol between the UE aedetdode-B. Each
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process takes place on a different time channel in ordergarercontinuous transmission
to the UE. Each packet, if not successfully received, issimdtied for a given number of
attempts before getting discarded.

e It is based on Acknowledgement (ACK)/Non-Acknowledgem@ACK) messages. This
means that data packets are acknowledged after each tesimmi A NACK, instead, in-
dicates that a retransmission is requested either in fortna@émental Redundancy (IR)
or to enable Chase Combining (CC). The first consists in mergally sending additional
redundancy to facilitate the decoding of the packet. Thersgconsists in sending an iden-
tical copy of the packet so that the receiver can obtain an &R by soft combining the
information contained in all the transmissions.

e Itis synchronous (in uplink) and adaptive, like in dynantbeduling, or non-adaptive, like
in semi-persistent scheduling. Synchronous refers todbethat retransmissions need to
occur at specific time instants while adaptive refers to tssibility of changing transmis-
sion parameters like resource allocation and MCS in theegpEnt retransmissions.

In case of HARQ retransmissions failure, the ARQ in the RLRla@yer can handle further retrans-
missions using knowledge gained from the HARQ in the MAC aybl. The ARQ retransmis-
sions may not be required for example in case of VoIP traffie tduthe short delay budget. Such
retransmissions are not investigated in this study.

2.7 Link Adaptation

As previously anticipated, the LA is a fundamental funcéility in a channel affected by fading.
In the following, the mechanisms that control the adaptatibthe main transmitting parameters,
that is MCS, bandwidth and power, are described.

2.7.1 Adaptive Modulation and Coding

It is well known that AMC can significantly improve the spedtefficiency of a wireless system
[12]. The MCS selection algorithm is based on mapping talvleish return an MCS format (and
hence a Transport Block Size (TBS)) after having receive@BNR value and, optionally, the
BLock Error Rate (BLER) target at first transmission as inpntLTE uplink the supported data
modulation schemes are QPSK, 16-QAM and 64-Quadrature ifudpl Modulation (64-QAM)
[5].

The expected instantaneous throughput per TTI for a giveisMd SINR can be defined as:

T(MCS,SINR) = TBS(MCS) - (1 — BLEP(MCS, SINR))

where the Block Error Probability (BLEP) represents thebaiality that the transmitted block
is going to be in error. Different algorithms are possibletfe selection of the MCS:

1. Select the MCS which maximizes the expected throughbpat,is the throughput calculated
using the expected BLEP.

2. Select the MCS which maximizes the throughput under thestcaint that the estimated
BLEP is smaller or equal than the BLER target at first transiors

3. Select the MCS which minimizes the difference betweerepected BLEP and the BLER
target at first transmission.
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SINR [dB]

An example of the second approach is given in Figure 2.6. Thedpproach is the one chosen
for this study. The first approach introduces an error whsofaing to be corrected by the OLLA

as long as
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Figure 2.6: AMC mechanism: MCS selection based on estimated SINR.

it falls within the OLLA range.

The AMC can be performed on a slow basis, for example with #mesrate of the power

control commands to exploit the slowly changing channelatians, or on a faster basis, for

example every TTI, to exploit the high instantaneous SNRlitmms. A detailed performance

analysis of

for the rest

the AMC functionality is carried out in [15] wieethe fast AMC is shown to exhibit a
gain above 20% compared to the slow AMC. For this reason eliscted as default assumption

of this study.

2.7.2 Outer Loop Link Adaptation

The described link adaptation mechanism based on fast ANM@pikcitly characterized by differ-

ent errors.

e Bias

Some examples of fast AMC errors include:

when combined with channel-aware scheduling, duedddhdency to schedule on

PRBs with positive measurement errors.

e Bias

due to differences between measures of CSI (that is ®itifhated based on uplink
Sounding Reference Signal (SRS) strength measuremengxaedenced SINR on the data

channel. They are due to:

— CSI measurement errors.

Different ways of calculating CSl and SINR (see equationg)(2nd (2.9)).

Different Power Spectral Density (PSD) used for the SRS anthk transmission on
PUSCH (not modeled in the present work).
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Figure 2.7: Interaction of OLLA and AMC.

Table 2.1: Default settings for the considered OLLA parameters.

Parameter Setting
BLERy 30%
Step size §) 0.5dB
Min offset (O,in) -4dB
Max offset Onaz) 4dB

— Different average level of interference experienced omdimng channel and on PUSCH
(not modeled in the present work).

In order to maintain the BLER at first transmission as clospassible to the target an OLLA
algorithm is needed to offset the CSI measurements as showigure 2.7 for a usei and a
bandwidthbw.

The offsetO(i) is adjusted following the same rules of outer loop PC in WCD[\24:

1. If a I transmission on PUSCH is correctly received(i) is decreased by)p = S -
BLERy

2. If a Bt transmission on PUSCH is not correctly receivédjy) is increased by, = S -
(1 — BLERy)

whereS represents the step size aBd FE Ry the BLER which the algorithm will converge to if
the offsetO(7) remains within a specified rangg,,;,, < O(i) < Opaz-
The BLER target can be expressed as functio® gfand Oy as follows:

Op 1

OD+OU_1+8_Z

BLERT =

Table 2.1 summarizes the settings of the OLLA parameters tiiseughout this thesis.
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2.7.3 Adaptive Transmission Bandwidth

In a SC-FDMA system, which inherently enables bandwidtHadskty, the adaptability of the
transmission bandwidth represents a fundamental feaivea the variety of services that an LTE
system is called to provide. The ATB, therefore, becomescassary technique to cope with
different traffic types, varying cell load and power limitat in the UE.

Some services, e.g. VoIP, require a limited amount of badthwivhile a user with BE type
of traffic may receive as much bandwidth as it is availableoag las there are data in the buffer
and power available at the UE. The power limitations alsoasgnt a constraint which highlights
the importance of the ATB: The PSD a user is required to trénsith may be as high, due to
adverse channel conditions, as to limit the user to suppdytalimited bandwidth. Additionally
a varying cell load also calls for the adaptability of thensmission bandwidth as the bandwidth a
user can receive depends also on the number of other uséies sgsgtem.

The ATB is ultimately a functionality which allows the allaton of different portions of
bandwidths to different users and therefore offers a sicanifi flexibility when exploited as part of
the scheduling process. The integration of the two funelities, indeed, gives the possibility to
better exploit the frequency diversity by limiting the usandwidth allocation to the set of PRBs
which exhibit the largest metric value. The benefits offdrgduch functionality will be clarified
with the results presented in Chapter 5.

2.7.4 Power Control

In a OFDM-based system like LTE, where the orthogonality aees the intra-cell interference
and the near-far problem typical of CDMA systems, the rol@Gfis changed into providing the
required Signal-to-Interference-plus-Noise Ratio (S)N#ile at the same time controlling the
intercell interference. The classic idea of PC in uplinkasrodify the user transmit power as
to receive all the users with the same SINR at the Base St@iSh Such idea is known as full
compensation of the path-loss. In 3GPP the idea of FPC hasib&educed. In this scheme
the users are allowed to compensate for a fraction of thelpathso that the users with higher
path-loss will operate with a lower SINR requirement and likiely generate less interference to
neighboring cells.

The agreed FPC scheme to set the power on PUSCH is based oneanLOpp Power
Control (OLPC) algorithm aiming at compensating for slovachel variations. In order to adapt
to changes in the inter-cell interference situation or toex the path-loss measurements and
power amplifier errors, aperiodic close-loop adjustmeats @lso be applied. The user transmit
power is set according to the formula (2.5) expressetdm [23]:

P =min{Ppaz, Po + 10 - logioM + - L + Apes + f(A))} [dBm] (2.5)

where P, IS the maximum user transmit powet, is a user-specific (optionally cell-specific)
parameterM is the number of PRBs allocated to a certain useis the cell-specific path-loss
compensation factor that can be set to 0.0 and from 0.4 tonls@eps of 0.1L is the downlink
path-loss measured in the UE based on the transmit p&yerof the reference symbols [20],
Annes 1S @ user-specific parameter (optionally cell-specifichalgd by upper-layerg); is a user-
specific close-loop correction value and tfi¢-) function performs an absolute or cumulative
increase depending on the value of the UE-specific pararAetarmulation-enabled

If the absolute approach is used the user applies the offsat op the PC command using the
latest OLPC command as reference. If the cumulative apprizagsed the user applies the offset
given in the PC command using the latest transmission poalae\as reference. In the latter case
A; can take one of four possible valuesi,0,1,3 dB.
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Figure 2.8: Power control signaling

In case the Closed Loop Power Control (CLPC) term is not uedformula is simplified to
include only the open loop terms as indicated in (2.6).

P = min{Ppaz, Po + 10 -logioM + - L} [dBm)] (2.6)

The exchange of the different signals related to PC is ex@ietpin Figure 2.8.

2.8 Uplink Signaling for Scheduling and Link Adaptation Support

The PS and LA entities rely on the CSI gathered via SRSs toperéhannel-aware scheduling
and AMC. Similarly, the allocation of time-frequency resoes to users requires knowledge of
their buffer status to avoid allocating more resources traneeded. Finally, the knowledge of
how close the user is to its maximum transmit power is esfigc@evant for ATB operations. For
this reason it is worth describing in more details the sigigaheeded to support such operations
as simplified in Figure 2.9.

2.8.1 Channel State Information

The uplink CSI can be described as the SINR measurement GRi%& CSI measurements are
used to gain knowledge of the channel and perform fast AMC Fredjuency-Domain Packet
Scheduling (FDPS).

UL grant: PC commands, UE

to PRB mapping, Transport
Block Size (TBS) allocation

UE Sounding Reference Signal,
Buffer Status Reports,
Power Headroom Reports

Figure 2.9: Signaling exchange between UE and eNode-B.
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The SRS is transmitted over a fraction or over the full schiegbandwidth. Users in the
same cell can transmit in the same bandwidth without inteigewith each other thanks to the or-
thogonality provided by Constant Amplitude Zero AutoCtatien (CAZAC) sequences and the
uplink synchronous transmission. In reality there existemstraint on the number of users in one
cell that can simultaneously sound the same bandwidth witimberfering with each other. The
PSD on the pilot channel is the same as the one used on theldaiaet. UE power capabilities
typically impose a limit on the sounding bandwidth, or, altgively, on the level of accuracy of
the corresponding SINR measurements. However power tiotiafor the SRS are not taken into
account, that is, the user will always send a SRS over theavwiieduling bandwidth with the
same PSD used on the data channel even if that is going tdevibla power limitation constraints.
Additionally we assume, in this work, that CSl is availabtele®e eNode-B every TTI, over the
entire scheduling bandwidth, for all active users in theegponding cell, and with a given reso-
lution in the frequency domain (which we refer to as CSI gtanty). Finally, due to the dynamic
scheduling and the variability of the instantaneous ieterfice conditions in uplink the interfer-
ence component is averaged over a certain time window. §hskown to be beneficial for the
channel estimation and consequently for an improvemenverfage cell throughput and outage
user throughput as shown in [15].

The CSI of usei on PRBr at time instant is modeled as:

. > ST t)
’ e(r,t)
CSI(i,r t) = ek 10710 2.7)
mZ::l > (I (b(i),",t) + Nprp)
r"eR

where:

M is the number of receiving antennas at the eNode-B

R is the set of simultaneously sounded PRBs to which the PR&8ongs to. The number
of simultaneously sounded PRBs depends on the CSI resolwtiich corresponds to the
size of R

e S™(i,r',t) is the SRS power received from ugeat time instant on PRB7’ and antenna
m

e b(7) is the serving eNode-B of user

e I™(b(3),7’,t) is the average interference signal power of eNodeeglculated at time in-
stantt on PRBr’ and antennan

e Npgp represent the thermal noise over the bandwidth of one PRB

e ¢(r,t) is a zero mean Gaussian distributed random variable witidatd deviatiorocgsr
introduced to model measurement errors. The random vesabt,t) ande(r,t + m)
are uncorrelated fom # 0. Similarly, the random variables(r,t) ande(r + s,t) are
uncorrelated fok # 0.

The interference component® (b(i), r’, ) is calculated via exponential averaging as:

I™(b,r' t) =n-I™(b,r' t) + (1 —n) - I™(b,r" t — 1) (2.8)

In (2.8)n controls the averaging period of the interference used in@&surements.
Table 2.2 shows the assumptions used throughout the thegktion to the CSI.



Uplink Radio Resource Management in LTE 23

Table 2.2: Default settings for the considered CSI parameters.

Parameter Setting

CSlI frequency resolution 2PRBs

CSl delay 0ms

Filter length @) 100ms (0.01)

Std. CSl error§csy) 1dB

PSD Same as on data channel
Max n_umber of simultaneously Unlimited

sounding users

The uplink SINR experienced at the eNode-B by a usat time instant, is calculated as:

y > 5™ )
SINR(i,t) = rek 2.9
0 mzz:l > (I (i), 7' t) + Npra) 29
r"eR

where

e MM is the number of receiving antennas at the eNode-B

R represents the set of consecutive PRBs on which the usdoésizd

S™(i,7’',t) represents the signal power received from ussrtime instant on PRBr’ and
antennan

b(7) is the serving eNode-B of user

I™(b(i),7’,t) is the interference signal power of eNode»Balculated at time instariton
PRB// and antennan

e Npgp represent the thermal noise over the bandwidth of one PRB

The definition of the SINR together with the Actual Value hfdee (AVI) represents the interface
with the link level results. In downlink the SINR to be usedimput to the AVI is computed
by using the Exponential Effective SINR Mapping (EESM) mlogkich exploits an estimate of
the SINR per subcarrier obtained in a previous transmissidhe Mutual Information Effective
SINR Mapping (MIESM) [30]. In uplink the SINR per subcarrismot directly related to the data
symbol. This is because of the SC-FDM transmission, whickais each data symbol over the
whole bandwidth, so that, even though every sub-carrieeeqces a different channel gain, the
differences are averaged out over a sufficiently large batdwTherefore the average power over
the transmission bandwidth (i.e., the sum of power over iffierdnt PRBs, divided by the number
of PRBs) divided by the average interference over the trissom bandwidth is a sufficiently
accurate model for the SINR calculation and therefore itheen used as interface with the link
level results.

2.8.2 Buffer Status Reports

The Buffer Status reporting procedure is used to provides#rging eNode-B with information
about the amount of data available for transmission in théufters of the UE.
A BSR can be triggered in one of three forms:
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e “Regular BSR”: The UE buffer has to transmit data belongiogtradio bearer (logical
channel) group with higher priority than those for whichalatready existed in the buffer
(this include as special case the situation in which the rea& drrive in an empty buffer) or
in case of a serving cell change.

e “Padding BSR": UL resources are allocated and number ofipgdalts is equal to or larger
than the size of the BSR MAC control element.

e “Periodic BSR": issued when the periodic BSR timer expires.

Only a regular BSR is followed by a Scheduling Request (SRymihe UE is not scheduled on
PUSCH in the current TTI. When available, the SR can be tratesirusing one dedicated bit on
the PUCCH otherwise it is transmitted using the Random Axpescedure. A BSR (of any type)
is also transmitted when the UE has resources allocated &CPUN which case it is transmitted
as a MAC control Protocol Data Unit (PDU) with only header,emnthe length field is omitted
and replaced with buffer status information.

BSR are reported on a per Radio Bearer Group (RBG) basisw@sota compromise between
the need of differentiation of data flows based on QoS remergs and the need of minimizing
the resources allocated for signaling. The number of RB@nitdd to 4. Each RBG groups radio
bearers with similar QoS requirements.

2.8.3 Power Headroom Reports

Due to the open-loop component of the standardized PC fariisele (2.5)) the eNode-B cannot
always know the PSD transmitted by the UE. Such informagamportant for different RRM op-
erations including the allocation of bandwidth, modulatamd coding scheme. Assuming that the
eNode-B knows the user bandwidth, the transmission powebealerived from the information
on the PSD. For this reason the power headroom reports hawestendardized in [31].

The Power Headroom reporting procedure is used to provelsdhving eNode-B with infor-
mation about the difference between the nominal UE maxinmamsmit power and the estimated
power for UL-SCH transmission. A PHR is triggered if any of flollowing criteria is met:

e A predefined timer expires or has expired and the path-losshanged more than a pre-
defined threshold since the last power headroom report wieblE has UL resources for
new transmission.

e The predefined timer expires.

2.9 Summary

This chapter provides an overview of the uplink RRM in LTE &de 8. After a description of
the QoS parameter setting and the mapping of transport tsigaiychannels, the functionalities
located in the Layers 3, 2 and 1 of the protocol stack are iestfollowing a top-down approach.

First the principles of AC are described. The AC used in thésis is channel-aware and is
used to preserve the QoS of the ongoing calls. Then the PS&vark and its interaction with
the HARQ is presented. The PS multiplexes the users in tindefrguency domain trying to
efficiently use the available system resources. The dateis$cheduled on the Physical Uplink
Shared Channel (PUSCH) based on the uplink grant sent usa&Hhysical Downlink Control
Channel (PDCCH).

The LA functionalities including Adaptive Modulation and@ing (AMC), Outer Loop Link
Adaptation (OLLA), Adaptive Transmission Bandwidth (ATBhd Power Control (PC) are also
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described in detail. The AMC, corrected by the OLLA decides most suitable MCS for trans-
mission on a per TTI basis. The ATB allows the allocation dfedent bandwidths to different
users and plays an important role in coordination with the PS

Both the scheduling and LA functionalities rely on the usesighaling including Channel
State Information (CSI), Buffer Status Report (BSR) and &oieadroom Report (PHR) which
are also described in detail.

Further considerations regarding PS and PC, which areaténtthis thesis, will be given in
the following chapters.
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Interference based Power Control

3.1 Introduction

In a multi-cellular system, the aim of PC is to minimize th&enference produced towards users
in other cells. This is especially relevant in a system dttar&zed by a reuse factor of 1, as in
LTE. Additionally PC aims also at controlling the transmatwer of the UE in order to reduce the
battery consumption and to limit the dynamic range of theiked signal at the base station.

In LTE, there is no a central entity in charge of coordinatthg power control parameters
of the cells in the system. Rather, in a distributed fashtbe,eNode-Bs are each in charge of
controlling such parameters (and therefore the transmiepof the users in the cell) with the aim
of improving the overall system performance.

The objective of this chapter is to describe the IPC algoriftroposed during this study in
[32].

The FPC standardized formula, given in (2.6) and studie@3hih the open-loop form offers
the reference against which the performance of the propalgedthm is evaluated. The parameter
Py is chosen as to optimize the 5% outage user throughput farem gi. «, in turn, is chosen as
a compromise between cell edge and capacity performancefaciliate the comparison, the
relevant results presented in [33] will be reproduced altregway together with some new and
useful considerations.

On the topic of open-loop FPC, the work presented in [34] shpvomising results. The
FPC algorithm is compared to the traditional approach whéirihe users are received with the
same SINR and to the approach where the PC is absent and afldrgetransmit at the maximum
power. The outcome of the study indicates that the FPC cavider@ significant spectral effi-
ciency increase compared to the traditional approach atide dame time, a remarkable cell edge
improvement compared to a full power approach. In additiba,same work shows that the sum
of the interference produced by the first and second strongesferers largely surpasses the sum
of interference produced by all the other sectamsd thus accounts for most of the interference
relevant for the performance.

The work presented in [35] shows an interesting approacletimg the SINR target for the
users, where the concept of PC is explicitly intended as anrf@acontrolling the inter-cell inter-
ference. For this reason, the path-loss to the strongeghinaiing cell is also taken into account
by setting the target SINR for the user as a function of thiedihce between such a path-loss and
the path-loss to the serving cell. This approach providegrafieant improvement in both, outage
user throughput and average cell throughput. Moreoveadtddo a lower variance of the interfer-
ence level which allows a more reliable channel estimatmahteence a more efficient functioning

Please note that the terms “sector” and “cell” are useddéhtargeably throughout the whole thesis.

27
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Table 3.1: Main simulations parameters

Parameter Setting
# UEs per sector 10
# PRBs per UE 6 (fixed bandwidth)
Cell-level user distribution Uniform
Scheduling metric PF
BLER target at ¥ transmission 30%
Propagation scenarios 3GPP Macro case 1 (ISD of 500 m)
Traffic model Full (infinite) buffer
of the AMC.

The rest of the chapter is organized as follows: The mairlteeand considerations of the FPC
formula together with the findings which motivate an intezfece based approach is described in
Section 3.2. The proposed algorithm is described in Se@iBn The modeling assumptions
and the related results are described in Sections 3.4 ande8gectively. Section 3.6 offers some
considerations regarding the effects of intra-cell irderhce. The conclusions are given in Section
3.7.

3.2 Open Loop Fractional Power Control

Before entering into the details of PC, it is worth clarifyithe quantity we aim at controlling.
Unlike a system such as WCDMA, a user in LTE can transmit usiffigaction of the available
system bandwidth (in multiples of a PRB). For this reasoriis more appropriate to adjust the
PSD rather than the total transmit power. The PSD is assuoed the same on all the allocated
PRBs. Given the constraint on maximum transmit power onlgréath number of PRBs can be
allocated before the user hits the power limit. Allocatinguenber of PRBs larger than the ones
the user can support leads to the user transmitting at a B&Brthan the one set via the open-loop
command.

The FPC formula in the simplified open-loop form is recalledenfor clarity.

P = min{Ppaz, Po + 10 - logioM + - L} [dBm)] (3.1)

where P is the transmitting power of the uséf,,., the maximum transmit power\/ the
number of allocated PRB4; the path-loss to the serving statia®, (in [¢B™/prB]) a broadcast
parameter later discussed amds a broadcast parameter representing the fraction oflpatithat
we aim at compensating for. In the traditional OLPC the dibjeds to receive all users at the
same SINR level. This corresponds to having- 1 in (3.1). At the other extreme we hawe= 0
which corresponds to having all the users transmitting wighsame power which results in poor
cell edge performance. By setting a different value fordHactor we can lower the SINR of the
users at the cell edge and possibly decrease the interfegamerated towards other cells.

The effect of P, anda is shown in Figure 3.1 under the assumptions listed in Talde 3\
variation of Py determines a curve shift while a variation @fot only shifts the curve but also
changes its variance. We can better understand the relagitveenF, and o by plotting (see
Figure 3.2) the PSD vs the path-loss. The parameters havedutested as to keep a similar

2A more complete list of the default parameter used througtimithesis is available in Appendix A in Table A.1.
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M = 6 PRBs per user is assumed.

distribution of the Noise Rise (NR) defined as:

I+ N
NR = N (3.2)

whereN represents the noise spectral density anslthe interference spectral density. The
NR indicates the level of interference in the system assgittia noise as reference. In case there
is no interference in the system, the NR is equdl o linear 0 dB). The transmission bandwidth
(that is, theM parameter in (3.1)) is fixed, therefore the plot of the traigsian power vs the
path-loss can be obtained simply by translating the curyeghdquantityl0 - logio(M).

Whena = 0, P, represents the power per PRB that all the users in the celdW@ve within
the path-loss range represented in the Figure (which isiealyange for a Macro 1 case). If we
increase the value af we have to decrease the valuef in order to keep the same transmit
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Figure 3.3: CDF of the average SINR per user obtained by varyingnd accordingly”, as to keep a
similar NR level.

power at the center of the path-loss range. In other wordsdear to keep a similar NR level, we
have to rotate the curve around a center determined by theaiid of the path-loss range and the
level of power we want to keep at that path-loss. For exanifphes want to keep a power spectral
density of approximately) dBm/PRB at a path-loss of approximately)0 d B, assuming a full
compensation approach (< 1) we need to sefy ~ —100dBm/PRB. Similarly, givena, we
can derive the?, values which preserve a similar NR level using the relation:

Py=—100 —— -« (3.3)

It's important to notice that following this approach we geeve a similar NR level but not
necessarily the highest 5% outage user throughput whichées the optimization criterion fol-
lowed throughout most of this work. For this reason, furtadjustments of, are needed and
the values used in the following may differ from the onesdstiusing (3.3). The approach still
remains useful to provide an initial estimate of thgvalue.

The experienced SINR per user can be expressed as:

S=P—-L-NR—-N [dB] (3.4)

The dependence of the SINR from th anda parameters can be easily obtained by substi-
tuting into (3.4) the transmission power expressed as ih).(Aeglecting power limitations we
obtain:

Srpc = Py+10-logyoM + (« —1)- L — NR— N [dB] (3.5)

where Srpco indicates the SINR for the FPC approach. Changing the valtig$ and «
while keeping the same NR as explained above leads to the 8iktiibutions depicted in Figure
3.3 which shows, as expected, a different standard dewmiaigpending on the value of while
keeping a similar median value.

The described approach to PC does not take explicitly intow@at the interference generated
from each user to other cells. In other words, the assumphianusers at the cell edge generate
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Figure 3.4: Interference spectral density vs path-gain. Every dotasgmts a user in the network.

more interference than users at the cell center may not belgritue in a three-sectorized network
topology (and even more so in a real scenario). In particutsars experiencing the same path-loss
(or path-gain) to the serving cell may be generating a cenaluly different interference depending
on their location in the network. This is confirmed by Figuré &here the Interference Spectral
Density (ISD) generated by each user (a dot in the figure)geesented against the path-gain

to the serving sector. The ISD is a measure of interferencmal@ed to the bandwidth and is
defined as:

Iy=P;- Y Gi; [mW/PRB] (3.6)
JEQ

whereI} and P} are respectively the ISD and PSD for usén mW/rrB, G; ; indicates the
path-gaii from the useri to the sectoy and(?; indicates the set of all the sectors of the network
excluded the serving sector of the useFigure 3.4 shows clearly how users with a low path-gain
may generate a lower interference than users with a highgathand users experiencing the
same path-gain may generate an interference that can vary to20 dB.

3.3 Interference Based Power Control Algorithm

The finding from the previous section motivates a differgaggraach to PC where also the level
of interference in the system is controlled. We could thenefet a per-user limit or target on the
interference generated from each user so that the powsntititad becomes a function of the user

Sincluding distance-dependent path-gain, shadowing atehaa gain
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channel conditions. Thus, based on equation (3.6), we agaredbe condition (3.7):

IL=1Iy& P = (3.7)

Iy
> Gij
JEQ;

wherel, represents the ISD target, that is, the ISD that each useatdcsiu®ally generate in the
system (unless power limitations occur) &g as in the previous case, the set of all the sectors
in the network excluded the serving sector of the us@aking into account only the interference
generated in the system would result in treating equallyuers which are generating the same
interference but experiencing different path-gains tosénwing sector. For this reason, it is worth
keeping the measure of the path-gain into the PC formulalwthics becomes:

4 Iy
Pp=——c— (3.8)
Gii- Y Gij

JEQ;

Simplifying the notation we can s&t;; = G, and ZGW = Goher and rewrite the
j€Q;
formula more compactly as: , ’
i 0
PO Gown . Gother (39)
Itis important to notice that ;.- here represent the sum of the path-gains to the other sectors
but, in a practical implementation, it could be limited te thath-gain to the strongest interfering
sector. Indeed this is the approach followed in [35] and,liesady mentioned in Section 3.1, in
[34] the authors show that the first and second strongestenitey sectors account for most of the
interference.
Finally, following the same approach of the FPC, it may bedffieral to compensate only for
a fraction of the path-gain or a fraction of the generatedrfatence. For this reason, we keep
the weighta already used in the open-loop form of the FPC formula to mt&i@ fraction of the
path-gain and introduce a similar weighto indicate a fraction of the sum of path-gains to other
sectors. In this way the PC formula, neglecting power litrotes, becomes:
Py = ﬁ (3.10)

own other

Converting the formula to logarithmic scale and replacimg path-gain with the path-loss
L (related ag7 = — L) we obtain:

Pi=Iy+a& Lown+ B Logher  |[dBm/PRB] (3.11)

Recalling the open-loop formula (3.1) presented at begoif this chapter and rewriting it
by neglecting the power limitationB,,., and the transmission bandwidii, we obtain:

Pi=Py+a Loyn [dBm/PRB] (3.12)

Comparing (3.11) and (3.12) we discover that thend P, parameters actually play exactly
the same role (and will therefore have similar values) andpooposed approach to PC simply
replaces the weighted path-loss to the serving statiori ] with a linear combination of the path-
loss to the serving and to the non-serving cells Lown + 5 - Lother). Obviously, setting? = 0
would return the initial open-loop PC formula.
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Table 3.2: Main simulations parameters

Parameter Setting

# UEs per sector 10

# PRBs per UE 6 (fixed bandwidth)

FD scheduling PF

Cell-level user distribution Uniform

BLER target at 1st transmission 30%

Propagation scenario 3GPP Macro case 1 (ISD of 500 m)
« (open-loop PC) from 1.0 to 0.0 in steps of 0.1

Py (open-loop PC) See Table 3.3 fof =0

« (closed-loop PC) from 1.0 to 0.0 in steps of 0.1

5 (closed-loop PC) from 1.0 to 0.0 in steps of 0.1

I, (ISD target) See Table 3.3

Traffic model Full and finite buffer with balanced load
Buffer size for finite buffer 1Mb

3.4 Modeling Assumptions

The performance evaluation of the proposed algorithm igezhiout using a detailed multi-cell
system level simulator which follows the guidelines givar{20] and is described in Appendix
A.l. The simulation parameters and assumptions relevatiéoresults presented in this chapter
are listed in Table 3.2 (a full list of the default simulatiparameters is presented in Table A.1).
As this topic has been investigated in parallel with theiahistudies on scheduling which are
discussed afterwards, some of the simulation assumptieed liere will be explained in details
only in later chapters though are not deemed important #wutiderstanding of the results here
presented. As an example, the scheduling used to genedhtessults assumes a fixed bandwidth
allocation and the use of the PF metric. Two traffic modelscaresidered: A full buffer scheme,
where the users always have data to transmit from the bufiesidered infinite. A finite buffer
scheme, where the users have a limited amount of data in ffex ko that when a user empties
its buffer, it is replaced by another user in the same secaibimba generally different (random)
location .

Thel, values (or equivalently,) which optimize the 5% outage user throughput are indicated
in Table 3.3. Such values are obtained using a simpler aner fafline tool which searches the
value which optimizes the 5% outage use throughput arounidial value chosen according
to the criterion given in (3.3). Additionally, some selattealues have been verified with the
simulator used in this research project.

It is worth pointing out that the secondary diagonal of thdriran Table 3.3 and in general
all the points for whichoe + 3 = ¢ (¢ being a constant between 0 and 1), show very similar or
identical I, values.

3.5 Performance Evaluation

In the following the performance evaluation of the proposeldeme is given. First the full buffer
scenario will be evaluated. Afterwards the same schemebeitvaluated in a finite buffer sce-
nario. The studies on the PC were carried out in parallel thi¢ghstudies on scheduling but for
ease of organization and presentation the results relatgdathe topic of PC will be all listed in
this chapter.
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Table 3.3: I (or equivalentlyP,) values ind Bm /P R B that maximizes the 5% outage user throughput for
each combination af andg.

g 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0 16 2 -8 21 | 32 | 44 | 56 | 68 | -80 | -92 | -103
0.1 -4 -11 | 21 | -:32 | 44 | 55 | -68 | -79 | -92 | -103 | -114
0.2 -7 -20 | -32 | 44 | 56 | 68 | -80 | -92 | -103 | -114 | -123
03| -21 | 8338 | 45| 57 | 69 | -81 | -92 | -104 | -114 | -123 | -132
04| 33 | 45| 57 | -69 | -81 | -92 | -104 | -115| -123 | -132 | -141
05| 45| 56 | 68 | -79 | -93 | -103 | -114 | -123 | -135 | -142 | -153
06 | -56 | -68 | -80 | -93 | -104 | -113 | -124 | -135 | -146 | -155 | -162
07| -69 | -80 | -93 | -104 | -113 | -124 | -135 | -144 | -155 | -164 | -171
08 | -80 | -93 | -104 | -113 | -124 | -133 | -146 | -155 | -164 | -171 | -181
09 | -91 | -102 | -113 | -124 | -133 | -145 | -155 | -165 | -172 | -181 | -192
1.0 | -102 | -113 | -123 | -134 | -145 | -156 | -165 | -174 | -184 | -190 | -201
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Figure 3.5: Outage user throughput at 5% vs average sector throughglubufer traffic.

3.5.1 Full Buffer

The overall performance of the proposed IPC is summariz€timre 3.5. Each curve corresponds
to avalue ofg and is obtained by varying from 1.0 to 0.0 in steps of 0.1. Each point of each curve
corresponds to a combination of valuescoind 3 (and the corresponding, value from Table
3.3). The curve obtained fg# = 0 corresponds to the FPC case. Connecting the points which
offer the highest outage user throughput and average cellghput, we obtain an envelope which
we could consider as the collection of points offering thstlperformance.

Interestingly enough, such curve is obtained under thealset 6 = 1. This characteristic
will be analyzed from a different point of view later on whesngparing the obtained results with
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Figure 3.6: (a) User transmission PSDitBm /PR B vs path-gain. (b) User generated ISDIiBm/PRB
vs path-gain. Every dot corresponds to a single user. Féfitbcase.

the findings of [35].

In the open-loop FPC study conducted in [33], the recommersedtings for a good trade-
off between 5% outage user throughput and average cellghpat wereae = 0.6 and Py =
—58 [fDBT"g,]. The performance under such settings is marked?a3¢C (« = 0.6)” in Figure 3.5.

In order to compare the reference case of the open-loop FBChd IPC, we choose two points
from the IPC for whichoe + 3 = 1, that is, the point having the same average sector throiighpu
but a higher outage user throughput and the point having ahee soutage user throughput but
a higher average sector throughput. The first point, indetas “IPC Coverage” in Figure 3.5,
corresponds ta = 0.6 and = 1 — a = 0.4, while the second point, indicated as “IPC Capacity”
in Figure 3.5, corresponds t& = 0.1 and3 = 1 — a = 0.9. The results show a considerable
performance increase obtained by taking into account ttezf@rence generated in the system.
Specifically the “IPC Coverage” point shows a gain in outager uhroughput of more than 50%
over the reference while the “IPC Capacity” point shows angaiaverage sector throughput of
ca. 16% over the reference. The following figures provide esimformation which explain the
behavior of the algorithm and help identifying the reasdnsuah performance boost.

Figure 3.6 shows the user transmit PSD for the three coreidmses: the reference FPC case
(obtained forg = 0 anda = 0.6) and the two IPC cases, that is, IPC Coverage and IPC Capacity
The reference FPC case shows a linear dependence only feopath-gain (apart from power
limitations) expressed by the factar As we introduce the dependence also from the interference,
by changings to a value greater thaih we obtain a cloud of points or, more specifically, a set of
points for each value of path-gain. This happens because gears generate a lower interference
and are therefore allowed to transmit with a higher powen thiders and vice versa. In other
words, « changes the slope of the curve whergasontrols its spreading so that larger values of
[ determines the transmission power values obtained fortaicgyath-gain to be more dispersed
over the axis.
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Looking at Figure 3.6(b), that is, the received ISD {iBm/PRB) we notice the opposite
trend. The FPC reference case, already shown in this chegptaotivation for a different approach
to PC, shows a cloud of points which are very dispersed fovengialue of path-gain. At the other
extreme, the case with the largest valugiaind therefore with the highest dependence from the
generated interference (referred to as IPC Capacity anddiav= 0.1 and = 0.9), produces a
cloud of points with the least dispersed values of ISD indepeatly of the path-gain.

This is reflected in the distribution of the interference ethiin Figure 3.7, is expressed as
NR. The distribution exhibits a lower variance as thiactor, expressing the dependence from the
path-loss to non-serving cells,.., is increased. This, in turn, results in a more reliable aeén
estimation and MCS selection as shown by the distributidrikeoCSI and OLLA error in Figure
3.8.

The CSl error is defined idB as:

CSIET’T’OT’ = SINRemperienced - S[NRestimated

whereSIN Ry perienced 1S the SINR experienced by the UE at the eNode-BSIY R timated
is the SINR estimated at the eNode-B by processing the UEdbagiReference Signal (SRS) and
is affected by Gaussian measurement error. A smaller \@iahthe CSI error distribution indi-
cates a more precise estimation of the SINR as a result of a stable interference scenario.

The OLLA error is defined il B as:

OLLABTTOT = SINRexperienced - SINRinputAMc
whereSIN Riyput 4 1S the SINR given in input to the AMC function defined as:

SINRinputAMc = SINRestimated - OLLAoffset
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Figure 3.8: Distributions of CSl and OLLA errors.

whereOLL A,y is the correction made by the OLLA before the SINR is givemiouit to
the AMC. A OLLA error distribution with a smaller varianceditates a more appropriate MCS
selection, that is, a more robust selection in case of pes#iror or a more aggressive selection
in case of negative error. This translates into a highewinput which increases the coverage or
the capacity depending on the settings.

It is worth, at this point, trying to relate our approach witte one followed in the reference
paper [35] which, interestingly, shows very similar resuth the ones here obtained under the
conditiona + 3 = 1. In the paper the author proposes to set the target SINR dingoto the
formula:

S = Segge + (@ —1)- AL [dB] (3.13)

where AL = Lown — Lstrongest—inter ferer @Nd Seqqe IS the target SINR for the users which
experienceA L = 0 (supposedly the users at the cell edge).
Similarly, the target SINR under open-loop FPC, which wavijmusly derived as:

SFPC:P0+10'lOglo(M)+(a—1)'L—[OT—N
can be rewritten as;:
Sppc =S50+ (a—1)-L (3.14)

where
So =S ’L:OZ Py +10- loglo(M) —IoT — N

In the same way, the target SINR under IPC can be written as:

(a+p=1)
Srpc = So+ (. — 1) - Lown + B+ Lother = So+ (a—1)-AL (3.15)
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Figure 3.9: (a) SINR target calculated using equation (3.14) for a tgfpiange of path-loss. (b) SINR
target calculated using equation (3.15) for a typical rasfg& .. Macro 1 case.

with AL = Lown — Lother- The formula (3.15) is equivalent to the formula (3.13) onee
replace the sum of path-loss to all non serving sectbgg,{,.) with the path-loss to the strongest
interferer only Cirongest—inter ferer). FOllOwing two different approaches, one based on the mod-
ification of the FPC formula and the other based on settingStiNR target, we have therefore
come to the same results and have shown that in the consisiegadrio it is beneficial to take into
account also the path-loss to the non serving sector.

The equations (3.14) and (3.15) are represented in Fig9réa3.and (b) respectively for a
typical range ofL. andA L. It is important to highlight that in equation (3.15) does not depend
on « because it is obtained under the assumption. &f 5 = 1 for which P, is approximately
constant. In equation (3.14), on the other hasighas to be tuned according tobecause in the
FPC formula a different. requires a different.

3.5.2 Finite Buffer

The very promising results obtained in the full buffer sg@mdo not hold any longer when con-
sidering a finite buffer scenario. The curve obtained uiitler0 (pure FPC), and the one obtained
undera + G = 1 (combination of best IPC cases), are represented for bdthiffier and finite
buffer traffics in Figure 3.10. The finite buffer curves showamsiderable performance degra-
dation for both FPC and IPC cases compared to the curvesnebtainder full buffer. More
importantly under the finite buffer case, which is closer tea scenario than the full buffer case,
the FPC and the IPC curves show a very similar trend and theajahe IPC over the FPC is
reduced considerably.

This is assumed to be a consequence of the distribution afidbes over the cell: the finite
buffer causes the users to finish their session faster fos gkese to the serving station than to the
cell edge. As the users finish their sessions and are repbgcedw users randomly generated in
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Figure 3.10: User throughput at 5% outage vs average sector throughpliarid finite buffer cases.

the cell, a larger number of them gathers at the cell edgedfiesting the path-loss distribution
and the gain provided by the IPC. It is also possible that/thparameter, whose values have
been left going from the full buffer to the finite buffer casbpuld be adjusted to fit the different
scenario.

The clarification of this aspect is left for future studiesld@ndoes not affect the results of the
following chapters as they have been mostly obtained béff@rénvestigations on IPC and under
the assumption of pure FPC (with= 0.6).

3.6 Considerations on Inband Inter-User Interference

In ideal conditions the SC-FDMA transmission maintains tiser orthogonality. However, the
presence of hardware imperfections in the RF transceiweh as frequency offset and phase
noise, destroys the subcarrier orthogonality [36], anduder signal leakage start to interfere with
other users. In practice, the received signals from diffetesers experience various frequency
offset/phase noise and lead to the inter-user interferembe PSD of the received signals from
different users will also vary and the frequency offset§ghaoise and signal leakage from the
adjacent users with higher PSD can lead to a significantf@rerce level and degrade the system
performance.

As the average received interference, due to dynamic stthgdis the same for all the users,
we can refer to the distribution of the received SINR, whi&khown in Figure 3.11 for the Macro
1 case, rather than the distribution of the received sighsle can see that the distribution is
contained in a range of approximately 22 dB in case of inateetus SINR and 15dB in case
of average SINR. As shown in [37], the SNR loss for the interféJEs with a frequency offset
of 200 Hz and PSD offset of 10dB is very small, less than 0.1ld&easing the PSD offset by
another 10 dB results in an SNR loss of 0.3 dB. Moreover thbalitity of two users located in
the uppermost and lowermost part of the distribution bellugated next to each other is very low.



40 Chapter 3

0.9 > P A
0.8 7 o
0.7} " |

0.6 : —

CDF

05 K 1

’ instantaneous

03k ’ = = = averaged |

0.2 4 .

SINR [dB]

Figure 3.11: Distribution of instantaneous SINR and time-averaged SpeRuser. 16 users per cell and 6
PRBs per user.

The SNR degradation can be more significant in case the utietomier PSD has also a small
bandwidth allocated. In case further investigations shaigaificant SNR degradation, not only
proper frequency synchronization mechanisms are neededldmuallocation algorithms which
take such aspects into account could be devised.

3.7 Conclusions

In this chapter an interference-based PC algorithm isdioited. The main idea of the algorithm
is to set to user transmit power not only according to the -fh to the serving cell but also
according to the interference generated in the system whietpressed by the sum of all the
path-loss to the non-serving cells.

Even though the approach to the problem is independent fitber oecent work in the open
literature, the development of the algorithm and the carefaluation of the results lead to the
same conclusions presented in one of the mentioned reésenc

The performance of the algorithm is evaluated in terms ofamison with the open-loop FPC
algorithm. The main performance indicators used are thageutiser throughput and the average
cell throughput but other quantities are also taken intmawctto understand the behavior of the
algorithm and gain a better knowledge of the system. Condparthe FPC approach for = 0.6
the IPC algorithm can provide a gain of above 50% in outag@praximately 16% in average cell
throughput depending on the parameter settings. Such geenthe result of a more appropriate
SINR setting, which takes into account also the user ges@raterference, as well as a more
stable interference in the system.

The deployment of a finite buffer scenario produces a diffepath-loss distribution of the
users in the network and, according to the current resuttenaiderable reduction of the gain of
the proposed strategy over the open-loop FPC. The reas@udbrperformance drop could also
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be attributed to the improper tuning of tig parameter (or, equivalentlly) and the related further

investigation is left for future studies.
Throughout the rest of the thesis the open-loop FPC formilldbertaken as default assump-

tion.






Chapter 4

Fixed Transmission Bandwidth based
Packet Scheduling

4.1 Introduction

This chapter is devoted to the performance analysis of aimkuphannel aware scheduling al-
gorithm elaborated during this PhD project and describefB&. The proposed algorithm is
evaluated in both Macro 1 and Macro 3 cases and under a vatied garameter settings in order
to understand its potential as well as the interaction witlelosystem entities.

The problem of channel aware scheduling has already beestigated in downlink for ex-
ample in [39] and [40] for an OFDMA-based system.

In [39] a scheduling algorithm based on a generalized PFieristpresented. The definition
of the PF metric, adopted for example in [18] for a TD basedesysis extended to the FD and
analyzed in terms of fairness and system throughput. Caedgara system without FD schedul-
ing, the proposed approach increases the system through@utields an improved fairness with
respect to allocated resources and achieved data-ratseer u

In [40] the potential of FD channel aware scheduling is itigaged for the downlink of LTE
via system-level simulation. Also in this case, the PF megiassumed and it is shown to
have gains in the order 40% in average system capacity ahddg® data rates compared to a
frequency-blind and time-opportunistic only scheduling.

At the time of this study fewer publications were availal#garding the uplink of SC-FDMA
based systems. The constraint in resource allocation éanphink channel in LTE systems makes
channel dependent scheduling a more challenging task dilee ttact that some resources may
have to be allocated to satisfy the constraint rather thachiannel condition. In [41], for example,
the SC constraint is not taken into consideration in therélgo design. This means that the PRBs
are allocated to users which exhibit the highest marginktyutegardless of the location of other
PRBs that are already allocated.

More recently Al-Rawiet al. [42] approached the FD scheduling, in a single-cell scenas
an integer programming problem which takes into accouwt this SC constraint. The solution to
the integer programming problem, being computationaltgnsive, is only used to set the upper
bound to the achievable performance. A more efficient algariis therefore derived which, in
case of perfect channel conditions, achieves a performibdebelow the optimal one and 80%
above the performance of a channel blind scheduler.

In this thesis, given the complexity introduced by the SCst@int, we first bypass the prob-
lem by considering an FTB-based approach to derive anlipiidormance evaluation. In the next
chapter, which is a natural continuation of this chapteriniegrate the flexibility of the ATB into
the scheduling.

43
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Figure 4.1: User to PRB mapping realized by the allocation algorithmebasn the metrics received as
input.

Different heuristic scheduling algorithms are proposezhglthe way and are evaluated by
means of extensive system level simulations.

The chapter is organized as follows: The PS framework isritestt in Section 4.2. Section
4.3 describes the algorithm. The performance evaluatigheo&lgorithm is given in Section 4.5
after the modeling assumptions listed in Section 4.4. Secdti6 describes a generalization of
the scheduling algorithm together with additional resulsnally, conclusions are presented in
Section 4.7.

4.2 Packet Scheduling Framework

In this section, the scheduling framework already desdribé&ection 2.5 is recapitulated with the
addition of few details useful for the understanding of thegosed algorithm.

The task of the PS is to multiplex in time and frequency donth@active users (which are
able to transmit in the next TTI and are not in DRX mode) by dyitally allocating the available
time-frequency physical resource units under a definedfsatrstraints. Such objective can be
formulated as:

maximize Mgy, = Z M; ;A; (4.1)
iGQi,jGQj

subject to the constraints (2.2), (2.3) and (2.4), whigfg is the metric for usei and PRBj,
(), is the set of users artd; is the set of PRBs.

In the following, M., will be referred to as global metric. The metric defines thinogation
criterion to be used by the PS, that is, how the different etspsf fairness, channel awareness and
QoS requirements should be taken into account. Decougiagalocation algorithm from the
choice of the metric greatly simplifies the overall desigthaut compromising the performance.
Following this approach, indeed, the PS algorithm can bé&ded with the single objective in
mind of maximizing the global metric while the strategy tothken for the different users in terms
of fairness, channel awareness and QoS requirements g seflected by the metric expression.

The PS takes a set of metrics (which can be represented indfammatrix) as input and outputs
an allocation table, that is a user to PRB mapping as showiguré-4.1. The allocation takes
place under a set of hard constraints including the scheglaf users which have to undergo a
retransmissions or the allocation of adjacent PRBs to theesaser due to the adoption of the
SC-FDMA scheme.

Throughout this study the PS is assumed to be dynamic, thiatpioduces a new allocation
table every TTlin order to exploit the time selectivity oétimobile propagation channel. Given the
computational complexity of the algorithm and the limitgde available for completion (1 TTI),
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| A

Figure 4.2: Metric value for each UE and each RC in form of matrix. Thelesdndicate the elements
chosen by the algorithm. The hatching covers the elemestantied after a user to PRB selection has been
made.

it is proposed to split the algorithm in two phases indicaisd’ D scheduling and FD scheduling
(as previously shown in Figure 2.5). In the first phase the dlieduler filters out the users which
are not likely to be scheduled in the next TTI because thgieeted performance or their priority
is, according to some criteria, largely below the one of ttreeousers. The reduced set of users
is handed over to the FD scheduler which performs the mospatationally intensive operations
and outputs the user to PRB mapping.

4.3 Matrix-Based Search Algorithm

Given the complexity of the PS algorithm, mainly due to thestint imposed by the SC-FDMA
technology, in the first phase of this work the approach igp#fiad by assuming the bandwidth to
be fixed and equal in size for all the users. Such bandwidtbristtuted by a set of consecutive
PRBs and is indicated in the following as Resource Chunk (R@¢ size of the RC is chosen to be
a sub-multiple of the system bandwidth so that an integertbrauraf users can be accommodated
without creating bandwidth fragmentation. The metric iegkted over the bandwidth of the RC
rather than the bandwidth of a single PRB.

Assuming that each user can be allocated at most one RC, vaglogha greedy optimization
strategy based on arranging users and bandwidth chunks atraroontaining the metric value
for each user and each RC, as exemplified in Figure 4.2. Suttixrgthen fed as input to the
FDPS which performs the following steps:

1. Find the UE and RC with the highest metric (e.g.1#ERG in Figure 4.2)

N

. Allocate the RC to the UE

w

. Remove UE (matrix row) and RC (matrix column)

SN

. Repeat from step using the resulting sub-matrix

4.4 Modeling Assumptions

In this initial phase of the study the scheduling framewsrkimplified as all the users are handed
over to the FD scheduler making the TD scheduler irrelevanttfe final allocation. In FD the
metrics considered are Random (RAN) and PF.
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When the RAN metric is used, a random value extracted by aumifandom variable in the
range between 0 and 1 is assigned to each UE and each RC eJellyi$ Bimilar to the Round
Robin (RR) metric in that it gives the same priority to thergsaver a sufficiently long period of
time and it is blind to the channel conditions. On the otherdhiais preferred to the RR metric
because it guarantees frequency and interference diversit

The PF metric for a UE, on PRBr, at TTl¢, is defined as (see [39] and [40]):

. T(i,r,1)
MPF(Z,’I", t) = T(Z t)

whereT(z’,r, t) is the estimated Layer 1 achievable throughput (estimatedrding to AVI
tables and BLER target using CSI) for useron PRBr, at scheduling instant and7'(i, t) is
the past averaged acknowledgédhyer 1 throughput for user at scheduling instartcalculated
using an exponential averaging filter as:

T(i,t) =(1— VT (it — 1) +

Nrrr TTI
whereT (i, t) is the Layer 1 acknowledged throughput for ugeat scheduling instaritand
Nrrr defines the filter length or filter memory, which in this studyassumed to be the same for

all the users.

T(i,¢)

Table 4.1: Main simulations parameters

Parameter Setting

# UEs per sector from 4 to 60

# UEs handed to the FD scheduler | from 4 to 60

# PRBs per UE (or RC size) 2,4,6,8,12

Cell-level user distribution Uniform

TD scheduling Not considered

FD scheduling RAN or PF

BLER target at ¥ transmission 30%

Propagation scenarios 3GPP Macro case 1 and 3

PF filter length N777) 100 ms

Initial throughput valueT'(0)) 500 kb

a (for PC) 0.6

Py (for PC) -58dBm/PRB for Macro case 1,
-64dBm/PRB for Macro case 3

Traffic model Full buffer with balanced load

Table 4.1 shows the simulation parameters which are reldgathe results presented in this
chapter. The HARQ is assumed to be synchronous and adaptiveClvase Combining. This
means that retransmissions have to be scheduled in a spETifisut can take place anywhere
within the bandwidth. No specific optimization in this respé deployed in FD. The AMC
selects the most appropriate MCS based on the SINR estimagzdhe selected RC. Such esti-
mation is obtained from the SRS transmitted by the UE andgssed at the eNode-B to extract
near-instantaneous frequency selective CSI as describ®ddtion 2.8.1. The PC functionality is
implemented according to the open-loop formula given byaéqa (3.1), that is, no closed-loop
adjustments are considered.

lsacknowledged” throughput is meant to be the successfuslijvered throughput and is therefore affected by the
experienced BLER
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4.5 Performance Evaluation of Matrix-Based Search Algorihm

The performance of the proposed algorithm is evaluatedrmdef SINR and user throughput

distributions, average cell throughput and 5% outage Useughput. Along the way, in order

to better understand the system and the interaction of thedsdéer with other entities a set of

additional statistics is presented including average BlEeRuser, average transmit power per
user, NR and OLLA error distributions.

Figure 4.3 (a) shows the distribution of the scheduled oeggpced SINR per user under the
RAN and PF metrics. The PF metric provides an improvementttneewhole SINR range quanti-
fied in approximately 1 dB at the median value. This translai® a corresponding improvement
in the throughput distribution as shown in Figure 4.3 (b).

Figure 4.4 (a) shows that approximately 80% of the usersreqpee an average BLER which
matches the BLER target of 0.3 under both RAN and PF metrinsforim of verification Fig-
ure 4.4 (b) and 4.4 (c) show respectively the instantanedvsahd the average user power dis-
tributions. As expected, they overlap with each other bseahbe power is set according to the
OLPC formula which is independent on the scheduling meejglayed. The PC settings speci-
fied in Table 4.1 lead to a NR median of approximately 13 dB arapproximately 5% of the users
in maximum transmit power because this is the situation iickvthe 5% outage user throughput
IS maximized.
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Figure 4.3: Scheduled SINR and time averaged throughput per user ugihNydd PF metrics. 8 users
per sector and 6 PRBs per user.
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Figure 4.4: BLER at 1st transmission, instantaneous NR and power peuss® RAN and PF metrics for
8 users per sector.

Figure 4.5 shows an interesting statistic regarding the worrelation introduced in the re-
source allocation by the PF and RAN metrics. More specificélshows the distribution of the
number of consecutidare-allocations of the same RC to the same user. Under the RIE there
is a higher probability of allocating the same RC to the sas®es aver consecutive TTIs. Specif-
ically, the probability of this happening for at least onel Tdequal to 0.27 (1-0.73, referring to
the Figure) in case of PF metric while it is equal to 0.125 & (1+0.875, referring to the Figure)
in case of RAN metri¢. On the other hand this effect is not significant enough asatuilize the
inter-cell interference and reduce the standard deviatighe OLLA error distribution. The only
visible effect is that the PF metric tends to schedule udeaisacterized by a positive error on the
estimated SINR thus producing a shift of the OLLA error dlisttion to the right by approximately
0.5dB.

2By “consecutive” it is meant over subsequent TTIs
31/8 is simply the probability that a user occupies a specificdRt of the 8 available.
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Figure 4.5: (a): time-consecutive re-allocations (in time) of the sdrtto the same user. (b): OLLA
error. RAN and PF metrics, 24 users per sector, 6 PRBs per user
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Figure 4.6: Average cell throughput and 5% outage user throughput uR4dr and PF metrics for 8, 16,
24 and 60 users per sector. Macro 1 case. 6 PRBs per user.

Figure 4.6 shows the absolute values of the average cellghput and outage user throughput
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as well as the gains of the PF over the RAN metric for differemtnber of users and a fixed
bandwidth of 6 PRBs.

The first observation is that the gain in outage user througisphigher than the gain in av-
erage cell throughput for all the considered cases. Inddmdgain at 5% outage of the user
throughput is generally higher than the gain in averageosdhtoughput due to the non-linear
mapping of SINR to throughput. Figure 4.7 explains this nmeglicitly by showing the average
user throughput vs the Average Path Gain (APf8) the cases of 8 and 16 users under RAN and
PF metrics. It is noticeable how the absolute increase outyitput of the PF over the RAN is
similar over the whole range but the increase in percentagerbes smaller simply because the
absolute throughput value used as reference grows higher.

The second observation is that the gain increases by appatedly 10% in both average cell
throughput and outage user throughput when the number of pee sector is increased from 8 to
16 while the number of scheduled user is kept to 8.

To explain this effect we can refer to Figure 4.7 where thaaye user throughput is shown
vs the APG. In Figure 4.7(a) with 8 users per cell, the bestsussach the same maximum
throughput under PF and RAN and the curves overlap in theruppge. The reason is that after
the users reach the highest MCS and their BLER starts déngeabe expected throughpt,
and consequently the PF metric, becomes the same over &RBs (and all the RCs) making
the allocation of such users similar to the one performedbyRAN metric. Similarly, the lowest
throughput value in Figure 4.7(a) is the same under the PRR&id metrics because the selected
MCS is the lowest (as can be expected given the higher BLE®]jremexpected throughpiitas
well as the PF metric become the same over all the RCs.

Figure 4.7(b), which shows the same variables for the ca$é aters, verifies this interpreta-
tion. In this case, the gain under the PF metric is visibler dve full range of throughput values
including the minimum and maximum.

The higher minimum throughput value of PF compared to RANxjgdaned by looking at
Figure 4.8(d) where the scheduling activity for the PF idigthan for the RAN. This is due to the
higher experienced BLER, which not only increases the sdivegactivity of both RAN and PF by
increasing the number of retransmissions, but also lon@mmdhe past average throughputhus
increasing the PF priority and consequently the schedettyity. This does not happen in the
case of 8 users per cell because the scheduling activitw#syal100% for all the users as shown in
Figure 4.8(c). The higher maximum throughput is also exgdiby the higher scheduling activity
under the PF metric with respect to the RAN metric.

With 24 and 60 users no further gain in average cell througlgpshown in Figure 4.6 while
there is an improvement in outage user throughput due terdiit scheduling activity.

4By average path-gain we mean the product (in linear) of distadependent path-gain, shadowing and antenna
gain. It is sometimes simply referred to as path-gain andesnverse (in linear) of the path-loss.
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Figure 4.9 shows for the Macro 3 case the same performanimaiocs of average cell through-
put and outage user throughput already shown for the Macesé. dJnlike the Macro 1 case, we
can observe that with 8 users per cell there is no gain in eutali throughput. This occurs be-
cause users at 5% outage have a BLER higher than the tardige(imMacro 1 where only few
users well below the outage have a BLER higher than the Jaaget therefore also a PF metric
which behaves like a RAN metric without differentiating amyoRCs or PRBs. This explains not
only the same minimum and maximum average throughput fomdR#AN metrics shown in Fig-
ure 4.10(a) but also the overlapping of the two curves indlet throughput range characterized
by a BLER higher than the target as shown in Figure 4.11(ag dihiage gain for the case of 16
users per cell is due to those users having a higher schgdagtivity (see Figure 4.11(d)) because
of a BLER higher than the target (see Figure 4.11(c)). Soenihithe Macro 1 case the gain in
outage for 16 UEs is actually a channel gain due to the PF engtteiserving aspects of channel
awareness via the expected throughpuin the Macro 3 case the gain in outage is a scheduling
activity gain due to the PF metric having a lower past avetagmighputT” which is caused by an
experienced BLER higher than the target.

Figure 4.10 compared to Figure 4.7 shows another differéeteeen the Macro 3 and the
Macro 1 cases. The average throughput versus the APG desnease rapidly below -133 dB of
average path gain because the users incur into power liomgatSuch value can be easily derived
from the OLPC formula where the number of PRBs is setYo Bloreover, comparing Figure
4.10(a) and (b) we notice a different trend in the lowestughput range which can be explained
again considering the different scheduling activity respely under 8 and 16 users per cell.
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Figure 4.9: Average cell throughput and 5% outage user throughput URAdr and PF metrics for 8, 16,
24 and 60 users per sector. Macro 3 case. 6 PRBs per user.
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Another interesting analysis pertains the gain achievaplenodifying the bandwidth of the
RC allocated to each UE as shown in Figure 4.12. With a RC of B€PRe have a frequency
selectivity equal to the granularity of the CSI reports aimdilar to the coherence bandwidth of
the channel. Therefore, for the same number of UEs, we azlie/highest gain in average cell
throughput and outage user throughput. Larger bandwidtlesdead to a lower throughput under
the PF metric because of lower frequency diversity and tagath} larger throughput under the
RAN metric because of higher coding gain (included in the fllles) consequently reducing the
gain of FDPS.
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Figure 4.12: Average cell throughput and 5% outage user throughput URddr and PF metrics for 2, 3,
4, 6 and 8 PRBs per user. 60 users per sector. Macro 1 case.

The Macro 3 case depicted in Figure 4.13 shows some diffesecompared to the Macro 1
which can be summarized in a much larger outage gain for avidttdof 2 PRBs compared to
the Macro 1 case and in a much larger drop of such gain as sdabe bandwidth becomes larger
than 2 PRBs.

The first point is easily explicable considering again tlgakithmic SINR to throughput map-
ping. Indeed the absolute increase of throughput under d/2ds actually smaller than the one
obtained under Macro 1 (the user is under power limitatiord dose to having a BLER higher
than the target with a consequent lower variability of ther®tric over the different RCs) but
such increase is related to a smaller value of throughpeingivat in Macro 3 the user at 5% out-
age experiences a much lower average path gain. As a resuletbentage gain is significantly
higher.

The second point is explained considering that a largerwltkd (e.g. 4 PRBs) actually brings
the UEs into more serious power limitations leading to a BLik€tease and therefore to a gain
of the PF metric over the RAN only due to higher schedulingvigt Figure 4.14 shows that the
scheduling activity at 5% outage is the same under PF and RAtigs for the case of 2 PRBs
while it's higher for PF than RAN for the case of 4 PRBs indiegtthat the gain obtained for 2
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PRBs is channel gain while the gain obtained for 4 PRBs is gaéto larger scheduling activity.

7.5

6.5

55

average cell throughput [Mbps]
[«2)

4.5

35

30

25

20

15

outage user throughput [kbps]

10

42% RAN
* — % —PF |
T~<_ 30%
Sy <. 7
T~ 13% ]
*\
~o .
SO 0%

\* —

| | | | |

2 3 4 6 8

# PRBs per user

(b)

*'190% ‘
N\

# PRBs per user

Figure 4.13: Average cell throughput and 5% outage user throughput URd&r and PF metrics for 2, 3,
4,6 and 8 PRBs per user. 60 users per sector. Macro 3 case.
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Finally Figure 4.15 shows the average cell throughput perémce under the PF metric for
different combinations of RCs and number of users per settee first interesting aspect is that
there are several cases where, for the same number of udargeabandwidth gives a larger
throughput than a smaller one. See, for example, the cas2 ugdrs combined with bandwidths
of 4 or 6 PRBs. As general rule, it is preferable to have a fabgadwidth and more users than
it is possible to schedule rather than a narrower bandwidthas many users as it is possible to
schedule. Another visible trend is that the multi-user diitg gain saturates faster (with respect
to the number of users) for a larger bandwidth than for a malte.
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4.6 Tree-Based Search Algorithm and Results

In this section we are going to propose a more general sdhgdaigorithm which includes the
matrix-based approach as special case. We have shown ¢hiatattnix-based approach provides
a significant gain over a blind scheduling (like the one otgdiunder the RAN metric), but does
not achieve the global optimum. As an example let’'s consad@mple case with two UEs and two
RCs with the fictitious metrics given in Figure 4.16.

RC, RC,

UE,| M,,=960 M, ,=980

UE,| M,,=870 = M,,=970

Figure 4.16: Simple scenario with two UE and two RCs: the algorithm failgdentify the optimum.

If we apply the algorithm used so far, we would end up with,R@located to Uk and RG
allocated to UE. The resulting global metric, which was defined as the sunhefnhetrics of
the allocated users, would bd,,,, = 1850. Performing the opposite allocation (R@® UE;
and RG to UE;) would provide the maximal global metrie/,,,,,, = 1930. This offers a hint on
how the algorithm could be improved to perform a more exharistearch. In every step of the
search algorithm, rather than considering only the besticnete also consider what iglobally,
the second best metric. In other words, in every derivednsatyix we pick the two best metrics
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and build, in this way, a binary search tree where the bespmgmf UEs to RCs is given by
the path with the highest sum of metrics. The number of bresdeparting from a node of the
tree is called out-degree and is indicated in the followiegVg,;. For a binary treeV,,; = 2,
but the approach can easily be generalized to any valué,gf As anticipated at the beginning
of this paragraph the matrix-based algorithm is equivalernhe tree-based algorithm for an out-
degree of 1§,,: = 1). This means that the search-tree algorithm is a genetializaf the greedy
matrix-based algorithm which considers more and more pitisigis as the value aN,,,; increases.
However, the number of combinations increases dramatieath N,,; for a reasonable number
of users and this represents a serious limitation consigdhie real time constraints. For this
reasonN,,; should not be higher than 2 also considering that the gavigeed from increasing
such a parameter very soon saturates. In any case thistafgarould be thought of as a novel
application of a well known search algorithm to the problersaheduling.

RC, RC, RC,

UE, [M,,=380| M,,=670M,,=1530
UE, |M,,=300|M,,=730|M,,=1390
UE, [M,,=650 M,,=810 M,,=1280

1530 + 810 + 300 = 2640

Figure 4.17: Scheduling example with three UEs and three RCs. To theHeftircles indicate the allo-
cation performed using the matrix algorithm. To the righg thick line indicates the allocation performed
using the tree algorithm witiV,,.; = 2.

Fig.4.17 provides an example of a binary tree comparingwhealgorithms for the case of
three UEs and three RCs. On the left the circles indicate teeics chosen by the matrix al-
gorithm. On the right the thick line indicates the path in Hieary tree which leads to the best
allocation of RCs to UEs for the considered combinationst. tRe fictitious metric values con-
sidered, the tree algorithm is able to provide two allocai¢corresponding to two paths) whose
global metric is higher than the one provided by the matrpoathm.

The gains will of course depend on the nature of the metriptdb Interestingly enough,
in the case of the PF metric, the throughput improvementigealvby the search-tree algorithm
is very limited and not as significant as to justify the ine@ complexity. This means that, by
applying the most efficient scheduling strategy, we are atde to exploit most of the throughput
gain.

Figure 4.18 shows the KPIs for a few selected combinatiomuofber of users and PRBs and
N+ degree of 1 and 2. The gains are approximately 2% in averdgthicmighput and 6% in
outage user throughput for the cases in which there are ag nsans as it is possible to schedule
(8 UEs and 6 PRBs or 12 UEs and 4 PRBs) while are even lower - I&erage cell throughput
and 3% in outage user throughput - in the other cases.
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case.

4.7 Conclusions

In this chapter we have evaluated, in different scenait@sperformance of channel-aware schedul-
ing by comparing Proportional Fair (PF) and Random (RAN)riogt A greedy matrix-based
search algorithm is used for the allocation.

The results show a variable gain of the PF metric dependintp@mumber of users and the
size of the Resource Chunk (RC). For a Macro 1 case the aveedigaroughput gain can range
from 4% in case of 4 users per cell and a RC of 12 PRBs (per us&8% in case of 60 users
and a RC of 2 PRBs (per user). The Macro 3 case shows a much targg of gains, especially
in outage user throughput, due to power limitations whichawt the performance especially for
a RC size larger than 2 PRBs.

In the last part a generalization of the matrix-based sesfdrred to as tree-based search
is proposed as allocation algorithm. Such algorithm is atigrized by a higher computational
complexity due to the larger search space but does not a&chisignificant gain. For this reason it
is set aside and the simpler yet effective matrix-basedrigigo is retained and referred to as the
FTB-based algorithm.

It is worth noting that the gains shown don't take into acddhe constraints of control chan-
nels and computational complexity which will limit the nuertof users which can be scheduled
in one TTI. In this sense the case of 60 users per cell, for pl@rns used only to find the limits
of user diversity gain. These and other aspects will be éurtliscussed in the following chapters.
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Adaptive Transmission Bandwidth
based Packet Scheduling

5.1 Introduction and Motivation

This chapter is closely related to the previous one in thde#ls with channel aware scheduling
in the frequency domain. The main novelty here is repregebyethe introduction of the ATB
feature which is merged into the scheduling algorithm. TH&As a functionality needed to
accommodate for different traffic types (e.g. VoIP, whichuiees a limited bandwidth and BE
which would take as much bandwidth as it is left), differeatadrate requirements and different
user power capabilities. Integrating the ATB into the PSoesult in a RRM framework simpler
than it would otherwise be if each functionality had its ovigoaithm as well as more flexible. We
have seen in the previous chapter how the selection of theappsopriate bandwidth depends on
the number of scheduled users. The advantage of the ATBH@gg®oach is that no additional
algorithm is required to tune the bandwidth. In other wothls,capability of coping with varying
traffic loads and power limitatioAss inbuilt in the algorithm in the sense that the ATB-based PS
guarantees automatic adaptation to variations in the @aatl.| Moreover QoS-aware schedulers,
required to cope, for example, with different data rate megoents, can be easily combined with
this kind of channel-aware scheduling by weighting the dimty-selective scheduling metrics
and allowing, in this way, a different distribution of therfolvidth to different users based on their
requirements.

The chapter is therefore devoted to the performance asabysuch ATB-based scheduling
algorithm proposed during this PhD and published in [43]thesmain addition is the exploitation
of the ATB functionality when performing the allocation oRBs, it is natural to compare, under
the same conditions and scenarios, its performance witlorieeobtained under the FTB-based
algorithm previously described.

This chapter is organized as follows: The ATB-based PS isrdesl in Section 5.2. The
modeling assumptions are listed in Section 5.3 while théopmiance evaluation is carried out in
Section 5.4. The conclusions are presented in Section 5.5.

5.2 Algorithm Description

The main challenge to face in attempting the introductiothefATB functionality in the schedul-
ing Is represented, as already highlighted, by the SC ainktrAs soon as a PRB is allocated to

lwith the generic term of power limitation we refer to the ation where users use the maximum transmit power
because of their low average path gain

59
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Figure 5.1: Algorithm description with 3 UEs and 21 PRBs. The gray dastiedes indicate UEs (and
associated metrics) which have been temporarily or perntgnexcluded.

a user, different constraints are created. First, for a@1ofRB to be allocated to the same user,
it will have to be adjacent to the first one. Secondly, anotiesr to be allocated will find the
available bandwidth to be already fragmented so that itsllvatih will be located either entirely
to the right of the first PRB or entirely to the left.

For this reason the proposed algorithm aims at containiegotindwidth fragmentation by
picking the user with the highest metric and then expandimdgpandwidth as long as its metric
is highest. The algorithm is heuristic but, on the other hantheoretical approach would be

impractical because of computational complexity as alswvshn [42].
The steps of the algorithm, for first transmission users, exemplified in Figure 5.1 and

described as follows:

1. Find, within the matrix of metric values, the UEand the PRBj with the highest metric
value? and allocate PRB to UE .

2. Expand the bandwidth of UEuntil one of the following conditions is met:

(a) another user has a higher metric on the adjacent PRBréFgi(a));

(b) the expansion has reached physical constraints on dagaibandwidth edge or an-
other user already allocated) and condition (a) on the ider,

(c) the expansion has reached physical constraints on luh; s
(d) the estimated transmit power is above the maximum.

2For a user partially allocated only the adjacent PRBs arsidered.
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3. Temporarily exclude UEand its metric values if conditions 2(a) or 2(b) are verifigither-
wise permanently exclude the user.

4. Repeat steps 1, 2 and 3 considering the reduced set ofarskraetrics (Figure 5.1(b)).

5. If any, readmit temporarily excluded users as furthea@spn may be possible because of
the exclusion of other users and relative metrics (Figutéch).

6. Repeat the steps from 1 to 5 until all the users have reacpednanent stopping condition
(Figure 5.1(d)).

The retransmissions, when they occur, are placed stamomg the left edge of the bandwidth.
This is possible because of the adaptive HARQ and is donedid &éandwidth fragmentation. In
this way the algorithm can be applied to first transmissicgrasvithin the remaining portion of
the bandwidth.

5.3 Modeling assumptions

Table 5.1: Main simulations parameters

Parameter Setting

# UESs per sector from 4 to 60

# UEs handed to the FD from 4 to 60

# PRBs per UE [1to 24] and [2 to 24]

TD scheduling Not considered

FD scheduling RAN or PF

BLER target at 1st transmission 30%

PF filter length (N777) 100 ms

Initial throughput valueT'(0)) 500 kb

a (for PC) 0.6

Py (for PC) -58 dBm/PRB for Macro 1;
-64 dBm/PRB or -62 dBm/PRB for Macro 3

Traffic model Full buffer with balanced load

The modeling assumptions followed for the performanceuatain of the ATB-based algorithm
are like the ones described in Section 4.4 for the FTB-bakgmithm and are reported in Table
5.1. Itis worth reminding the use of the full (infinite) buffieaffic model as well as the deployment
of only the FD scheduler. First some statistics related éAMB functionality are presented.
Afterwards, the performance evaluation is presented imfof comparison with the FTB-based
algorithm.

5.4 Performance Evaluation
Unlike the FTB-based algorithm, the ATB-based schedulitacates a variable number of UEs

in FD depending on a set of parameters including the numbeiEsf handed over to the FD, the
metric deployed in FD and the power limitations of the UEs.
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Figure 5.2 shows an example of such distributions for amdiffenumber of UEs under the PF
and RAN metrics, both introduced in Chapter 4. The PF mdteaig channel aware, is affected
by the coherence of the channel over the frequency and trereds the number of users grows,
it tends to allocate a lower number of users per TTI compavaédle RAN metric which, instead,
does not have any correlation.

Related to the distribution of the number of scheduled usdie number of scheduled PRBs
per user per TTIl and the total bandwidth utilization whick ahown in Figure 5.3. The higher
probability of allocation of an even number of PRBs seen guFé 5.3(a) is a consequence of the
frequency resolution of the CSI set to two PRBs. An odd nunadd?RBs is allocated when at
least one user is affected by power limitations. If this wasthe case the expansion of the user
would occur in steps of 2 PRBs.
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Figure 5.4: Average cell throughput under FTB and ATB for increasing benof users per sector. Macro
1 case. PF metric.

The main benefit provided by the ATB is the inbuilt bandwidthaptation which enables
the exploitation of multi-user diversity. Figure 5.4 shailue performance of the ATB algorithm
against the performance of the FTB algorithm obtained fiieidint number of users and different
bandwidths. The ATB is able to exploit the multi-user divigrsvithout incurring into gain satura-
tion like it happens for the cases of fixed bandwidth. Evengionot perfectly, the curve obtained
under ATB tends to follow the envelope of the curves obtafioedifferent fixed bandwidths. Like
the AMC, which adapts to the SINR by selecting the most apatgpMCS, the ATB adapts to
different cell loads by selecting the most appropriate badth. Some combinations of bandwidth
and number of users show a slightly better performance ia cathe FTB algorithm because we
are using two different algorithms for FTB and ATB but thealelism between AMC and ATB
helps understanding the flexibility introduced by the latt€he loss in performance visible in
some cases occurs because the ATB, for simplicity of desigals in a simplified manner with
the HARQ retransmissions compared to the FTB. While the Fag&U algorithm treats equally
first transmissions and retransmissions so that both bdrafitmulti-user diversity, the ATB, in
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order to avoid bandwidth fragmentation, simply schedutesretransmissions in sequence at the
beginning of the system bandwidth so that they don’t benfihfmulti-user diversity. Moreover
the first transmissions have a more limited frequency dityelend therefore a lower gain, because
their allocation is optimized within a comparatively srealbandwidth (in average 70% of the
system bandwidth given the 30% BLER target).

Figure 5.5(a) summarizes the behavior of the ATB anticiphatethe previous figures: as the
number of users in the cell increases, the number of schetdisers per TTI increases as well
(though not linearly) while the average bandwidth per ussrelses. In case of full bandwidth
utilization the two quantities are related by the basic falan

55 Nprp

PRBUE, eq = UE.ohed (5.1)
where Npgp indicates the number of PRBs available for scheduling insystem bandwidth,
UE,.1.q indicates the average number of scheduled users per T'I'J]WUE&C,Le , indicates the
average number of allocated PRBs per scheduled user.

Figure 5.5(b) compares the bandwidth per user under ATB théhbandwidth per user under
FTB. The dashed line indicates the combinations of numbesefs and number of PRBs which
give the best average cell throughput performance for th® &gorithm. For a given number
of users, there is only one specific bandwidth (or RC size)eunchich the FTB can achieve
a performance similar to the ATB and such bandwidth is gédlyelarger than the average one
allocated by the ATB (because, as already shown, multi-disersity under FTB is preferable to
the frequency selectivity). For all the other bandwidths BTB performs worse than the ATB.
Specifically, if we consider the same number of users andaheswumber of PRB (fixed or in
average) the ATB offers a significantly higher performanoenpared to the FTB as shown in
Figure 5.4.
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Figure 5.5: (a) Average number of scheduled PRBs and scheduled usénsifeasing number of users per
sector under ATB. (b) Average number of scheduled PRBs faeasing number of users per sector under
ATB and FTB.
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The difference in bandwidth is reflected also in the distrdsuof the power per user normal-
ized to the scheduling activity of the user as shown in Figuée

For the same number of users the ATB shows a lower transmi¢pthan the FTB counterpart
because the average transmit bandwidth is generally |éWfghe three cases depicted the case of
4 users has the same transmit bandwidth for both ATB and FTBHmws overlapping curves only
up to approximately 21 dBm. After such threshold the trahgmiver under FTB becomes higher
than ATB because the ATB, by design, stops expanding thehssatwidth when the maximum
power limitation is reached. In the Macro 1 case this resaltsving no users in power limitations
under the ATB algorithm and a certain fraction of users (leetw1% and 10% depending on the
bandwidth chosen) in power limitations under FTB. Havingeeiain percentage of users in power
limitation is beneficial for the performance of the corresging percentile outage user throughput.
For this reason looking only at the 5% outage user througivoudd show a performance for the
ATB lower than for the FTB, because the PC parameter is opichfor the 5% outage under the
FTB algorithm with 6 PRBs. A more complete picture which ddass also a smaller percentile
value (e.g. 1%) is depicted in Figure 5.7. The set of curveshie 1% outage user throughput
show that the ATB is always on top of the other curves with tkeeption of the curve obtained
for 4 PRBs. The reason is that such a curve has indeed 1% ofstérs in power limitations
and therefore will have the highest outage throughput afiteepercentile and it will slightly
outperform the ATB which doesn’t have any user under maxstranpower.

Another interesting aspect we can derive from the outageesuis that the FTB is more sen-
sible to the power settings than the ATB. On the one hand tkeans that the FTB can be finely
tuned as to maximize even a specific percentile of the outagethroughput. On the other hand
this also means that such a setting is quite likely to be notab if we consider a different band-
width or a different percentile. It's the case for the curidained for 8 PRBs which has a good
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performance at the 5% outage but a quite poor one at the 1%eaRit's the case for the 5%
outage curves obtained for 6 PRBs and 2 PRBs which are résgggerforming better and worse
than the ATB. Unlike the FTB, the ATB is more robust to the @iént power settings (specifically
Py) and therefore it shows a reasonably good performance éoditferent number of users and
for the different percentiles with thé'percentile being the best performing. What makes the ATB
more robust to different power settings is the capabilityeaicting to different power settings by
limiting the minimum bandwidth in a way that the FTB cannot.

550

M 1, PF, FTB, 2 PRB, 1%
% - M1, PF, FTB, 4 PRB, 1%
500 M 1, PF, FTB, 6 PRB, 1%
% M1, PF,FTB, 8 PRB, 1%
\ % .- M1, PF, FTB, 12 PRB, 1%
450+ ~:© - M1, PF, ATB, 1-24 PRB, 1%

M1, PF, FTB, 2 PRB, 5%
—*— M1, PF, FTB, 4 PRB, 5%
4008 ’ M 1, PF, FTB, 6 PRB, 5%
—*— M1, PF, FTB, 8 PRB, 5%
—*— M1, PF, FTB, 12 PRB, 5%
—O6— M 1, PF, ATB, 1-24 PRB, 5%

350

300 -

250

Outage UE throughput [kbps]

200

150 -

O%
" O

100

# users per cell

Figure 5.7: 1% and 5% outage user throughput under FTB and ATB for anasang number of users per
sector. Macro 1 case. PF metric.

In the Macro 3 case the scenario changes significantly beqager limitations become even
more constraining at the point of increasing the experigriRleER beyond the target for a signif-
icant percentage of users. This is shown in Figure 5.8 wineré¢ransmission power per user and
the corresponding BLER af'transmission are shown for the cases of 4, 10 and 20 userfieAs t
number of users increases and the allocated bandwidth pedasreases the power distribution
curves tend to look more alike and so is the BLER performambe.difference in power limitation
is reflected also in the lower range of the instantaneous SlitRbution shown in Figure 5.9.

Figure 5.10 and 5.11 show respectively the average celuigfimout and the ' percentile of
the outage user throughput. For the average cell througig@etn see a gain in all the considered
cases. As for the outage user throughput we can see that Bialgdrithm offers a better perfor-
mance but the performance of the ATB can be improved by isanggo 2 the minimum number
of PRBs allocated per user.
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respectively for FTB and ATB. Macro 3 case.
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Another situation where the ATB and the FTB show rather djgat behavior is an unbalanced
load scenario. An unbalanced load scenario is differemh fitee balanced load scenario in that the
users are distributed uniformly over the network area rathen the sector. The number of users
in the system is therefore the same as in the balanced loadaathe number of users per sector
changes from sector to sector. In this situation the ATB shasgpecially for a low number of
users, a considerably higher average cell throughput, shovwrigure 5.12(a), as a result of a
higher bandwidth utilization, shown in Figure 5.12(b).

On the other hand the outage user throughput performandearacaterized by an opposite
trend. Figure 5.13(a) shows a considerably higher outagerpgance under the FTB than the
ATB. This is the result of lower NR values under FTB comparedATB, as shown in Figure
5.13(b), due to partial bandwidth utilization.

The situation changes in a Macro 3 case where the interferbas a much lower impact
(being a noise limited scenario). In this case the gain ibkisespecially for low loads (intended
as number of users), in both average cell throughput andjeutser throughput as shown Figure
5.14(a) and (b).
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Figure 5.12: Average cell throughput and bandwidth utilization undeBFhd ATB in an unbalanced load
Macro 1 scenario.
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5.5 Conclusions

In this chapter a new scheduling algorithm is proposed wiiiekes use of the ATB functionality
in performing the allocation and is therefore referred t&BB-based PS. The performance of the
algorithm is evaluated in a variety of scenarios and contpbaréhe FTB-based PS.

The main advantage provided by such scheduling algorittihreiflexibility to the varying cell
load. Specifically, the scheduler automatically tunes thesimission bandwidth according to the
cell load offering a performance similar to the FTB-based\#®se bandwidth has been chosen
to provide the highest cell capacity and outage user thiouigh

In the Macro 3 case, thanks to the capability of modifyingtta@asmission bandwidth accord-
ing to the power limitations of the users, the proposed &lyordoes not only provide flexibility
but also a performance gain.

In an unbalanced load scenario the ATB-based PS guaranteigh dandwidth utilization
which results in a higher cell throughput than FTB but lowetage user throughput because of
increased noise rise. In a Macro 3 scenario, where the ém&grée is much more limited, the ATB
is able to provide a gain in both average cell throughput artdge user throughput in a measure
that depends on the power settings.






Chapter 6

Scheduling for Elastic Traffic with
Minimum Throughput Guarantee

6.1 Introduction and Motivation

The performance of channel aware scheduling in the previbapters has been assessed via ex-
tensive system level simulations assuming as metric tieeobfchievable instantaneous data rate
over average received data rate [18]. The same metric weadglinvestigated for a OFDMA-
based system in [39] and applied to the DL of UTRA LTE in [40h€eTperformance of different
TD and FD scheduling metrics for the DL of UTRA LTE has beertHar investigated in [44]
where the authors introduced an SINR-based PF metric whigspite its good performance, is
hardly applicable in the downlink of LTE due to the format bétfeedback returned by the user.
On the other hand, an SINR-based PF metric could potentiaigerived for the uplink where
frequency-selective CSlI is directly available at the eNBdeased on SRS measurements and
does not need to be quantized and fed back to the eNode-Befoherthe focus throughout the
chapter is going to be on the different PF metrics used by hafd FD schedulers, their design
and interactions as well as their impact on system perfoceam terms of throughput, fairness
and QoS provisioning. Even though the performance is eigdua the context of uplink LTE the
conclusions can be generalized to other SC-FDMA-basedrmsgsas well.

Unlike Chapters 4 and 5, where the scheduler was representgdy the FD entity, from now
on the full scheduling framework, as described in Secti@n i2.going to be fully utilized by in-
troducing also the TD entity. The main motivation for intamihg the TD scheduler is represented
by the necessity of meeting control channel limitations aff as the computational complexity
of the FD scheduler by filtering the users according to theitrivs. As shown afterwards, the TD
metrics will be designed as to embody the user QoS requireniderefore the TD scheduler will
play an important role in QoS provisioning.

Additionally, a new set of assumptions, which aim at resémgbh more realistic system, are
going to be progressively introduced. They include the &domf a finite buffer traffic model, the
introduction of the GBR as the only QoS parameter to enatdedifferentiation, the deployment
of the AC functionality paired with a user arrival rate maatkby a Poisson process.

The chapter is organized as follows: Section 6.2 presentsrgarison of different PF-like
metrics with emphasis on the FD and proposes a pair of metribe used as default for the TD
and FD schedulers based on an analysis of the results otht&Seetion 6.3 introduces the GBR as
QoS requirement and proposes a modification of the TD metractommodate for it assuming
the system has enough capacity to serve the users. The siystdnility which occurs in case
of too high capacity requirement motivates the introducté the AC functionality paired with a
Poisson arrival process in Section 6.4. Furthermore, teeatd shown in Section 6.4.1 for the case
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of two categories of users having each a different GBR requént. Time and frequency domain
metrics are modified in order to cope with the requirementh@®inew scenario. The conclusions
are presented in Section 6.5.

6.2 Time and Frequency Domain PF-like Metrics

In this section we are going to analyze a set of different oehaware metrics which all share the
principle of giving priority to users which are in their bestative conditions. In this sense they
are said to be PF-like.

6.2.1 Metric Symbols

Table 6.1 lists the symbols which are going to be used throuigthis chapter together with their
meaning.

Table 6.1: Metrics related symbols.

Symbol \ Meaning
Acknowledged throughput for usérat
scheduling instant

_ Past averaged throughput for ugseat
scheduling instant

Past averaged throughput for ugeat
. scheduling instant, updated only in the
Tsen(i,t) scheduling instants in which the user is
allocated some resources

. Estimated achievable throughput for user

IG@,rt) i, on PRBr, at scheduling instarit
Estimated wideband achievable
Tw(i, t) throughput for uset, at scheduling

instantt

CSI (or SINR of the SRS) measured at
SINRcsy(i,r,t) the eNode-B for usei, on PRBr, at
scheduling instant

Wideband CSI (or SINR of the SRS)
SINRcst,w(i,t) measured at the eNode-B for ugeat
scheduling instant

6.2.2 TD Metrics Definition

In TD we are going to consider two metrics, PF and RR.
The PF metric in TD is defined as:

MER (i,t) = ;((j’f)) (6.1)
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In the definition of such metric we have to resolve to usingwideband expected throughput
Tw(i,t) because we do not know, in the TD phase, which PRB the useiing ¢ occupy. The
PF metric in TD is the closest expression to the original dééfim of PF metric which is largely
discussed, among others, in [18], [45], [46] and [47].

The RR metric is defined as:

MRE (ist) =t — t5(i) (6.2)

wheret (i) indicates the TTI in which the uséihas been scheduled last time.

6.2.3 FD Metrics Definition

The PF metric used in previous chapters is reported agamfbecompleteness. It is defined as

~

. 7, 1)
MER(i,r 1) = LT 6.3
PF (Z,T, ) T(Z,t) ( )
whereT is updated using an lIR filter defined as

T(i,t) = (1 — T(i,t—1)+ T(i,t

(1) = (1 = 5 —=)T(it = 1) + T 1)

where Nrr; defines the filter length or filter memory, which in this studyassumed to be the
same for all the users. The firgtvalue is also the same for all users unless a GBR is specified,
in which caseT is initialized to the GBR value.T, and therefore the scheduling priority, is
updated only in case the user has data in the buffer to avordasing the priority of users who
have nothing to transmit. It's also important to highligh&t7'(, ¢t) represents the acknowledged
throughput (that is, the successfully delivered throughpnd not the scheduled throughput. This
means that when a transmission fails the metric is updatddawalue of 0. In other words the
past averaged throughpftin this way embeds also the effect of the experienced BLERhdf
experienced BLER increases above the target the priorithefmetric increases as well. The
presence at the denominator of a value updated via an IIR fidises some issues regarding the
time needed for the metric to converge to its steady statds ddpends on the choice of the
filter length as well as the initial value @ and will be taken into account when analyzing the
results. T(z’,r,t) is the estimated achievable Layer 1 throughput (estimassgd on the AVI
tables and the BLER target). So the relation betwEéht) and7'(i, r, t) is that the first depends
on the experienced BLER while the second depends on the BaERttresulting in a different
scheduling activity compared to other users when the espeed BLER deviates from the target
BLER. Another relevant characteristic of this metric idependence on past scheduling decisions
which is embedded in the throughput averaging at the deraiorin

The second metric which we are going to analyze will be an Stid&ed metric and will be
indicated as PF-SINR. Within the LTE context, it is first ppgpd in [44] and it is defined as:

B SINRCSI(i, T, t)
- SINRCSLU,(Z', t)

MPBR_sing(i,rt) (6.4)

Unlike the PF metric, the PF-SINR is ideally always on steatdyfe, that is, does not need
to converge to it because the wideband SINR is assumed todyenkon a TTI basis. In reality,
also in this case we have an initialization and convergemoklgm as users typically do not send
a wideband SRS, therefore the wideband SINR must be obtayederaging (in time) the CSI
obtained from several narrowband SRS measurements. Sumlhofedetail is not included in
our results, that is, only wideband sounding is assumedik&iihe PF metric, the PF-SINR is
independent of its past scheduling decisions.
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The third metric considered is another throughput basedicn@ke the first) and it will be
indicated as PF-Throughput To Wideband (TTW). Itis firstgosed in [48] and it is defined as:

FD , 1(i,rt)
Mpg_prw(i,7,1) (i) (6.5)

Like the PF-SINR, such metric is ideally always on steadjedt@cause the wideband SINR
which is mapped into the wideband throughput is assumed tknben on a TTI basis. The
PF-TTW, like the PF-SINR, is also independent of past sclivagldecisions.

Table 6.3 summarizes the described metrics together watintin characteristics while Table
6.5 lists the parameter settings and assumptions. It isnwoghlighting the deployment of TD
scheduler as well as the use of finite buffer traffic model.

Table 6.3: FD metrics: definition and main characteristics.

Acronym | Definition | Main characteristics

Dependent on past scheduling decisions
A (memory dependent). Convergence to
PF % steady state dependent ®ifi, 0) (the

’ initial throughput) andVrr; (the
memory constant)

PE-SINR SINResi (i) Independent of past scheduling decisions
SINRcs1,w(it) (memory free). Always on steady state.
PE-TTW Pir) Independent of past scheduling decisions
i T (irt) (memory free). Always on steady state.
Table 6.5: Main simulations parameters
Parameter Setting
# UEs per sector in TD 30
# UEs per sector in FD 8, 10, 30
# PRBs per UE lto 24
TD scheduling RR, PR,
FD scheduling PF, PF-SINR, PF-TTW
BLER target at 1st transmission 30%
PF filter length (N777) 100 ms
PF initial throughput value((z, 0)) 500 kb
a (for PC) 0.6
Py (for PC) -58 dBm/PRB for Macro case 1
-64 dBm/PRB for Macro case 3
Traffic model Finite buffer with balanced load

6.2.4 Performance Evaluation

The initial focus is given to the effects of FD schedulingr fris reason we assume the RR metric
in TD and limit the analysis to the Macro 1 case. Moreover titenéion is on how the selected
metrics differentiate users characterized by differemtneiel conditions or data rate requirements.
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For this reason the behavior of several performance inglisaif interest is going to be analyzed
with respect to the APG (which includes distance-depengatti-gain, shadowing and antenna
gain).

Figure 6.1 shows the CDF of the average user throughput éoprtbposed PF-like metrics in
FD. PF and PF-SINR exhibit a very similar distribution uelithe PF-TTW which shows a larger
percentage of users in the lower throughput range.

Figure 6.2(a), (b) and (c) show respectively the behavidraguency (that is, the number of
allocated PRBs when the user is scheduled), in time (thhbis,often the user is scheduled) and
the combined time-frequency behavior (that is, the averagmber of allocated PRBs per TTI),
for the three different metrics introduced.

The PF-SINR metric shows the most fair distribution of reses among the users both in
time and in frequency. The limitation in number of PRBs in linger range of the APG is due to
the user power limitations. The fairness in terms of rese@aitocation of the PF-SINR metric is
due to the fact that the wideband SINR, at the denominatonehietric, can be assumed to be
an average estimation of the channel quality of the userreftie the metric can be considered
an estimate of the fast fading of each user on each PRB rlithe average channel quality.
Being the fast fading independently and identically disttéd among users, it results in an equal
probability of the users being scheduled over time and feaqu

The PF metric shows a more complex behavior which involvesrséfactors. Particularly, the
fairness of allocation is affected mostly by the denomingtoough a series of factors including:

e the deviation from the BLER target, which results in a higiiree scheduling activity in the
lower APG range and a lower time scheduling activity in thparpAPG range

¢ the lower number of PRBs allocated in the lower APG rangeg¢kvhiso results in a higher
time scheduling activity in the lower APG range

¢ the reduced metric diversity in the APG ranges where theatievis from the BLER target
turns the PF metric into a channel-blind one.
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Figure 6.1: CDF of average user throughput. Macro 1 case. 30 users (p@rse TD and all of them
handed over to FD.

(@)

=
- 4 =
53 PF
g3 ™™ —%— PF-TTW
8D 31 f "
25 @ i —— PF-SINR
oD ’ " ”
o0
O
QOS5 2k
3o
9 m
g
#® 7 -130 -120 -110 -100 -90 -80
100

Time
Scheduling Activity [%]
o
o

-130 -120 -110 -100 -90 -80
(©)

- 4
58=
§SF 3
3 = =
8§58,
L 8m
v5E
Egx?
F o=

24 | |

-130 -120 -110 -100 -90 -80
Average Path Gain [dB]

Figure 6.2: (a): Average number of allocated PRBs (when the user is stbetly the FD). (b): Percentage
of time the user is scheduled. (c): Average number of alext&®RBs per TTI. Every star represents the
average over 50 consecutive users (with respect to APG)rdviacase. 30 users (per sector) in TD and all
of them handed over to FD.



Scheduling for Elastic Traffic with Minimum Throughput Guar antee 79

The metrics differ also in the number of users scheduled gérby the FD scheduler as
shown in Figure 6.3. The PF and PF-TTW metrics assign in geehégher priorities to some
of the users than to others (as shown in the previous graphi} thhe PF-SINR metric tends to
assign in average the same priority to all the users (ovefffecisutly long period of time). A
higher average priority translates into a larger bandwidtlen the user is allocated and therefore
into a lower number of scheduled users compared to the PIR-§iblric.
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Figure 6.3: Distribution of the number of scheduled users. Macro 1 ca@6eausers (per sector) in TD and
all of them handed over to FD.

The PF-TTW metric is by far the one that shows the greategihility in fairness of allocation
with users in poor conditions being scheduled more oftenaitid more PRBs than users in
good conditions. The reason is that the wideband througfthaetdenominator of the metric)

is lower bounded by the lowest MC34C'S;,,,) with the result thatMrry, > C for users in

poor conditions, wher€' = ggﬁ%ggmisﬁgﬁ). Similarly the wideband throughput is upper

bounded by the highest MC84C'Sj;41) so thatM 7y, < C for users in good conditions, where
¢ — TBS(MCSyig,1 PRB)
~ TBS(MCShign,A8 PRB)"

The average cell throughput and outage user throughpuhéodifferent metrics are shown
in Figure 6.4(a) and (b). Even though the PF-TTW metric altes a large amount of resources
to the cell edge users, the outage performance is lower tfenrte obtained under PF and PF-
SINR. The reason is to be found in Figure 6.4(c) where we cartlsg the users in outage are
actually the ones with the best channel conditions as theyalbmcated a very low amount of
time-frequency resources. The PF and PF-SINR achieveasipdrformance even though their
behavior is different in many respects.
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The highlighted differences among the three metrics termktevened out if we introduce the
TD scheduler driven by a RR metric and limit the number of sis@nded over to the FD scheduler
(like it happens in a real case scenario). In this way the RRitnguarantees a certain fairness
among the groups of users passed to the FD domain while in ERitigle carrier constraint,
combined with a lower number of users, evens out the differeamong the different users over
a larger allocated bandwidth resulting in a fair distribatiof resources also in FD in terms of
allocated PRBs. This leads to a similar behavior and pedioga of the different metrics as
shown in Figures 6.5. Average sector throughput and outagetbroughput figures are given in
Table 6.6: even though the metrics show a very similar bena®F-TTW is still under-performing
compared to PF and PF-SINR.

Table 6.6: Average sector throughput and outage user throughput. Miacase. 30 users (per sector) in
TD. 8 users handed over to FD scheduler.

0,
Metric Average sector throughput S /;)hcr)onggguLiser
PF | 6.48 Mbps | 100 kbps
PE-TTW | 6.31 Mbps | 99 kbps
PF-SINR | 6.42 Mbps | 95 kbps

The results so far presented are ideal given the considermdrgtions. In particular the
limitations introduced by the PDCCH are to be taken into aotdf the aim is to resemble more
closely a real system. There are different ways in which tb€@H can have an impact on
scheduling. PDCCH is error-prone and time and frequenoyures consuming. Additionally
it is subject to resource limitations and terminal decodiogstraints. For these reasons some
users may be blocked from being scheduled in a given subframevent referred to as PDCCH
blocking. As briefly hinted, the limitations introduced bypCH are several but they are not
explicitly modeled in this project. That is, the only way ytere taken into account is by limiting
the number of simultaneously scheduled users. Accordifd9) a realistic assumption for the
number of users to be scheduled per TTl is between 8 and 19 tHerefore worth to repeat the
analysis of the system performance under such constrainibaind a combination of TD and FD
metrics which, in such case, can improve the performancleeo$ystem.

From the previous analysis it emerged that the PF metricdstbe more or less frequently
a user compared to others when the experienced BLER (whiebtsithe throughput at the de-
nominator of the metric) deviates from the target BLER (Whig used in the estimation of the
throughput at the numerator of the metric). This happenseénidwer and upper regions of the
SINR due, for example, to power limitations of the mobilanaral and the lack of lower order
MCSs or higher order MCSs compared to the available onese [gecifically a user may expe-
rience an SINR as low as to estimate the same expected thpoufgiven from the lowest MCS)
independently of the PRB considered. This is equivalentitioing the channel aware metric into
a blind one. Same for a user experiencing a very high SINRcefbie in the low and high SINR
regions a change in scheduling activity comes together avitiss of channel awareness.

The PF-SINR metric, instead, is an estimation of the fashfacklative to the average channel
quality and it therefore remains channel aware over theSiNIR range, even where the PF metric
turns into a blind metric. Therefore we can expect a betreuighput performance in such regions
as expressed in the qualitative Figure 6.6.
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Figure 6.6: Qualitative trend of the SINR to throughput mapping for tiregdd PF-SINR metrics.

As shown, the two metrics provide a similar performance d@hengh they are governed by
different mechanisms of exploiting the channel. It is tfieme reasonable to expect a further gain
by deploying the PF metric in TD to introduce the dependenaynfthe throughput (and therefore
increase the scheduling activity of users in disadvantageditions) and the PF-SINR metric in
FD to exploit the channel variations over the full SINR range

The results of such strategy are represented in FigurerbtiielMacro 1 case, shown in Figure
6.7(a) and (b), the gain is rather limited because only algmeatentage of users deviates from
the BLER target and therefore only few users can benefit flercombination of such metrics.
In the Macro 3 case, on the other hand, the gain is significeushawn in Figure 6.7(c), which
shows a 14% gain in average cell throughput, and 6.7(d),wshows a 30% gain in outage user
throughput. In this case a larger number of users expesen®&LER larger than the target due to
more severe power limitations and therefore benefit fromattaption of the proposed strategy.
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Figure 6.7: (a): Average sector throughput for Macro 1 case. (b) Outage throughput for Macro 1 case.
(c): Average sector throughput for Macro 3 case. (d) Outege throughput for Macro 3 case. 30 users
(per sector) in TD and 10 of them handed over to FD. PF metrfiddrand PF vs PF-SINR in FD.
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The results shown highlight the benefits of a solution whieeeliD scheduling select the users
based on their requirements and the FD scheduling perfonarsnel exploitation.

6.3 Elastic Traffic with Identical Minimum Throughput Guara ntee
under Balanced Load

In this section we are going to introduce a more general oggegf traffic which includes the
BE traffic as special case. Such traffic is referred to as iElagth Minimum Guarantee (EMG).
The users characterized by such traffic require minimumeaesthroughput guarantee and more if
possible. The minimum average throughput guarantee igeged by the GBR requirement which
is the only QoS parameter considered throughout this projelce BE traffic so far considered
represents a special case of the EMG traffic where the GBRrezgent is set to 0.

Some of the more realistic assumptions introduced in théque section are also used in the
rest of the chapter. They include the use of a finite buffer @had well as limiting the number of
users handed over to the FD scheduler. Moreover, as higbétidly the previous results, it is worth
to perform channel exploitation in FD especially in preseatusers prone to experience a BLER
higher than the target. For this reason the PF-SINR metgoiisg to be a default assumption for
the FD scheduler.

Two schemes are going to be considered to model the useralaate: First a scenario char-
acterized by balanced load (without AC) is considered (aisdélled and replaced by a new user
once its buffer is empty). Afterwards, the AC functionalfpaired with a Poisson arrival scheme)
is introduced as a mean to prevent system instability.

The AC algorithm used was developed in a parallel PhD prdett The main idea of the
algorithm is to estimate the required number of PRBs per TThe new users/{,.,,) and sum
them to the required number of PRBs per TTI of the existingau§s;). If such sum is lower or
equal to the total number of PRBs in the system bandwiddh; { as indicated in 6.6, then the user

is admitted.
K

ZNi+Nnew éNtot (66)
i=1

The estimation ofV,.,, takes into account the pathloss and the GBR of the incomieg us
More details can be found in [50, 51, 24].

The adoption of new traffic models and functionalities regti@king into account new statis-
tics. Specifically, the introduction of the GBR requiremealis for a definition of the outage (or
degree of unsatisfaction of users in the network) as theeptaige of users which are not able to
achieve the GBR. For the same average cell throughput, Wer leuch percentage, the better the
QoS provisioning. Similarly, the introduction of the AC rteges taking into account the block-
ing probability in the analysis of results. Such quantityl Wien be combined with the outage
probability to derive a measure of the unsatisfaction (Gsfeection) of the users in the network.

6.3.1 QoS-aware Metrics

In the first part of this section we are going to present redulta context where the aggregate
minimum capacity requirement, simply defined/dsr - GBR, is well below the average cell
throughput. In the second part we are going to present thiisdsr a scenario where the minimum
capacity requirement is higher than the system capacity.

The proposed metrics applied in TD are defined by equations, ((6.8), (6.9), (6.10). For
comparison the RR metric and the wideband PF metric in TDalslh be included in the analysis.
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GBR(i)

M{BR(ist) = T (6.7)
M i:t) = maz (1.0, St ©9)

MER on(it) = o). GBRO) 69
MER_GBRmas(i:t) = ;1(‘;(?) - maz(1.0, GT%%S)) (6.10)

Equation (6.7) prioritizes the user selection based ondtie between the GBR and the aver-
age throughput. Equation (6.8) modifies the priority onlytfee users whose throughput is below
the GBR. Equations (6.9) and (6.10) modify the previous teygagions adding the wideband PF
metric so that users are prioritized according to QoS andralaaware aspects.

6.3.1.1 Aggregate minimum capacity requirement lower tharaverage sector throughput

The results presented in this section are obtained undeaifaeneters listed in Table 6.8.

Table 6.8: Main simulations parameters under balanced load and EMf&tfane GBR).

Parameter Setting

# UEs (per sector) in TD 16 (low aggregate capacity requirement);
32 (high aggregate capacity requirement)

# UEs handed to FD 10

TD scheduling RR, PF, GBRmax, GBR, PF-GBRmax,
PF-GBR

FD scheduling PF-SINR

Propagation scenario 3GPP Macro case 1 (ISD of 500 m)

Traffic model Finite buffer with balanced load and iden-
tical GBR requirement for all users

GBR requirement 256 kbps

Packet size call 1 Mbit

Figure 6.8 shows how the proposed QoS-aware metrics difféerins of time scheduling
activity. The corresponding behavior in frequency, thahis frequency resources utilization in
terms of number of allocated PRB, is not shown as it is the damal| the considered cases. As
reference two non QoS-aware metrics, specifically RR anafeFadded.

As expected, the RR metric, which is blind to both channel@o& requirements, shows the
same activity for all the users independently on their ayenmath gain. The PF metric, which
is channel aware but not QoS aware, and the GBR metric, whi€ois aware but not channel
aware, draw the boundaries (in terms of scheduling acliwiyhin which all the others metrics
are contained as they are a weighted product of the two. As/élight of QoS aware component
becomes more important the curve shows that a larger anet lamge scheduling fraction is given
to the disadvantaged users while, as consequence, a saradlemaller time scheduling fraction
is given to the best users. The order of metrics in terms aitgremportance of the QoS term is
PF, PF-GBRax, PF-GBR, GBRax, GBR.
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Figure 6.8: Average cell throughput and percentage of unsatisfied wséng QoS aware metrics in TD
and PF or PF-SINR in FD.
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Figure 6.9: Average user throughput for different channel-aware an@@is-aware metrics in TD.

The effect of such metrics on the time activity is also refiddn the throughput distribution
shown in Figure 6.9.

The application of a QoS aware metric in TD has the effect dficeng the average cell
throughput but also the percentage of users below the GBHresgent. This is shown in Fig-
ure 6.10 where the GBR metric (purely QoS aware) reducesvidrage cell throughput by 4-5%
and the percentage of users in outage by 7-8% compared to adRit.mAs the target, in this
case, is more to provide the minimum throughput guarantderdhan increasing the average
cell throughput, the GBR metric is probably to be preferrétso the GBR,ax metric shows an
interesting behavior. The reason for introducing such aimestto increase the priority only for
the users below their GBR requirement while leaving therftyimf users above the requirement
untouched. The behavior is clearly noticeable in the CDMefthroughput shown in Figure 6.9
where the user throughput shows an increase right after Bfe @rget. Such metric is able to
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provide a small improvement in cell capacity but, on the ottend, the outage is also increased.

The PF-GBR metric is also interesting as it can preserve dheesaverage cell throughput
of the RR while decreasing the number of users in outage by6&&. In comparison with the
GBR metric, the introduction of the channel aware aspeci®ase, as expected, the average cell
throughput but at the same time worsen the outage perfonanc

(b)
Figure 6.10: Average sector throughput and outage user throughputi@haercentage of users below
GBR requirement) using different metrics in TD and PF-SINFED.
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6.3.1.2 Aggregate minimum capacity requirement higher tha average cell throughput

In this section we are going to consider a number of userslddbbn the one considered so far
while keeping the same GBR requirement for all of them. Thants for a minimum capacity
requirement much larger than what the system can handle.

Figure 6.11 shows the CDF of the user throughput. GBR and GRBBehave equally because
no user is able to achieve the required GBR. On the other Hemsiaime metrics are the most fair
in terms of throughput distribution. The PF-GBR and PF-GBRshow a similar trend up to the
required GBR after which the PF-GRRshows a better user throughput. This has a small impact
on the performance of the users below the requirement bedhasusers above the requirement
are a relatively small percentage. The introduction of enokhdependent component makes it
possible to satisfy a part of the users (the ones in the bashehconditions) but it leads to a worse
performance of the already unsatisfied users therefore &gerl unfairness in the throughput
distribution. Finally the PF, which does not take into aatoihe GBR requirement, shows the
lowest percentage of users in outage but also the highesiress.

The GBR metric is the most fair in terms of throughput disttibn among the different users
and is also the one delivering the largest user satisfagtioase the system can accommodate the
minimum data rate requested from the users. The same metsidlithe most fair in terms of
throughput distribution among the different users but #fsoone giving the lowest user satisfac-
tion when the user requirements become excessive for whalygtem can handle.
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Figure 6.11: Average user throughput for different channel-aware an8-@@are metrics in TD.

The average cell throughput and the percentage of usergagedi.e., below GBR require-
ment) are shown in Figure 6.12.

In this scenario the impact that the different metrics havéhe user throughput distribution is
the same as in the case of 16 users per sector. On the othetheaankrage throughput per user
is much lower than the GBR and, as result, the outage pratyaisiconsiderably increased in all
cases. Situations like this one, where the system is nottalgevide the users with the required
GBR call for the introduction of the AC which is introducedriext section.
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Figure 6.12: Average cell throughput and percentage of unsatisfied Gisedifferent QoS aware metrics

in TD.

6.4 Poisson Arrival and Admission Control

The AC is a functionality which grants or denies the accesmahcoming user based on the load
of the local cell or of multiple cells. In this work the AC stiegy is assumed to be single cell, that is,
only the local cell load information is used. The aim of a Qused AC is to determine whether
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a new user can be granted or denied access to the cell basetedinewthe QoS requirement
of the incoming user can be fulfilled while guaranteeing tfesQ@f the existing users [25]. The
introduction of the AC functionality requires the definitiof another statistic, namely the blocking
probability Pyjocring, that is the ratio of the number of blocked users to the nunaberewly
arriving users requesting admission. Further, a measunasitisfaction in the network, which
includes the users blocked or in outage, is defined as:

Punsatisfaction =1- (1 - Pblocking)(l - Poutage) (611)
Table 6.9 summarizes the main simulation assumptions wseld rest of the chapter.

Table 6.9: Main simulations parameters under Poisson arrival, AC aviGHraffic (one and two GBRS).

Parameter Setting

User arrival rate (Poisson distributed) 6, 8, 10 UE/s/cell

Max number of users handed to FD | 10

TD scheduling PF, PF-GBR, GBR

FD scheduling PF-SINR, PF-SINR-GBR, PF-SINR-
GBRsch

Propagation scenario 3GPP Macro case 1 (ISD of 500 m)

Traffic model Finite buffer

GBR requirement 256 kbps or 128 kbps and 1000 kbps

Packet size call 1 Mbit

Figures 6.13 (a) and (b) show respectively the blocking abdlly and the outage probability
for different arrival rates and different TD metrics.

In the case of a GBR of 256 kbps the metrics don’t show a sigmifidifference in performance
for an arrival rate of 6 and 8 UE/s/cell. Larger differences de seen at a user arrival rate of
10 UE/s/cell. In this case the GBR metric shows the lowesagrifprobability and, in turn, the
largest blocking probability. At the other hand we have tRenfetric which shows a larger outage
probability and a lower blocking probability. In any case thutage probability is contained below
5% while the blocking probability ranges between 27% and 30%wer outage resulting from
the adoption of a QoS metric leads to higher blocking as teesitend to stay longer in the system
resulting in a higher blocking rate for incoming users.

In the case of a GBR of 512 kbps the blocking and outage prbtiebiare the same indepen-
dently of the TD metric deployed.

The explanation of this findings can be found in the first pladbe number of active users in
the network shown in Figure 6.14 (a) and (b) for the GBR rezquents of 256 kbps and 512 kbps.

When the number of active calls in the network is below theaye of 10 users per cell the
TD metric doesn’t make any difference on how the users awgipzed as all of them are handed
over to the FD scheduler. Because the number of users vaviascill to cell (given the dynamic
arrival), some small differences in performance may occuhe cells where the number of users
is temporarily above 10.

It is also worth noting in Figure 6.14 (a) that with the PF rieethe number of users in the
network is lower than with the PF-GBR or the GBR metrics. THappens because the PF metric
doesn’t have any QoS dependence and is therefore able etheruser faster resulting in a lower
blocking probability and a larger cell throughput.
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Figure 6.13: Blocking and outage probabilities vs arrival rate for difiet TD metrics and different GBR
requirements (256 kbps and 512 kbps). Macro 1 case.
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The unsatisfaction probability (which takes into accounthithe blocked users and the users
in outage) and the average cell throughput are shown regglgdh Figures 6.15 (a) and (b). In the
case of 512 kbps GBR the different TD metrics don't exhibit difference for the aforementioned
reasons. In the case of a 256 kbps GBR the percentage ofsfieghtisers is very similar while the
average cell throughput shows a gain of up to 5% for the PHeraimpared to the GBR metric.

Among the considered metrics the PF metric is the one thaiges the largest average cell
throughput and the lowest overall unsatisfaction in thevodt. This is mostly a consequence of
the AC which filters the users not able to achieve their GBR) thie result that the admitted users
are most probably not going to be in outage even though the &fars not QoS aware. For this
reason the PF metric can more than make up for the loss in@btagcreasing the average cell
throughput and consequently reducing the blocking praibabi

An important consideration pertains the location of theckéml users. Figure 6.16 shows
that the AC algorithm is not only selective with respect te BBR requirements but also with
respect to the path gain of such users. Particularly, thes wgadich experience the largest blocking
probability are the ones with the lowest path gain, thahis, AC algorithm rejects the users at the
cell edge thus leading to a cell shrinking effect which maybedesireable and should be taken

into account in the network planning phase. Nonethelessgtfect should be taken into account
when analyzing the results.
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Figure 6.16: Blocking and outage probabilities vs pathgain for différ&BR requirements (64 kbps and
1000 kbps). Macro 1 case.

As the case of single GBR combined with QoS-aware AC doesigoire QoS-aware schedul-
ing in TD (PF gives, indeed, the best performance), it is lvamestigating the case of users
belonging to different GBR categories.

6.4.1 Elastic Traffic with Different Minimum Throughput Gua rantees

In this section we are going to investigate the performariadifferent TD and FD metrics in a
scenario where the incoming users are assigned one of tveb&BRs with equal probability.
In order, for this scenario, to be significantly differerdirfr the previous one (where all the users
had the same GBR requirement) we assume the two GBR requitetuebe far apart from each
other, specifically 128 kbps and 1000 kbps.

As in the previous case, the analysis is limited to the Magoehario, finite buffer with packet
call size of 1 Mbit, dynamic user arrival and AC (see Tablg.6.9

In Figure 6.17 the CDF of the average user throughput is septed for the two different GBR
of 128 kbps and 1000 kbps. None of the three different TD mepreviously introduced, that is,
PF, PF-GBR and GBR, is able to differentiate the two categoof users. Independently on the
TD metric deployed, the outage probability of users with aR38 1000 kbps remains around 0.5.

This happens because whenever the users are passed to tbedelDlsr, no differentiation is
performed between the low GBR and the high GBR users. Thesgoesice is that the low GBR
users receive much more resources than the requiremeneavel the system very fast while a
large part (50%) of the high GBR users receive less resotineesthe requirement and stay in the
system for longer.

This effect suggests that a weight dependent on the QoSresagmt be applied also in FD.
For this reason the following FD metrics, are introduced:

SINRCS[(i, T, t) . GBR(i)

MER 7y t) = - 6.12
pr-SINR—GBR(1; T, 1) SINRosta(int)  T(0) ( )

. SINRCSI(’i r t) GBR(Z)
MEER t) = ARAZAN 6.13
PF—SINR—GBRsch(ZaTv ) SINRcsz,w(i,t) Tsch(i,t) ( )

The only difference between the two metrics is that in egmatb.12) the FD metric is weighted

with the ratio of the GBR requirement with respect to the pastaged throughput while in equa-
tion (6.13) the FD metric is weighted with the ratio of the GEBIguirement with respect to the past
averaged throughput updated only in the TTls in which the issecheduled by the FD scheduler.
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An important aspect of equation (6.13) is that the averagienalue in FD for a user does not
change if such user is not scheduled for one or more TTIs.

GBR/T, , is a measure representing the number of TTls the user nebdssttheduled in order
to achieve the GBR. When used in frequency domain and asguimnuser is scheduled every
TTI, it represents a factor that “corrects” the amount obteses the user would get if such weight
was not there. The weight should represent exactly theidract resources the user should get in

order to achieve the GBR assuming it is scheduled every TTI.
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Figure 6.17: CDF of user throughput for the two different GBRs consideséd28 kbps and 1000 kbps.
Only the TD metric is varied while the FD metric is kept to PINB. Macro 1 case.

Figure 6.18 shows the performance in terms of throughpttildision for three different met-
ric combinations which all assume the GBR metric in TD. In EB PF-SINR and the QoS aware
metrics defined in equations (6.12) and (6.13) are considetatroducing a QoS component
also in FD, for example using the PF-SINR-GBR metric, sigatifitly improves the outage of the
1000 kbps users. However is only with the PF-SINR-GBRschimttat the percentage of users
in outage becomes almost 0. More specifically, only the coatlwn of GBR/T in the TD and
GBR/T,., in the FD guarantees that the users are scheduled oftentebguge TD scheduler and
with the right amount of resources by the FD scheduler ashizee the GBR requirement. Other
combinations of metrics, which also use the PF-SINR-GBRsetric in FD, are not as effective
in providing the required GBR.

Figure 6.19 shows again the combination of GBR metric in TB BR-SINR-GBRsch in FD
as reference as well as two more metric combinations: onehaiRipurely channel aware in TD
and another one which is channel and QoS aware in TD: Nonecbfadditional combination is
able to properly prioritize the users in the TD as to guartite required GBR.
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Figure 6.18: CDF of user throughput for the two different GBRs consideséd28 kbps and 1000 kbps.
Only the FD metric is varied while the TD metric is kept to GBRacro 1 case. 10 UE/s/cell.
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Figure 6.19: CDF of user throughput for the two different GBRs consideséd28 kbps and 1000 kbps.
Only the TD metric is varied while the FD metric is kept to PRNR-GBRsch. Macro 1 case. 10 UE/s/cell.

The effect on the distribution of time-frequency resouree®\PG for the GBR metric in TD
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and the three considered metrics in FD is shown in Figure. 6.20

The results show that every metric combination chosengo®imS-aware at least in TD, per-
forms a differentiation in the allocation of resources lesw the two categories of GBR users.
Moreover such differentiation is sensitive also to the ARGt the allocation of time-frequency
resources decreases as the APG increases. The introdatadQoS-aware factor also in FD (as
in 6.20(b)) enlarges the gap between the two categoriesear$ uis terms of resource allocation.
The metric adopted in Figure 6.20(c) further increases épelgptween the two categories of users
and is the only one able to provide the users with the requBR. Thus the amount of resources
depends both on the APG and the GBR requirement and such diapenbecomes more pro-
nounced as the weight of the QoS component becomes biggea.sie note it is interesting to
see how the users belonging to the higher GBR category aep@ctby the AC at an higher APG
value compared to the users of the lower GBR category.
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Figure 6.20: Time-Frequency resource utilization for the two differ&BRs considered of 128 kbps and
1000kbps. In TD only the metric indicated as GBR is used wthiéeFD metric is varied. Macro 1 case. 10
UE/s/cell.

Another interesting effect is shown in Figure 6.21 where henber of active calls in the
network grows as the metric becomes more QoS aware. A latgeber of users is served at the
same time when QoS-aware metric are deployed as a conseqaktiee low GBR users being
allocated less resources and therefore staying in thersyistea longer time.

Figure 6.22, finally, compares the performance of the threismcombinations in terms of
blocking, outage, unsatisfaction and average cell thrpughThe combination of GBR and PF-
SINR-GBRsch shows a reduction of outage and unsatisfa¢fmnthe 1000 kbps GBR) while
keeping the average cell throughput almost unchanged aeahpathe other metrics and is there-
fore recommended over the other metrics combinations.
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Figure 6.21: Active calls in the network vs time for different FD metri€g8BR metric in TD. Macro 1 case.
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Figure 6.22: Blocking, outage and unsatisfaction probabilities foethdifferent combination of TD and
FD metrics which are, respectively, not QoS aware, QoS awmliein TD and QoS aware in TD and FD.
Only the 1 Mbps GBR users are considered. Macro 1 case.

6.5 Conclusions

This first part of this chapter addresses the performancéfefeht PF-like metrics for time and
frequency domain scheduling. The performance analysiariged out based on the way the re-
sources are distributed in time and frequency among diftersers in different channel conditions.
The results show that the PF-TTW metric, due to upper andrlbmés of the wideband through-
put, does not distribute resources fairly nor in an oppastimmway. The PF and PF-SINR metrics,
instead, show a similar performance and exhibit differeapprties in terms of channel awareness
and user scheduling activity. The combination of a widel@Rdanetric in TD and a PF-SINR met-
ric in FD proves to be quite effective in scenarios where ttpedenced BLER deviates from the
BLER target (due, for example, to power limitations) thusnpoomising the channel-awareness
of the PF metric. The results show that in Macro 3 case sucticwetmbination is able to achieve
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a gain of approximately 21% in average cell throughput an8%1n outage user throughput with
respect to a combination of PF both in TD and FD.

The second part of this chapter introduces the concept offp@isioning - limited to Guar-
anteed Bit Rate (GBR) - and focuses on the case of balancddémmario where the users carry
Elastic with Minimum Guarantee (EMG) traffic and are chagaged by the same GBR require-
ment. If the aggregate minimum capacity requirement is fdivan the average sector capacity
then a GBR based metric is able to achieve the lowest outédlee minimum capacity require-
ment is above the system capacity than the outage is very imdbpendently from the metric
deployed. This result motivates the introduction of the Ashion Control (AC) which is treated
in the third part.

The third part introduces a Poisson user arrival processhenAC functionality. In this case,
given the QoS-aware filtering performed by the AC, there is@ed for a QoS-aware scheduling
metric and the best performance in terms of low unsatisfacnd high cell throughput is achieved
with a PF metric. For this reason a new scenario is introdwdsete the users, still carrying EMG
traffic, have one of two possible GBR requirements with equiababilities. The performance
evaluation mostly revolves around the percentage of usemitiage. The results show that a
QoS-aware metric needs to be applied both in TD and FD in dadsatisfy the requirements of
both categories of users. The best combination is given bBR @etric in TD and a PF-SINR-
GBRsch metric in FD as it leads to the lowest percentage ddtigfiaction in the network without
decreasing the average cell throughput.
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Scheduling for Service Differentiation

7.1 Introduction

This chapter continues the investigation on the QoS topiingdthe CBR traffic to the scenario
so far considered. More precisely there are two classesars iis the system. One is CBR which
generates data at a fixed rate (e.g. streaming). The penfioariar CBR users severely degrades if
the minimum throughput is not guaranteed. At the same timalibcation of more resources than
the ones required would result in a waste because such cesouill simply be filled with padding
(see Appendix A.3.2 for more details). The other class is Blclvdoes not require minimum
throughput guarantee but can be allocated as few resowsgassaible (when not available) or as
much resources as possible (when available). CBR userspneréy over the BE ones which,
ideally, should only be allocated the resources which dteafter the QoS requirements of CBR
users are met. As in the previous chapters AC is used to lihtimber of connections for QoS-
sensitive users so that the requirement of ongoing QoS ctione can be maintained. For the BE
users, which are not characterized by QoS requirements(is performed.

Different studies have been carried out on the topic of saliregiland AC for service differen-
tiation. In [52] an analytical framework is presented in tomtext of broadband packet-switched
wireless networks. A system utility function as well asitytifunctions for BE and QoS-sensitive
traffics are defined and used as mean for optimizing the paeasnased in the proposed weighted
fair queuing algorithm and threshold based AC. The framkwsevaluated numerically using a
queuing analytical framework.

In [53] is considered the scheduling problem of a cellulasteyn where two classes of users
exists, namely CBR users, which require exact minimum tiinput average guarantee, and EMG
users, which require minimum throughput average guaraaridemore if possibfe A combined
scheduling and admission control algorithm is proposed éagimize a new generalized utility
function, based only on minimum throughput guarantee, whweperty of strict concavity guar-
antees the asymptotic convergence of proportional fastnelewever the analysis is limited to a
single-cell downlink scenario with only one user being sdrat a time, a persistent data traffic
and a throughput calculated using the Shannon bound. Spechaagh, though interesting, is quite
different from the line of thought followed throughout thiesis and no attempt is made to extend
and adapt such work to the problem at hand.

In [54] an adaptive cross-layer scheduling algorithm igpps®d and it is shown to outperform
weighted-fair-queuing schedulers with respect to averagmalized packet delay, average effec-
tive user throughput, user blocking, and user dropping &adervices in downlink. The name
is derived from the fact that the proposed algorithm adapthé packet delay deadlines on link

1The BE class considered in this chapter is a special caseedERNG class with a zero minimum throughput
guarantee.
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layer and channel qualities on the physical layer. The perdnce of the scheduling algorithm is
evaluated under a simple AC algorithm which limits the nunddeactive queues to grow beyond
a specified threshold.

In [55] the PF scheduling metric is modified with QoS-dependaling factors which are
based on the principle of Required Activity Detection (RAD{roduced in [56]. The proposed
scheduler is shown to outperform the set of barrier-fumebased schedulers [57] by a significant
gain in cell throughput. Moreover it is shown to be as flexdeto support a general mix of real-
time and non-real-time traffics. The scenario investigaseitie HSDPA but the same principle
could be extended to the TD of LTE uplink. Additionally, theoposed approach well fits within
the designed scheduling framework as it just requires aptatian of the metrics deployed to the
LTE system.

The chapter is organized as follows: Section 7.2 presertsiésign of the metric used in
TD to prioritize the CBR over the BE users. Section 7.3 inwEs the modeling assumptions
and the parameter settings while Section 7.4 presents tf@mpance evaluation. Such section is
divided in two subsection: the first about the impact on pennce of the scheduling metric, the
second about the impact on performance of the buffer knayeleBinally Section 7.5 draws some
conclusions.

7.2 TD Metric Design

The strategy followed, as in the previous scenarios, istegmate in the metric additional aspects
which enable the prioritization of the CBR users over the BEssand ideally provide the first with
the right amount of resources and the latter with the ressueft. Unlike the previous scenarios,
though, the problem is complicated from the fact that BEsidernot have a data rate requirement
and therefore cannot easily be assigned a scheduling mratue (or more specifically a weight)
which depends on it.

For this reason the design follows a different approach wtike user scheduling activity
needed to meet the GBR is estimated for CBR users and therastaut from the overall available
resources to be allocated to BE users. The design is goinffetct @anly the TD metric while
possible modifications to the FD metric, which could impréive proposed solution, are left for
future studies. More explicitly this means that only TD new@s are controlled while the fre-
quency resources are in average shared equally among tisehaseled over to the FD scheduler.
This choice is also motivated by the fact that it is not stnfigyward to derive some weight in FD
for the BE users as they are not characterized by a GBR rengeie At the same time a TD-only
solution is appealing for implementation simplicity.

The estimation of the TD resources for all the CBR users isutatled as:

NcBr .
GBR(i
Rewio) = 3 S0
i=1 Sc bl

where N¢gr indicates the number of CBR users afgy(i,n) represents, for a usérat
scheduling instant, the past averaged acknowledged throughput updated otihe ischeduling
instants in which the user is allocated some resources. Uaetity GBE(i)/T,, (i) indicates the
number of TTIs the usershould be scheduled in order to meet the GBR requiremens. mbans
that if a CBR user happens to experience the condition
G_BR@ 51
Tsch(z)
then it won't be able to achieve the GBR unless some propfarediftiation is applied also in
frequency providing it with more resources than it wouldettise be allocated.
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The resources available in time domain for the BE users a&kdimg instant: can be derived
as:
RBE(TL) = R — RCBR(TL)

where R indicates the total time-domain resources. As estimatd@®frésources available
every TTIl we take the number of scheduled users per TTI widchurther simplicity, is assumed
to be equal to the number of users passed to the FD scheduigy)(corrected with the BLER
target BLE Ry) as specified in equation (7.1):

R = Npp-(1—BLERY) (7.2)
Therefore the estimation of the time-domain resources uBers can be written as:

NeBr
GBR
Rpp(n) = Npp-(1— BLER7) — Y ————
i—1 Tsch(%”)

At this point we can define the time-domain metric, to whichawe going to refer as RAD-
metric, as:

GBR(i) N Rpe(n) 0 for GBR(i) > 0

MER,(,n) = RR(i,n)- c(i) | with (i) =

Tscn(i,n) — Npe 1 for GBR(i) = 0
WCBR WBE (7.2)

whereRR(i, n) indicates the RR metric for uséat scheduling instant, while Nz indicates
the number of BE users. The metric, apparently compleximglsia modification of the RR metric
via two weights, indicated ascpr andwgg:

e wopr IS used to establish priorities among the different CBRaus@d for the CBR users
in comparison to the BE users.

e wpg IS used to establish priorities only in comparison to the @BBrs while the priorities
among different BE users are only managed via the RR metric.

It is interesting to note that, for= 0, equation (7.2) becomes:

MERS(i,n) = RR(i,n) - gfff(ff) - C;?Z_Rg)

that is, the metric proposed here to handle the CBR usersnitasito the one suggested in
the previous chapters to handle the prioritization of GBRrsisas long as the number of TTls
represented by the RR metric does not increase significhetyypnd 1. The advantage of the
current metric over the previous one is that it facilitates éstimation of the extra resources which
we would like to assign to BE users. Such metric is based opriheiple proposed in [56] and it
extends to LTE the work carried out in [55].

7.3 Modeling Assumptions

The main simulation parameters are listed in Table 7.1 wralele 7.2 indicates the user arrival
for each of the two traffic types. The idea behind the chosevearalues for BE and CBR users
is to fill the available resources with BE traffic and thenadiice a gradually increasing amount
of CBR traffic to analyze whether the RAD metric is able to mdpprioritize the CBR users over
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the BE users. As mean of comparison also a case with only Ciictis considered. Each of the
traffic proportion considered have also been given a lefitem((A) to (F)) to facilitate referring
to it. The same QoS-aware AC algorithm deployed in Chapten&éd.

Table 7.1: Main simulations parameters

Parameter Setting
Offered throughput and user arrival

(Poisson distributed) see Table 7.2
# UEs handed to FD 10

# PRBs per UE 1to 48

TD scheduling RR, RAD

FD scheduling PF-SINR
BLER target at 1st transmission 30%
Propagation scenario 3GPP Macro case 1 (ISD of 500 m)
Call size (for BE users) 1Mb
Knowledge of the buffer at eNode-B | Ideal

GBR (for CBR users) 512 kbps
Packet size (for CBR users) 6400 bytes
Packets inter-arrival (for CBR users) | 100 ms

Call duration (for CBR users) 5s

Table 7.2: Offered throughput and related user arrivals.

Case (A) (B) (©) (D) (E) (F)

BE: BE: BE: BE: BE: BE:
(Cr)iff(;:‘]rtt)eiilsthur;):rghput 7 Mbps; 7 Mbps; 7 Mbps; 7 Mbps; 7 Mbps; 0 Mbps;
ar?ival (below) CBR: CBR: CBR: CBR: CBR: CBR:

0 Mbps 1 Mbps 3 Mbps 5Mbps 7 Mbps 7 Mbps
BE user arrival
[UE/s/cell] ! ! ! ! ! 0
CBR user arrival
[UE/s/cell] 0 ~0.4 ~1.2 ~1.9 ~2.7 ~2.7

7.4 Performance Evaluation

7.4.1 Impact of scheduling metric on system performance

The performance of the proposed metric is evaluated in teimsser throughput distribution,
average cell throughput figures and unsatisfaction préibabi Additionally, in order to explain
some results, also an analysis of the time-frequency reesuitilization is provided.

Figure 7.1 (a) and (b) show the CDF of the user throughputdspectively the BE users and
the CBR users. The metrics compared, both operating in déiomeain, are the RR and RAD. In
case of only BE traffic or only CBR traffic the metrics RR and Ral expected to give the same
results. The difference in performance between RR and RAd»res appreciable in case of
mix of BE and CBR traffics. Specifically, the impact of the RARtmc becomes more and more
noticeable as the amount of offered CBR traffic increase®xpiected the resources are subtracted
to BE users and allocated to CBR users and, as result, thgeistdecreased from about 100% to
15%. Even though considerably lower, such outage figurdlliastly high, therefore part of the
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following results will be devoted to explaining the reasbesind such outage and possible ways

for reducing it.

(b): CBR users

(a): BE users
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Figure 7.1: (a) CDF of the BE user throughput. (b) CDF of the CBR user tghput

Figure 7.2 compares the RR and RAD metrics in terms of caoédidhroughput of CBR and
BE users at different offered throughput (or equivalensgrarrivals). The trends highlighted in
Figure 7.1 are here quantified. Specifically it is shown thatRAD metric is much better capable
of prioritizing the CBR users over the BE users. On the otlardhwe can also notice that not
all of the offered CBR throughput can be carried out of théeys This becomes evident if we
compare the cases indicated as (E) and (F) in Table 7.2. im(Eashe average cell throughput of

CBR users is about 15% below the average cell throughput & G&rs in case (F).
Such lower average cell throughput is the result of mainly tactors:

e Higher blocking probability, as shown in Figure 7.3(a) ardtiadled in Table 7.3.

e Higher outage probability, as shown in Figure 7.3(b) anaited in Table 7.3.

The higher blocking probability, in turn, is the consequenétwo factors, that is:

e Higher bandwidth utilization.

e Higher outage probability.
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The higher bandwidth utilization is caused by the preserid&ousers and it leads to larger
Noise Rise (NR) as shown in Table 7.3. This effect producesget rejection of incoming users

Figure 7.3: Blocking, outage and unsatisfaction for the CBR users &mdifit arrival rates (that is, different
as the available capacity estimated by the AC includes &lsdnterference level.

portions of BE and CBR users).
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outage probability, instead, is investigated in the conpagagraphs but we can say it increases
the blocking probability as a consequence of some usemmgtiynger in the system. The negative
impact of the outage on the user satisfaction is therefoodotel: not only it causes a percentage
of users to be unable to achieve the required GBR, but it als@ases the blocking probability.
In other words a user in outage is unsatisfied (because utmlalehieve the GBR) and causes
unsatisfaction (by staying longer in the system and blagkither incoming users). It is therefore
worth to try to investigate the reasons behind such outalgeva

Table 7.3: Key Performance Indicator (KPI)s for case (E) (that is, MiXC8R and BE traffics) and case
(F) (thatis, CBR only ).

Bandwidth | Noise rise| Blocking Outage Aggregate
utilization | median probability | probability | CBR
throughput
BE: 7 Mbps 0 0 0
CBR: 7 Mbps (E) 99.6% 12.9dB 37% 13% 4.58 Mbps
CBR: 7Mbps (F) | 68.7% 11dB 25.7% 4.3% 5.36 Mbps

Figure 7.4 shows the time-frequency resource utilizatmrtie RR and RAD metrics, for the
BE users and the cases (C) and (E). Figure 7.5 shows the satisticst for the CBR users and
the cases (C), (E) and (F). Figure 7.4(b) confirms that newifitiation is performed in frequency
domain and the considered curves overlap with each othguréi7.4(a) shows how the RAD
metric is able to significantly reduce the time resourcescatied to the BE users compared to
the RR metric according to the proportion of CBR traffic. Feggi.5 adds the case (F) to the set
of curves. The RR metric does not perform any differentrati@tween the cases (C) and (E).
The case (F) under RAD metric shows in Figure 7.5(b) how thvegpdimitations experienced in
the lower path-gain range create the need for a much higierscheduling activity (see Figure
7.5(a)) and, as result, a much higher time-frequency resoutilization (Figure 7.5(c)). In the
cases (C) and (E) under the RAD metric, the presence of BE asesiderably limits the resource
allocated to CBR users in frequency domain. The only meastieh can be taken by the RAD
metric is to allocate more time resources to the users irdd@és#aged channel conditions until
the GBR is achieved. This is possible up to a path-gain valagproximately -115 dB. At lower
path-gain values the CBR users cannot be scheduled mord @@t of the time and this results
in an amount of time-frequency resources lower than the oeeded to achieve the GBR. This
is clearly visible when comparing the cases (E) and (F) uRD metric in the path-gain range
-115dB down to -120 dB which shows an increasing gap in theuatnof allocated resources.
Additionally in the (F) case, given the lower blocking probiy, the path-gain range extends
down to a value approximately 2 dB lower.



104 Chapter 7

(€Y

g 25T T

>

S 20 o
23 |* i o i ok ¥ - — %
R e s e AR e
(=

= 10k . -

°

E [ o oo oot ANINIRRAMN A, oo

E | | | | | . *--e

-130 -120 -110 -100 -90 -80 =70

(b)

=
c T T
2 B 5+ — ¥
] a § 4l BE:7Mbps,CBR:3Mbps, RR i
9?’_ 5 — % — BE:7Mbps,CBR:7Mbps, RR
- 2.l —— BE:7Mbps,CBR:3Mbps, RAD| |
& g . . . = ® = BE:7Mbps,CBR:7Mbps, RAD
* -130 -120 -110 -100 -90 -80 =70
©
55 - 1 7\ T \ T T T i
5 _S = WK ¥t _ -
553 R T L N
23am 05
T om 05k : : 4
L 22 OO nndios ORI ON NI e 0., _
oS - -
E Qs ¢
F o=
24 ol | | I ! !
-130 -120 -110 -100 -90 -80 =70

Average Path Gain [dB]

Figure 7.4: Time (a), Frequency (b) and Time-Frequency (c) resourdieation vs APG for BE users only
and for RR and RAD metrics. Every point represents the mean 5% consecutive users (with respect to
APG).
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Figure 7.6 shows the user throughput vs the APG. CompardttBR metric the RAD met-
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ric shows how the user throughput is increased over the whetle-gain range until the GBR is
reached but this is not possible in the lowest range becaese are simply not enough resources
in time to enable also the users in the lowest path-gain remgehieve the GBR. Different so-
lutions can be implemented to overcome the problem. Thelsshpould consist in making a
more restrictive estimation of the available capacity f& Wsers by lowering the overall capacity
available in the first place. Another solution would consisipplying a proper weight also in fre-
quency domain to differentiate among GBR users and BE ukially, also the AC, by properly
estimating the available resources, should be able to taieeaf this problem.
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Figure 7.6: CBR users throughput vs APG. Every point represents theageesver 50 consecutive users
(with respect to APG).

7.4.2 Impact of buffer knowledge on system performance

The results presented in Section 7.4.1 are produced asgwrperfect buffer knowledge of the

UE at the eNode-B. This means that the allocation of the ressu specifically the process of
bandwidth expansion presented in Section 5.2, can stopaasaothere are no data bits left in
the buffer. This knowledge could be of critical importanoaistreaming service where the buffer
can be emptied quite fast when the incoming packets are df sio@ compared to the Transport

Block Size (TBS).

To evaluate the impact of such knowledge in this section wesider both the cases of ideal
buffer knowledge (the eNode-B has perfect knowledge of tRebuffer) and the case of limited
knowledge (the eNode-B knows only whether the user has datartsmit or not). Additionally, in
order to relate such knowledge with the characteristich®iGBR traffic (that is, packet size and
interarrival time), two types of CBR traffic (referred to aSBR large packets” and “CBR small
packets”) are considered as specified in Table 7.4. Foricayiges of traffic (like streaming) the
eNode-B could predict the knowledge of the buffer withoutehéor buffer status reports. On the
other hand the aim here is simply to evaluate the impact debkhowledge and not to design
algorithms to solve the problem of its lack at the eNode-B.

Table 7.4: CBR traffic specifications.

Packet size | Inter-arrival
time

CBR large packets| 6400 bytes | 100 ms
CBR small packets 768 bytes 12ms

Figure 7.7 shows the CDF of the throughput for CBR users denisig the cases (E) and (F)
of traffic mixes and the RAD metric. The same statistic ford¢hsee of BE users is not presented
as the buffer knowledge has in this case limited or no impastexpected the knowledge of the
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buffer has an impact on the allocation of the resources acalises parts of the resources to be
filled with padding. This aspect is more relevant for the aas€BR only compared to the case
of CBR and BE mix, as shown by Figure 7.7 (a) and (b), and evere madevant for the “small

packets” case compared to “large packets” case.

(b): small packets

(a): large packets
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Figure 7.7: (a) CDF of the throughput under ideal and limited buffer kienige for CBR users whose

traffic is characterized by large packet size (6400 byted)ange interarrival time (100 ms). (b) CDF of the
throughput under ideal and limited buffer knowledge for Ci$ers whose traffic is characterized by small

packet size (768 bytes) and small interarrival time (12 r@sjly the cases (E) and (F) and the RAD metric

are considered.

0
450

In order to quantify the loss on data throughput due to trecation of resources for padding,
Figure 7.8 shows the average cell throughput (divided in BE@BR) after the padding has been
removed. The impact is limited in case of traffic mix or largecket size while it accounts for
a loss of approximately 8% in case of small packet size and G&Rtraffic. The reason is the
same as the one given in Section 7.4.1 to justify the lower @B&ughput in case (E) compared
to CBR throughput in case (F): A larger bandwidth utilization this case caused by padding,
produces a higher NR and consequently higher blocking itityawhich results in the lower
carried throughput. The related figures are shown in TableRbr completeness a CDF of the NR

is shown in Figure 7.9.
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(a): large packets

(b): small packets
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Figure 7.8: (a) Average cell throughput under ideal and limited buffeowledge for BE and CBR users
whose traffic is characterized by large packet size (6408)ydnd large interarrival time (100 ms). (b)
Average cell throughput under ideal and limited buffer kienige for BE and CBR users whose traffic is
characterized by small packet size (768 bytes) and smalanival time (12 ms). Cases (E) and (F). RAD

metric.

Table 7.5: KPIs for ideal and limited buffer knowledge (CBR only trafind small packet size).

Bandwidth | Noise rise| Blocking Average cell
utilization | median probability | throughput
CBR only, small packets, 74, 11.1dB | 26.5% 5.25 Mbps
ideal knowledge
CBR only, small packets, gg,, 123dB | 32.7% 4.8 Mbps
limited knowledge
1 T T T T T T T T T
0.8} Ideal knowledge - - .
= = = Limited knowledge - -
06 1.2dB - |
0.4+ PR =
0.2 =" - i
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Figure 7.9: CDF of the NR for ideal and limited buffer knowledge (CBR oalyd small packet size).
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7.5 Conclusions

In this chapter we have introduced a new scenario charaeteby a mix of CBR and BE traffic
and designed a TD metric to prioritize the allocation of CBRns over the BE users. The metric
designed, named RAD, is able to prioritize the time resaiatocation of CBR users over BE
users. The result is a drop of the outage user throughputB& @sers from approximately 100%
(under RR metric) to less than 15%. Interestingly enough,piesence of BE users affects the
performance of CBR users by increasing bandwidth utilimgtiNR and consequently blocking
probability, as well as by using frequency domain resouréesuch situation assigning priority
only in TD to CBR users over BE users is not enough to provideribst disadvantaged users with
the required resources and therefore GBR. Possible sadutiothis problem include the adoption
of a proper prioritization also in FD as well as a more acaegtimate of the extra resources
available for BE users.

Another topic investigated in this chapter pertains thedatphat the knowledge of the buffer
has on the system performance. Such knowledge is impontdntrothe case of CBR only traffic
and relatively small size of the packets. In the specific casesidered (packet size of 768 bytes
and inter-arrival time of 12 ms), the loss compared to a peKeowledge is approximately 8%.
The reason for the loss is again to be found in an increasedwdiin utilization, this time due
to padding, which increases the NR and consequently thé&iblpteading to a lower average cell
throughput.
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Overall Conclusions and
Recommendations

The overall objective of this thesis has been to study thedRBRdsource Management (RRM)
functionalities in the context of LTE Uplink. The attentibas been focused on the Power Control
(PC), Adaptive Transmission Bandwidth (ATB) and PacketeSicier (PS) entity but other func-
tionalities, including fast Adaptive Modulation and Cogli(AMC), Outer Loop Link Adaptation
(OLLA), Admission Control (AC) and Hybrid Automatic RepaatQuest (HARQ), have also been
taken into account in the analysis of results due to thearadtion with the considered entities.

The main tool used for the generation of the results has Heerytstem level simulator de-
scribed in Appendix A.1. Such simulator has been develogguhé of the PhD project together
with other colleagues at Nokia Siemens Networks. The deweémt of the simulator has required
a significant time investment in terms of modeling, softwdesign, implementation and testing
of the mentioned functionalities. Part of the PhD projec Ao been spent on the development
of the dynamic system level simulator ELIISE whose resudtgenot been reported here as they
followed an entirely different approach than the one hees@nmted.

The thesis is divided in three parts where the first addressgesopic of PC and evaluates
the system performance after integrating interferencesoreanents in the formula for setting the
power. The second and third part encompass the topic of slthgdvhich represents the area
where the main contribution of this project lies. Specificahe second part, assuming an ideal
traffic model, develops a scheduling framework (consistingllocation algorithm and scheduling
metric) on top of which the service differentiation, treshte the third part, is built.

8.1 Interference-based Power Control

The main idea behind Interference based Power Control (Ha8)been the introduction of the
dependence from the user generated interference (exgreissthe path-loss to other eNode-Bs)
when setting the transmit power. Following the same apfraddractional PC, the dependence
from the path-loss to the serving eNode-B and from the sunati-foss to other eNode-Bs have
each been weighted with a factor indicatecvand/3. A relevant finding has been that the best set
of performance points (in terms of cell coverage and celacdy) is obtained under the condition
o + § = 1. Additionally we have shown that, under such condition, fivenula for setting the
power is equivalent to the formula proposed in [35] where $ilR target for a user is set as
function of the path-loss difference between serving eN®@ad second strongest eNode-B.
The suggested approach provides a significant gain ovendtidéidnal Fractional Power Control
(FPC). If we consider as reference the FPC case obtained f00.6, the IPC approach can pro-
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vide a gain above 50% in outage user throughput by settinrg 0.6 and 3 = 0.4 or a gain of
approximately 15% in average cell throughput by setting 0.1 ands = 0.9.

Such gains are preserved only in a full buffer traffic scanavhile they are considerably
reduced in a finite buffer traffic scenario where the patls-ldistribution and therefore the inter-
ference patterns are significantly different.

Being the finite buffer traffic a closer model to a real scemtiran the full buffer model and be-
ing the gain, according to the current evaluation, consialgrreduced, the simpler FPC approach
is recommended. On the other hand the development, in theefudf algorithms able to fine tune
the P, (or, equivalentlyl,) parameter may improve the performance of IPC also in a foutéer
scenario and lead to a gain sufficiently high as to being demnsd for implementation in a real
system.

8.2 Channel-Aware Scheduling

The topic of channel aware scheduling is treated in its varespects in Chapters 4, 5 and part of
Chapter 6. Due to the limitation imposed by the SC-FDMA traission scheme, which requires
the Physical Resource Block (PRB)s assigned to the saméauseradjacent with each other, the
allocation algorithm is severely complicated. For thissaathe initial approach is to assume a
Fixed Transmission Bandwidth (FTB) allocation as done iafar 4. The algorithm used initially
is of a greedy type and is referred tomatrix-searchas it consist of arranging the metrics in a
matrix of users (the rows) and RCs (the columns) and seaythahighest metric in the matrix.

The first objective is to evaluate the gain provided by a cehaware metric - like Proportional
Fair (PF) - compared to a channel blind one - like Random (RAM)pending on bandwidth and
number of users, the average cell throughput gains usingeslgrallocation algorithm range from
4% to 35% for the Macro 1 case with a gain of approximately 20%afscenario with 10 users
and 6 PRBs per user.

The FTB allocation offers a more clear separation of frequeselectivity and user diver-
sity. We take advantage of that possibility by shifting oocds on the gains deriving from such
mechanisms. As expected a higher frequency selectivityegponding to a narrower bandwidth
allocation, leads to a higher cell throughput. The same eastdited for an increasing multi-user
diversity. It is interesting to notice that the higher theduency selectivity the larger, compara-
tively, is the number of users needed to reach user divegaity saturation. Moreover there exist
several cases in which a larger bandwidth combined with lagmigumber of users provides higher
gain than a narrower bandwidth combined with a lower numbesers, that is, in some cases the
user diversity gain surpasses the frequency selectivity. ga

In order to evaluate the gain achievable from consideriraygel search space a more general
allocation algorithm, still based on FTB and that includes matrix-search algorithm as special
case, is proposed. Such algorithm, referred ttrees-searchis able to achieve only a marginal
gain of a few percentage points in the considered scendghis reason, and given the consid-
erably lower computation complexity, the matrix-searafpoathm is preferred to the tree-search
algorithm and therefore recommended. Moreover it is usedeéasult assumption in the FTB
simulations for the rest of the study.

The evaluation provided using FTB, besides giving insights the gains and the diversity
mechanisms, offers a useful benchmark against which olperitams can be evaluated. In Chap-
ter 5 a new allocation algorithm is proposed which integrdbe ATB functionality in the allo-
cation algorithm. The motivation behind such algorithmoisathieve a more flexible bandwidth
allocation in order, for example, to cope with differentldeds and traffic types or user power
limitations.
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The proposed algorithm shows, as expected, adaptatioretgposver limitations. The most
interesting property, though, is the inbuilt adaptatiorcédl load. The curve of the average cell
throughput vs the number of users obtained with the ATB Yadldhe envelope of the different
curves obtained with the FTB for different bandwidth siz&kis means that for a given number
of users, the ATB results in an average bandwidth allocatibith provides a throughput larger
or comparable with the one of the FTB whose bandwidth has fieertuned. Moreover, in case
of unbalanced load the ATB is able to achieve a larger barttiwitilization than the FTB. Thus,
even though the gain achieved by the ATB is limited, it id &tibe preferred to the FTB given the
considerable flexibility offered.

8.3 Scheduling for Service Differentiation

Chapters 6 and 7 deal with the topic of service differerdrati As first step, in this sense, it is
suggested to add a Time Domain (TD) unit to the schedulingpdkaork. This is motivated not
only by the need of assigning different priorities to userthwlifferent Quality of Service (Qo0S)
requirements, but also by the need of taking into accouritdtions due to control channels and
computational complexity.

The introduction of the TD unit requires also the adoptioraofD metric. For this reason
a short study is conducted in the first part of Chapter 6, omthst appropriate combination of
purely channel aware TD and Frequency Domain (FD) metricsout yet taking into account
QoS requirements. The results indicate that the combimatia throughput-based PF metric in
TD and an SINR-based PF metric in FD provide a significant galbout 20% in average cell
throughput and 35% in outage user throughput) over a coribimaf throughput-based PF both
in TD and FD. Thus a combination of a throughput-based PFicietTD, which embeds the
memory of past scheduling decisions and uses such infasmédi select the users to schedule,
and an SINR-based PF metric in FD, which, being memory-lgissply aims at exploiting the
channel gain, is to be preferred.

Afterwards the topic of QoS provisioning is introduced himited to the Guaranteed Bit
Rate (GBR) requirement only. Such requirement is first ohiced in the context of Elastic with
Minimum Guarantee (EMG) traffic. Initially the investigatti is limited to the case in which all
the users in the network are given the same GBR. In this cagertiposed approach is to preserve
the channel exploitation in the FD by deploying the SINRdia®F metric, and, instead, make
possible the fulfilment of the GBR requirement via a modiiima of the scheduling activity per-
formed by the TD scheduler. For this reason the TD metric iglifrenl with a GBR-dependent
weight. The results show that in such case the modificatistloéduling activity (and therefore
distribution of available resources) via TD metric only igfiient to guarantee proper user pri-
oritization and satisfaction as long as the system has éncajacity to serve all the users in the
system.

The case of a number of users larger than the system can s(ippoaiuse the minimum aggre-
gate throughput requirement is larger than the averageéhrelighput) motivates the introduction
of the AC which guarantees system stability. Under suchrapians is considered the more com-
plex case of two classes of EMG users each characterized lifegedt GBR. In this case it is
shown how a GBR-dependent metric in TD only is not sufficiergive proper user prioritization
and the introduction of a GBR-dependent metric in FD is aleded. With the adoption of GBR-
dependent metrics in TD and FD the user outage is eliminatddte users achieve the largest
satisfaction. For this reason a GBR-dependent metric dhioelldeployed also in FD when the
modification of the scheduling activity only is not sufficigo provide the users with the proper
amount of resources.

Finally, Chapter 7 introduces the Constant Bit Rate (CBRIfitr type and deals with the
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problem of scheduling with the right priority CBR users anesBEffort (BE) users (the latter
being a specific case of EMG users with GBR seb)o In this case the problem is solved via
a modification of the TD metric only which is referred to as Rieed Activity Detection (RAD)
metric. The outage of CBR users is reduced from 100% with thend Robin (RR) metric to
13% with the RAD metric. The residual outage cannot be elteid unless a more sophisticated
estimation of resources available for BE users is done grgorprioritization is introduced also in
FD.

8.4 Topics for Future Research

The scheduling framework developed in the course of thisane$h project aims at providing sys-
tem capacity enhancements and proper service differemtigfEurther developments would there-
fore naturally address one or the other topic.

On the topic of capacity enhancement further advances ¢muidade by improving the ATB-
based allocation algorithm developed and used throughauptoject. A possibility in this sense
is offered by the allocation of retransmissions which in Weesion presented and used in this
project consist in placing them sequentially and blindlytred beginning of the bandwidth. A
better mechanism, which would still preserve unfragmetitedbandwidth for first transmission
users while at the same time exploit the channel, would sbinsiallocating the retransmissions
from both edges of the bandwidth choosing every time thamstnission user and the bandwidth
edge characterized by the highest scheduling metric. Thiddwesult beneficial especially in
case of high experienced BLER due to adverse channel conslitir simply to the type of service
in use.

On the topic of service differentiation different direci®are possible including a refinement
of the proposed framework to better cope with the considéatc types, the consideration of
other QoS parameters (like delay) as well as the considerafiadditional traffic types like VoIP.

The above proposal for future research are in some meadatedas the handling of VoIP
traffic inherently calls for the consideration of delay. ®@e bther hand each of them can be seen
as a complete topic for future research.

The refinement of the framework could consist in developimgoae general strategy as well
as scheduling metrics which could handle any mix of CBR andEkéaffics (including BE as
special case of EMG). This would involve prioritizing théoghtion of time-frequency resources
in order to fulfill the QoS requirements of the admitted ugersrder to eliminate the outage, as
well as dropping the users from lowest to highest guaranieesse of resource limitations.

As for the consideration of other QoS parameters and thadmmasion of other traffic types,
it is important to highlight that this study has been donedelay tolerable traffic while it is
important to develop scheduling metrics and AC stratedista cope with delay sensitive traffic
like VoIP which is one of the main interests to operators. sThbuld involve modifying the
metrics as to include the delay budget as an additionalricnitéo prioritize time and frequency
resource allocation. Still within the topic of VoIP, it walbe relevant to study semi-persistent
scheduling techniques which are necessary when a very biglher of VoIP users would require
more control capacity than is available by using dynami@daling.



Appendix A

Semi-Static System Level Simulator
Description

This appendix describes the models used in the semi-staiidator used for the performance
assessment of the algorithms and framework built in thessoaf the Chapters 3, 4, 5, 6 and 7.
Section A.1 contains the general description of the siruiatluding the network layout. Section
A.2 gives a short description of how the link-to-system perfance mapping is realized. Section
A.3 contains a description of the different traffic modeldized while Section A.4 describes the
Poisson process used to model the user arrival. Finallydafes the KPIs mostly used in this
research project.

A.1 Semi-Static System Simulator

The semi-static system simulator consists of a detailedivoell deployment, based on the LTE
guidelines provided in [20]. The framework consists of adgonal regular grid cellular setup,
where the center three cells are surrounded by the two tieedls, as shown in Figure A.1. There
are nineteen cell sites in the simulation area, each cargist three sectors per site, giving a total
of fifty seven sectors. The orientation of the main lobes ofational sector antenna elements is
indicated by arrows in Figure A.1. In order to avoid the draakoof limited network layout the
wrap around techniques is used. A 3-sector network topolaitly 70 degrees half power beam
width eNode-B is assumed for the Macro cell deployment. Triopggation modeling consists of
the path-loss, shadowing and fast fading. The path loss had#he Macro cell case includes a
20 dB outdoor-to-indoor penetration loss. Fast fadingnsusated according to the Typical Urban
power delay profile for user speed of 3 kmph [58], which is g&apdelay line implementation
with uncorrelated Rayleigh fading paths [59]. The user towa#arrival process is different de-
pending on the traffic model deployed.

¢ In case of full buffer traffic model the users are created etaginning of each simulation
run and remain in the system until the end of the run.

e In case of finite buffer traffic model and no AC, the users aeaigd at the beginning of the
simulation. A user is killed and replaced by a new user onedtlifer is empty.

e In case of finite buffer traffic model combined with AC, the ssare created in the system

according to a Poisson call arrival process (described atiGdeA.4). If the proposed AC
decision criterion is fulfilled, the user is admitted othessvthe user is rejected or blocked.

113



114 Chapter A

sector/cell

Direction of antenna
main-lobe

eNode-B

Figure A.1: The hexagonal regular grid cellular setup used in the systemalator according to the LTE
guidelines [20].

Additionally the load is said to be balanced if the users aeated uniformly within each cell
and each cell contains the same number of users while it iglanted if the users are uniformly
distributed within the whole network so that different sethay contain a different number of
users.

During a packet call the path-loss and shadowing comporseatassumed to be constant for
each user, while the fast fading is time-varying. Shadowsrglly correlated between cells of the
same site, while the correlation is 0.5 between sites. Thanggcell for a new user is selected
according to the lowest total path-loss including distadependent path-loss, shadowing, and
effective antenna gains. The RRM functionalities such as B8, and HARQ are accurately
modeled for all the sectors. The LA is modeled as fast AMC thase CSI. To maintain the
BLER target in the first transmission OLLA offset is used tasihe CSI before using it for MCS
selection. The PS is modeled as decoupled TD and FD scheailgnown in Figure 2.5. The
total number of PRBs used for the data transmission is 48eWhPRBs are reserved for control
signaling transmission. The default simulation assumgtend parameters are listed in Table A.1.

A.2 Link-to-System Performance Mapping

In order to estimate the performance at the system-levél rgdisonable accuracy, an evaluation
based on extensive simulations under a variety of sceniaraacial. A single simulator approach
would be preferable, but the complexity of such a simulatetuding everything from link-level
processing to multi-cell network is too high for the reqdigmulation resolution [60]. There-
fore, separate link-level and system-level simulatorsreeded. The link and system levels are
connected through a link-to-system performance mappingtion, which is used to predict the
instantaneous BLER at system-level without performingitied link-level processing steps. This
function is estimated using link-level simulations, anthkes into account factors such as MCS
format, receiver type, and channel state [30]. The desitedtacteristics of the link-to-system
mapping function are that it should be general enough toradifferent multiple access strategies
and transceiver types, including different antenna testes. Further, it should be possible to de-
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Table A.1: Main simulations parameters

Parameter

Setting

Cellular layout
Inter-site distance

System bandwidth
Number of sub-carriers per PRB
Number of PRBs

Sub-frame/TTI duration
Maximum User transmit power
Distance dependent path loss
Penetration loss

Log-normal shadowing

Minimum distance between UE and
cell

Power delay profile

CSl log-normal error standard
deviation

CSl resolution

OLLA offset

OLLA offset range

Control channel overhead
Link adaptation
Modulation/code rate settings

HARQ model

Max. No. of HARQ transmission
attempts

Ack/Nack delay
Channel estimation
Carrier frequency
eNode-B antenna gain
UE antenna gain

UE noise figure

UE speed

UE receiver

Frequency re-use factor

Hexagonal grid, 19 cell sites, 3
cells/sectors per site

500 m (Macro case 1)

1732 m (Macro case 3)

10 MHz

12

50 (180 kHz per PRB).

2 of the 50 PRBs are used for control chan-
nel

1ms

24 dBm (250 mW)

128.1 + 37.6log10(d [km])

20dB

standard deviation = 8 dB

correlation distance =50 m

correlation between sectors = 1.0

correlation between sites = 0.5
35m

TU3, 20 taps[58]

1dB

2dB

0.5dB

[-4.0,4.0]1dB

3/14 symbols

Fast AMC

QPSK

[R=1/10, 1/6, 1/4, 1/3, 1/2, 2/3, 3/4],
16-QAM

[R=1/2, 2/3, 3/4, 5/6]

Synchronous and adaptive with ideal
chase combining

4

2ms

Ideal

2GHz

14 dBi

0dBi

9dB

3 kmph

2-Rx Maximal Ratio Combining (MRC)
1
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rive the parameters of the model from a limited number of-lmkel evaluations. In this study, the
AVI method is used for the link-to-system mapping [61, 11heTAVI tables constructed from an
extensive link-level simulations are used to map the aeerageived SINR to the corresponding
BLEP. The target BLER is given in input to the OLLA algorithm determine the offset to be
applied to the input SINR.

A.3 Traffic Models

A.3.1 Best Effort

In this study the BE traffic models services for which no ptyoor guaranteed QoS is given. As
a consequence best effort users will obtain variable bét defpending on the current traffic load.
If coupled with a full (infinite) buffer model then users exigacing different channel conditions
and consequently different data rates will upload a diffeeanount of data in the same simulation
time. If coupled with a finite buffer model then each user wjlload the same amount of data and
the session is terminated once the upload is completedidicdlse users at the cell edge will stay
longer in the system due to lower data rates compared to astrs cell center.

A.3.2 Constant Bit Rate

The CBR streaming traffic model is used to represent a riga@8R service. The CBR traffic is
modeled as one ON period of an ON/OFF traffic source. An ON/tpdific source, e.g. Voice over
Internet Protocol (VolIP), is characterized by the ON pesiadhere the data packets are generated
at a certain inter-packet arrival time followed by the OFFqus at a certain interval as illustrated
in Figure A.2. The source activity factor is defined as sum Wf @riods over the call duration,
that is, the sum of ON and OFF periods.

For each CBR user a fixed amount of data packets are genetatesl @ser with a constant
packet size and constant inter-arrival time. In case th&esyss able to fulfill the GBR require-
ment of CBR services, the session time of each CBR user wibbee as the streaming duration
irrespective of the user location. This means that if theedaling and AC are working effectively
the CBR users will fulfill their GBR requirements.

A.4 Poisson process

A Poisson process can be described by the counter pra¢gss The counter tells the number of
arrivals in the interval0, t) or, more generally, in the intervét,, t2).

N(t) = number of arrivals in the interval, ¢)
N(ti,ta) = N(t2) — N(t1) = number of arrivals in the intervdt, t2)

The number of arrival$V(¢) in a finite interval of lengtht obeys the Poisson distribution:

P{N(t)=n} = (A;)n e M

Moreover, the number of arrival¥ (t1,t2) and N (s, t4) in non-overlapping interval§t; <
to < t3 < t4) are independent.
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Figure A.2: (a) CBR streaming traffic with only ON spurt, (b) ON/OFF traffinodel.

IRV

Figure A.3: Poisson arrival process.

A.5 Key Performance Indicators

The main performance indicators used in this system-lewelysto evaluate the performance of
PC, scheduling and AC are:

e The average cell throughput is defined as:
Ncells

b

Tcell =~ 5
Ncells . tsim

whereN,..;; is the number of cells in the system,is the number of correctly received bits
during the simulation timet(;,,,).

e The user throughput at 5% outage (more precisely indicaatie®' percentile value of
the user throughput distribution) is calculated via linieéerpolation as:

N
v =0+ ﬁ(p — pk) (Vk41 — V)
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whereN represents the number of user throughput valpéise 3" percentile k an integer
such thaip;, < p < prr1 andw the value corresponding to the percentile

e The blocking probabilityP, is simply defined as the ratio of the number of blocked users to
the number of new users requesting admission.

e The outage probability?, is defined as the ratio of the number of users not fulfillingrthe
GBR requirements to the total number of users admitted.

e The unsatisfied user probabilify, is defined as:

Po=1-(1—-P)1-P)
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Appendix B

SC-FDMA link level performance and
assumed propagation conditions

B.1 Introduction

This chapter discusses the performance of the SC-FDMA latdvel and the propagation condi-
tions assumed for the generation of the results. They amesskell respectively in Section B.2 and
B.3.

B.2 SC-FDMA Link Level Performance

The AVIs used in the system level simulator are produced rdowg to the latest LTE physical

layer specifications for Frequency Division Duplex (FDD)heTantennas have a Single Input
Single Output (SISO) 1x1 configuration. Real channel egtongavia pilots) is assumed. The
receiver type used is Linear Minimum Mean Square Error (LMBIS

Figure B.1 represents the AVIs used in the system level sitaufor a case of 2 PRBs. On the
x-axis the SINR averaged over fast fading is used (as théddistg depends on the radio channel
and the user speed, different AVIs for different channetsganerated). As expected the BLER
decreases as the SINR increases for all the considered M@Sslagher MCS requires a larger
SINR in order to keep the BLER constant.

Figure B.2 represents the required SINR to keep a 30% BLEjfRtas function of the band-
width. The slight dependency on the bandwidth is due to thewing three factors: the code
block size (resulting in higher coding gain as the bandwidtiteases), the frequency diversity
(which improves as the bandwidth increases) and the agcofatiannel estimation (which wors-
ens as the bandwidth increases compensating the othet) effec
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B.3 Propagation Conditions
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Figure B.3: Power Delay Profile and Frequency Correlation for TU 3 kmptaps and 20 taps.

The Power Delay Profile (PDP) depicts the relative power dmadtime delay of the different
reflections. The channel profile used throughout this stadlyg TU 3 kmph with 6 taps. The TU
3 kmph with 20 taps is also recommended in the specificatiorabtain an accurate frequency
domain correlation function (and such profile was used, xangle, to generate the fast fading
file of ELIISE, the first simulator developed). The time domaésponses of the channels are
represented by the PDPs given in Figure B.3. For the TU3 witlpé the values are also listed in

Table B.1.

Table B.1: Typical Urban Channel Power Delay Profile, 6 taps [37].

Tap number | Delay (us) | Power (dBr)
1 0 -7.22
2 0.195 -4.22
3 0.488 -6.22
4 1.595 -10.22
5 2.311 -12.22
6 5.013 -14.22

The time dispersive properties of the multipath channekcheracterized by maximum delay
spread {4z ), Mean excess delay,{..,) and the r.m.s. delay spreagd. ).

Tmae YEPresents the maximum time interval during which reflediof significant energy are

received.
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Tmean 1S defined as:
N
Tmean = ZTZ“ ’ h(t,TZ') ’2
=1
whereN is the number of taps, while.,,s is defined as:

N
Trms = J Z(Tz - Tmean)2 ‘ h(taTz’) ‘2 = \/Trznean - (Tmean)2

i=1

wherer?2,,,, is the second moment and,,..,,)? is the mean squared.

The values of such parameters are listed in Table B.2.

Table B.2: Main parameters for TU3, 6 taps.

Parameter Value
Tmax Sus
Trmean 0.6704us
Trms 1.8715us
.~ —— [62] 200kH =

Tmax

B, at a correlation level of 0.6
(from inspection of frequency | 32kHz
correlation plot)

The value ofr,,,, of 5ms is comparable with the duration of the cyclic prefix (whichais
guard time consisting of the last part of the useful OFDM sghtizing copied at the beginning
of the same symbol in order to protect the transmission friSith IThe frequency selectivity of
the CSI in this study has been set to two PRBs (360 kHz) whichisis comparable with the
coherence bandwidth of the channel. The TU3 profiles withds2ihtaps show similar correlation
properties up to a bandwidth of approximately 320 kHz (swomding to a correlation of 0.6),
after which they diverge. Such correlation properties &padicular importance for the evaluation
of wideband system concepts with frequency dependent dieaistics like frequency domain link
adaptation and packet scheduling as their performancesslgirelated to it[59].



Appendix C

Statistical Significance Assessment and
Convergence

C.1 Introduction

This chapter assesses the statistical significance of thedtained from the semi-static simulator
described in Appendix A.1 by using standard statisticalho@$. The chapter is organized as
follows: The modeling assumptions including the list ofestéd simulation scenarios is outlined
in Section C.2. The results and discussion are presenteeciiog C.3.

C.2 Modeling Assumptions

The statistical significance analysis is performed by migrd certain number of simulations (50
simulations) with identical parameter setup but differee¢d for the random number generator.
The variation in the KPls is investigated by means of the bakwahiskers diagram (or box plot)
[63]. The following KPIs, which have been used throughosetitiesis, are considered:

e Average cell throughput

e User throughput at 5% outage

The investigation of statistical significance is carried fau the case of full buffer as this is the
scenario under which the number of calls is directly relatethe number of runs. This is useful
considering that the statistics investigated are calissiizd and therefore their accuracy depends
on the number of completed calls. The other main parameters@icated in Table C.1.

C.3 Results

Figure C.1 shows the box and whiskers diagrams for the agarelyjthroughput and outage user
throughput for the FTB strategy and Macro case 1. The KPlsammalized to the sample mean
i.e. the mean value obtained from all the simulations. Inkite and whiskers diagram the box
is drawn from the lower hinge defined as the 25% percentilthgaipper hinge corresponding to
the 75% percentile. The median value is shown as a line atlmessox. The length of the box
gives the inter-quartile range, while the whiskers on eddé sf the box is extended to the most
extreme data value within 1.5 times of the inter-quartilegexr Data values lying beyond the ends
of the whiskers are marked as outliers.
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Table C.1: Main simulations parameters

Parameter Setting

#UEsinTD 8

# UEsin FD 8

Allocation strategy FTB, ATB

TD scheduling not relevant

FD scheduling PF and PF-SINR

Propagation scenario Macro case 1 (ISD of 500 m);
Macro case 3 (ISD of 1732 m)

Traffic model Full buffer

In Figure C.1 the deviation in average cell throughput frasncorresponding sample mean
decreases with the number of calls and it is contained withiri7% in case of 20 runs corre-
sponding to 9120 calls. The user throughput at 5% outagecisssarily less stable and shows a
larger deviation from the mean which is anyway containecdhenrange between 2% and+3%
for the case of 20 runs. Such values are sufficiently acctioatde gains exhibited throughout,
moreover most of the results in the thesis have been obtaiitedt least 30 runs and 10 users per
cell (which results in a significantly larger number of calied, as expected, a higher stability.

Macro 1 case, full buffer, FTB, PF metric
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Figure C.1: Box plots of the average cell throughput and outage useutfimout for the FTB strategy,
Macro 1 case.

Figure C.2 shows the same performance indicators and tagation for the same setup but
considering the ATB allocation strategy. For a lower numbfcalls the ATB shows a larger
instability which is anyway contained within a range similathe FTB in case of 20 runs. With
30 runs only a small improvement is noticeable.

Figure C.3 shows the same results for the Macro case 3 busindke also the cases of 30 and
40 runs, the latter being the most common setup in the pregeasults, is considered. For the 30
runs case, corresponding to 13680 calls, the outage shows pldit whose values are contained
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betweent+-4% and—3%. The ATB allocation strategy shows again a larger instgb#is shown in
Figure C.4, but the adoption of the PF-SINR metric, whiclhesdefault assumption for the largest
part of simulations using ATB, increases the stability. Ha #0 runs case the outage is contained

betweent-4% and —4%.

Average cell throughput

]deviation from sample mean [%]

Figure C.2: Box
Macro 1 case.

5% outage user throughput
deviation from sample mean [%]

Figure C.3: Box plots of the average cell throughput and outage useutfimout for the FTB strategy,

Macro 3 case.
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Table C.2: Main simulations parameters

Parameter Case | Case | Case lll
. 8 UE/s/cell 8 UE/s/cell 8 UE/cell
User arrival rate . ) . )
(Poisson arrival) (Poisson arrival) (constant)
Network load distribution| Unbalanced Unbalanced Balanced
AC strategy Channel-aware AC No AC No AC
Traffic model Finite buffer Finite buffer Finite buffer
(1 Mbps) (1 Mbps) (1 Mbps)

o —
2 Macro 3 case, full buffer, ATB, PF and PF-SINR metric
= 1§ T — T T T
S8 ‘ | ‘ ‘ ‘
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Figure C.4: Box plots of the average cell throughput and outage useutimput for the ATB strategy,
Macro 3 case.

C.4 Convergence to Steady-State: Assumptions and Results

In the following Section we are going to show some resultangigg the convergence of the path-
gain of users in the network to a stable state. Such res@dteetgvant as they have been used as
criterion to decide the warm-up time of the simulator. Fas tieason we are going to use three
different scenarios (in terms of user distribution and asgval) which have been used throughout
the thesis and are indicated in Table C.2. The other parasnate as indicated in Table C.1.
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Figure C.5: Time-evolution of the B, 50" and 99" percentiles of the path-gain of the users in the network.
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Figure C.5 shows the evolution of the chosen percentilesnesfor the cases | and Il according
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to Table C.2 and assuming a null warm-up. As expected thetiatopf AC in Case | leads to
higher path-gain values than in Case Il. In both cases treepsles of the path-gain is very stable
since the beginning. The situation is considerably difieie Case Il where the users do no
enter the network following a Poisson user arrival procedsale created at the beginning of the
simulation and then migrate towards the cell-edge. Thipbag because their time to empty the
buffer is different depending on the location within thel ¢ahd therefore the channel quality). It
is more difficult in this case to identify a precise point imé after which the 8 percentile can
be said to be stable. A warmup time of 10 s has been chosendgecansidered long enough to
stabilize the path-gain in all the specified cases.



Bibliography

[1] GSMA, “GSM Association (GSMA) - www.gsmworld.com,” Apprl6th 2008.
[2] H.Holma and A. Toskala, EdSWWCDMA for UMTS — HSPA Evolution and LTEJohn Wiley & Sons Ltd, 2007.

[3] 3GPP Technical Report 25.913, version 7.3R@gquirements for Evolved UTRA (E-UTRA) and Evolved UTRANTEAN)
March 2006.

[4] B. Classon, P. Sartori, V. Nangia, X. Zhuang, and K. Batikhlti-dimensional Adaptation and Multi-user Schedulifigch-
niques for Wireless OFDM systems,” Proceedings of the IEEE International Conference on Conications (ICC) vol. 3,
Orlando, Florida, USA, May 2003, pp. 2251-2255.

[5] 3GPP Technical Specifications 36.101, version 8.B\lved Universal Terrestrial Radio Access (E-UTRA); UBquipment
(UE) Radio Transmission and Reception (Releas&/@)y 2008.

[6] 3GPP Technical Specifications 36.104, version 8 2vlved Universal Terrestrial Radio Access (E-UTRA); Bagsion (BS)
Radio Transmission and Reception (Releasd&/B)y 2008.

[7] A. Toskala, H. Holma, K. Pajukoski, and E. Tiirola, “UTRALong Term Evolution in 3GPP,” ilProceedings of the IEEE
International Symposium on Personal, Indoor and Mobile iB&bmmunications (PIMRCHelsinki, Finland, 2006.

[8] B. Classon, K. Baum, V. Nangia, R. Love, Y. Sun, R. Nory,3€ewart, A. Ghosh, R. Ratasuk, W. Xiao, and J. Tan, “Overview
of UMTS Air-Interface Evolution,” inProceedings of the the IEEE Vehicular Technology Confer¢kd C) Montreal, Canada,
October 2006.

[9] H.Yang, “A Road to Future Broadband Wireless Access: NINDFDM-Based Air Interface [EEE Communiations Magazine
vol. 43, no. 1, pp. 53-60, January 2005.

[10] M. Rumney, “Demystifying Single Carrier FDMA,” Whitedper, Agilent Technologies, April 2008.

[11] C. Rosa, “Enhanced Uplink Packet Access in WCDMA,” Phd3sertation, Aalborg University — Department of Comneani
tion Technology, Aalborg, Denmark, December 2004.

[12] A.J. Goldsmith and S.-G. Chua, “Adaptive Coded Modolatfor Fading ChannelsJEEE Transactions on Communications
vol. 46, no. 5, pp. 595-602, May 1998.

[13] X. Qiu and K. Chawla, “On the Performance of Adaptive Mtadion in Cellular Systems,JEEE Transactions on Wireless
Communicationsvol. 47, no. 6, pp. 884—895, June 1999.

[14] K.L.Baum, T. A. Kostas, P. J. Sartori, and B. K. Class#terformance Characteristics of Cellular Systems WitHdbént Link
Adaptation Strategies|EEE Transactions on Vehicular Technologyl. 52, no. 6, pp. 1497-1507, November 2003.

[15] C. Rosa, D. L. Villa, C. U. Castellanos, F. D. CalabreBeH. Michaelsen, K. |. Pedersen, and P. Skov, “Performanhéeast
AMC in E-UTRAN Uplink,” in Proceedings of the IEEE International Conference on Comicatinns (ICC) Beijing, China,
May 2008, pp. 4973-4977.

[16] H. Holma and A. Toskala, EdsWCDMA for UMTS — Radio Access for Third Generation Mobile @amications 3rd ed.
John Wiley & Sons Inc, 2004.

[17] K. B. Letaief and Y. J. Zhang, “Dynamic Multiuser ResoeirAllocation and Adaptation for Wireless SystemEEE Wireless
Communicationsvol. 13, no. 4, pp. 38-47, August 2006.

[18] A.Jalali, R. Padovani, and R. Pankaj, “Data ThroughffuEDMA-HDR High Efficiency-High Data Rate Personal Communi
cation Wireless System,” iRroceedings of the IEEE Vehicular Technology Conferen@e&j\Wol. 3, Tokyo, Japan, May 2000,
pp. 1854-1858.

[19] P. Ameigeiras, “Packet Scheduling and Quality of Sssvin HSDPA,” Ph.D. dissertation, Aalborg University — Depzgent of
Communication Technology, Aalborg, Denmark, Decembei3200

129



130 Chapter C

[20]

(21]

[22]

(23]

[24]

[25]

(26]

[27]
(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

3GPP Technical Report 25.814, version 7.PBysical Layer Aspects for Evolved UTR2ctober 2006.

H. Holma and A. Toskala, EdSHSDPA/HSUPA for UMTS — High Speed Radio Access for Mobilen@arications John
Wiley & Sons Ltd, 2006.

Orange, China Mobile, KPN, NTT DoCoMo, Sprint, T-MoilVodafone, Telecom ltalia, “LTE physical layer framewdok
performance verification3GPP TSG-RAN1#48, R1-0706 February 2007.

3GPP Technical Specification 36.213, version 8.Ritysical layer procedureSeptember 2008.

M. Anas, “Uplink Radio Resource Management for QoS &ioning in Long Term Evolution With Emphasis on Admission
Control and Handover,” Ph.D. dissertation, Aalborg Ursitgr— Department of Electronic Systems, Aalborg, Denmaakuary
2009.

3GPP Technical Specification 36.3, version 8.8@lved Universal Terrestrial Radio Access (E-UTRA) andiéad Universal
Terrestrial Radio Access Network (E-UTRAN); Overall dggt@n; Stage 2January 2008.

3GPP Technical Specification 23.401, version 8.&&heral Packet Radio Service (GPRS) Enhancements foréti/biniversal
Terrestrial Radio Access Network (E-UTRAN) Acc&scember.

3GPP Technical Specification 36.211, version 8.Riysical Channels and ModulatipSeptember 2008.
3GPP Technical Report 25.813, version 7.&0JTRA and E-UTRAN; Radio Interface Protocol Aspedtsie 2006.

A. Sampath, P. S. Kumar, and J. M. Holtzman, “On Settirgyd®se Link Target SIR in a CDMA System,” Proceedings of
IEEE Vehicular Technology Conference (VTEhoenix, AZ, USA, May 1997.

K. Brueninghaus, D. Astley, T. Salzer, S. Visuri, A. Aleu, S. Karger, and G.-A. Seraji, “Link Performance Modéls
System Level Simulations of Broadband Radio Access Systé@mBroceedings of the IEEE Personal Indoor and Mobile Radio
Communications Conference (PIMR@)l. 4, Berlin, Germany, September 2005, pp. 2306—2311.

3GPP Technical Specification 36.321, version 8.E-QJTRA Medium Access Control (MAC) protocol specificatibacember
2008.

M. Boussif, N. Quintero, F. D. Calabrese, C. Rosa, an@igard, “Interference Based Power Control PerformanceTii L
Uplink,” in Proceedings of the IEEE International Symposium on Wissmmunication Systems (ISWJ&ykjavik, Iceland,
October 2008.

C. U. Castellanos, D. L. Villa, C. Rosa, K. |. PederserFCalabrese, P. H. Michaelsen, and J. Michel, “PerforraaridJplink
Fractional Power Control in UTRAN LTE,” ifProceedings of the IEEE Vehicular Technology ConferendeC)VSingapore,
May 2008, pp. 2517—2521.

W. Xiao, R. Ratasuk, A. Ghosh, R. Love, Y. Sun, and R. N6bplink Power Control, Interference Coordination and Re-
source Allocation for 3GPP E-UTRA,” iRroceedings of the IEEE Vehicular Technology Conferend@e&CjMMontreal, Quebec,
September 2006.

A. Rao, “Reverse Link Power Control for Managing Intall Interference in Orthogonal Multiple Access Systenis,Pro-
ceedings of the IEEE Vehicular Technology Conference (VB&jimore, Maryland, September 2007.

W. Zhengdao, M. Xiaoli, and G. Giannakis, “OFDM or siagtarrier block transmissiondEEE Transactions Communicatigns
vol. 52, no. 3, pp. 380-394, March 2004.

B. E. Priyanto, “Air Interfaces of Beyond 3G systemshwiilser Equipment Hardware Imperfections: Performance amd R
quirements Aspects,” Ph.D. dissertation, Aalborg Unitgrs Department of Electronic Systems, Aalborg, Denma#brigary
2008.

F. D. Calabrese, P. H. Michaelsen, C. Rosa, M. Anas, Cadtellanos, D. L. Villa, K. |. Pedersen, and P. E. Mogent®earch-
Tree Based Uplink Channel Aware Packet Scheduling for UTRAIR,” in Proceedings of the IEEE Vehicular Technology
Conference (VTC)Singapore, May 2008, pp. 1949-1953.

C. Wengerter, J. Ohlhorst, and A. G. E. v. Elbwart, “Rass and Throughput Analysis for Generalized Proporti&aal Fre-
guency Scheduling in OFDMA,” iProceedings of the IEEE Vehicular Technology Conferend@eCj\Wwol. 3, Stockholm, Swe-
den, May 2005, pp. 1903-1907.

A. Pokhariyal, T. E. Kolding, and P. E. Mogensen, “Penfance of Downlink Frequency Domain Packet Scheduling Her t
UTRAN Long Term Evolution,” inProceedings of IEEE Personal Indoor and Mobile Radio Cominations Conference
(PIMRC), Helsinki, Finland, September 2006, pp. 1-5.

J. Lim, H. Myung, K. Oh, and D. Goodman, “Proportionalir-&cheduling of Uplink Single-Carrier FDMA Systems,” in
Personal, Indoor and Mobile Radio Communications (PIMRE®ptember 2006.



BIBLIOGRAPHY 131

[42]

(43]

[44]

[45]

[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

[55]

[56]

[57]

(58]

(59]

(60]

(61]

(62]

(63]

M. Al-Rawi, R. Jantti, J. Torsner, and M. Sagfors, “Opmistic Uplink Scheduling for 3G LTE Systems,” 4th International
Conference on Innovations in Information Technolaggvember 2007.

F. D. Calabrese, C. Rosa, M. Anas, P. H. Michaelsen, Kedersen, and P. E. Mogensen, “Adaptive Transmission Band-
width Based Packet Scheduling for LTE Uplink,” Rroceedings of the IEEE Vehicular Technology Conferende&C(MCalgary,
Canada, September 2008.

G. Monghal, K. Pedersen, I. Kovacs, and P. MogensenS‘Qoented Time and Frequency Domain Packet Schedulerkdor t
UTRAN Long Term Evolution,” inProceedings of the IEEE Vehicular Technology ConferendeC{VSingapore, May 2008.

F. Kelly, “Charging and rate control for elastic traffi€uropean Transactions on Telecommunicatjore. 8, no. 1, pp. 33-37,
January 1997.

J. M. Holtzman, “CDMA Forward Link Water Filling Powerddtrol,” in Proceedings of the the IEEE Vehicular Technology
Conference (VTC)yol. 3, Tokyo, Japan, May 2000, pp. 1663-1667.

——, “Asymptotic Analysis of Proportional Fair Algohitn,” in IEEE International Symposium on Personal, Indoor and M®bil
Radio Communications (PIMR@Q)ol. 2, San Diego, California, USA, September 2001, ppF37.

A. Pokhariyal, K. I. Pedersen, G. Monghal, I. Z. Kova€sRosa, T. E. Kolding, and P. E. Mogensen, “HARQ Aware Fregye
Domain Packet Scheduler with Different Degrees of Fairfiasthe UTRAN Long Term Evolution,” irProceedings of the IEEE
Vehicular Technology Conference (VTOuUblin, Ireland, April 2007, pp. 2761-2765.

D. Laselva, F. Capozzi, F. Frederiksen, K. |. PederdeW/igard, and . Z. Kovacs, “On the Impact of Realistic Coh€hannel
Constraints on QoS Provisioning in UTRAN LTE,” submitted to IEEE Vehicular Technology Conference (VA@thorage,
Alaska, September 2009.

M. Anas, C. Rosa, F. D. Calabrese, P. H. Michaelsen, Retlersen, and P. E. Mogensen, “QoS-Aware Single Cell Adoniss
Control for UTRAN LTE Uplink,” in Proceedings of the IEEE Vehicular Technology ConferendeC{VSingapore, Singapore,
May 2008.

M. Anas, C. Rosa, F. D. Calabrese, K. I. Pedersen, and Rldgensen, “Combined Admission Control and Scheduling for
QoS Differentiation in LTE Uplink,” inProceedings of the IEEE Vehicular Technology ConferendeCVCalgary, Canada,
September 2008.

D. Niyato and E. Hossain, “Service Differentiation imdadband Wireless Access Networks with Scheduling and Ectiom
Admission Control: A Unified Analysis,JEEE Transactions on Wireless Communicationd. 6, no. 1, pp. 293-301, January
2007.

H.-W. Lee and S. Chong, “Combined Packet Scheduling@altlAdmission Control with Minimum Throughput Guarantee i
Wireless Networks,IEEE Transactions on Wireless Communicatiovd. 6, no. 8, pp. 3080-3089, August 2007.

K. B. Johnsson and D. C. Cox, “An Adaptive Cross-Layeh&tuler for Improved QoS Support of Multiclass Data Sewioe
Wireless SystemsJEEE Journal on Selected Areas in Communicatjorm. 23, pp. 334—-343, February 2005.

D. Laselva, J. Steiner, F. Khokhar, T. E. Kolding, an/igard, “Optimization of QoS-Aware Packet Schedulers intiService
Scenarios over HSDPA,” itEEE International Symposium of Wireless Communicaticste®ys Trondheim, Norway, October
2007.

T. E. Kolding, “QoS-Aware Proportional Fair Packet 8dhling with Required Activity Detection,” ifProceedings of IEEE
Vehicular Technology Conference (VT®)ontreal, Canada, September 2006.

M. Lundevall, B. Olin, J. Olsson, N. Wiberg, S. Wanstedlt Eriksson, and F. Eng, “Streaming Applications over HSDP
Mixed Service Scenarios,” iRroceedings of the IEEE Vehicular Technology Conferend@&j\Wol. 2, Los Angeles, California,
USA, September 2004, pp. 841-845.

3GPP Technical Report 25.943, version 5.D8ployment Aspects (Release B)ne 2002.

T. B. Sgrensen, P. E. Mogensen, and F. FrederiksenefiSidn of the ITU Channel Models for Wideband (OFDM) Systéms
in Proceedings of the IEEE Vehicular Technology ConferendeCj\Wol. 1, Dallas, Texas, USA, September 2005, pp. 392—396.

H. Holma and A. Toskala, EdsWCDMA for UMTS — Radio Access for Third Generation Mobile @amications 2nd ed.
John Wiley & Sons, 2002.

S. Hamaélainen, P. Slanina, M. Hartman, A. Lappeteldiné. Holma, and O. Salonaho, “A Novel Interface between Lank
System Level Simulations,” iRroceedings of ACTS Sumpfalborg, Denmark, October 1997, pp. 599-604.

B. Sklar, “Rayleigh fading channels in mobile digitaimmunication systemslEEE Communications Magazinpp. 90-109,
July 1997.

R. L. Mason, R. F. Gunst, and J. L. HeSsatistical Design and Analysis of Experiments - With Aqapions to Engineering and
Science John Wiley & Sons, 2003.












