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Abstract: This deliverable reports on the achievements dfterfirst six months of WPR.8, whose
aim is the investigation of scheduling and adapt&eéio resource assignment techniques, and the
determination of new algorithms, through the usé¢hef most innovative and promising design tgols

and methods.

The WP is organized in three Tasks, dealing wighfthlowing subtopics:
1 — Multi-Carrier and/or Space Division based aieifaces, like those exploiting OFDMA andjor
MIMO techniques, widely used in current and futstandardized wireless systems;
2 — distributed wireless networks, where the latlka @entralized control poses problems to rgdio
resource assignment procedures;

3 — systems characterized by different heterogenawmunterfaces that can interact.

During the first six months, the state of the arttloe topic and the plan for scientific activitigghin
the WP have been defined. They are reported irddsc? and 4 — 5, respectively. The state of the ar
has been summarized based on consideration of aheutundred forty references, selected through a
bottom — up procedure by each participant parthiee. five Joint Research Activities (JRAS) defined
within the WP and described in this Deliverablejoive all partners and focus on specific aspects
within the three Tasks. Therefore, as promiseddbyitie, this Deliverable reports the state of ang
and the intended contributions of WPR.8, duringNio& life.

However, much more is contained in this Deliverat®ection 1, while introducing the general
objectives of the WP, also provides definitions ethwill represent the common basis for all actegt]
planned within the WP: terms generally used in litezature, such as “scheduling” as opposed to
“radio resource assignment”, “radio resource” oadip resource unit’, are defined. The JRAs
performed within the WP will then share a commonglzage. Moreover, Section 3 represents|the
fundamental result after the first six months: iti@ny algorithms and approaches used in the literatu
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and summarized in Section 2, are then re-consider&gction 3 under the viewpoint of the des
method. The scope here is the identification ofithgic properties of the most performing algorith
and of their design principles; the usefulnesshig effort stands in the identification of the lua
features that the designer of scheduling and raeliource assignment algorithms should hav
mind, when proposing new techniques. Thereforeti@e8 is the core part of this document.

The Deliverable then ends in Section 5 by comngttowards some results and a schedule of plal
activities.

Finally, the activities within this WP will be permed by the following partners: CNIT
NKUA/IASA, CNRS, UPC, CTTC, LNT-TUM, UCL. In partidar, the editor of the Deliverable

from CNIT, whereas the sub-editors are the Tastdess coming from CNIT, NKUA/IASA and UPC.

gn
us

11°J
5.

nned

Keyword list: resource allocation, scheduling, multi-carrier ap@ce division systems, distribut

networks, cognitive radio, heterogeneous networks.
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1. INTRODUCTION

With the advent of "8 Generation (3G) mobile radio systems, schedulaslteen gaining more and
more interest among researchers involved in wiselestworks. In fact, wireless systems unfil 2
Generation (2G) were characterized by hard capdceéy a deterministic number of users can be
served by a given base station) and only vocal ieggdin was supported, meaning that link
requirements to be met were only set in terms @glbkrror rate and delay. So, in such kind of syste
the planning phase was of primary concern. FronoB8Qwireless systems have been characterized by
a plethora of multimedia applications availableth@® end user, raising the problem of how to
efficiently manage the many degrees of freedomredféy the system. In fact, each application type
is characterized by specific requirements, whiah loa set in terms of average bit rate, maximum Bit
Error Rate (BER) and, hence, minimum Signal-to+fietence-plus-Noise Ratio (SINR), maximum
delay, et cetera. All these features are usualhgidered as part of a set of characteristics sumathr
under the expression “Quality of Service” (QoS)jskhcould be defined abe set of requirements to
be met by the system for a specific applicationuested by a userDue to the application
differentiation, also QoS should be handled in ffedéntiated way. Moreover, the offered traffic
continuously changes according to the number afsused the specific mix of applications required,
since each user can request different applicatiBns.in such a situation, QoS cannot be achieved
through a planning procedure, which statically a@unes the system, but it is dynamically pursued by
a set of functionalities grouped under the termdiR&Resource Management” (RRM), whichtlie

set of functionalities whose aim is to provide smyy according to the QoS negotiated for each
application over the area covered by the systend, mnoptimize the system capacity through the
choice of the best resource sharing among ugéis- [5]. Scheduling, together with some othesllw
known functionalities such as Power Control (PCan#iOver (HO), Admission Control (AC),
Congestion and Load Control and Link Adaptation Li#elongs to RRM.

At first, the scheduling issue was addressed duhegFifties, when American industries decided to
use the expertise they gained on operational resdar military issues, and applied scheduling with
the aim of optimizing industrial logistics. Fromathpoint in time on, many applications have been
identified ranging from industry [6], [7], to comimu science [8], [9], from electronics [10] to
telecommunications. Due to this versatility of apgtion, generally speaking scheduling could be
defined aghe assignment of a limited set of resources ansawgral activities on the temporal axis
according to their deadlinesScheduling algorithms are, in general: time-c@iiseéd, dependent on
the maximum capacity and subject to optimizatidteda based on queue length, balanced resource
sharing, delivery delay and resource assignmertt déwrefore, it could be interesting to identify
when a scheduling algorithm can be definedptimum However, even though it has been proved
that in computer science Earliest Deadline FirfdREis the optimum scheduling strategy for CPU
(Central Processing Unit) without energy constsaimid in the presence of delay-constrained wired
networks [8], [9], the identification of optimumiseduling strategies for wireless systems is still a
open issue.

Many definitions for scheduling in wireless systdmase been provided over the last fifteen years. Fo
example, in books related to 3G systems, defirgtismch as “the packet scheduling function shares
the available air interface capacity between paclsgrs. The packet scheduler can decide the
allocated bit rates and the length of the allocgtiaccording to [11], or, “the main task of the PS
(note: Packet Scheduling) is to handle all NRibieg Non Real Time) traffici.e., allocate optimum

bit rates and schedule transmission of the packed, dkeeping the required QoS in terms of
throughput and delay” [12], are provided. Tryingdgeneralize and to abstract a unique definition,
scheduling could be defined asRRM functionality performed at the Medium Accesstb (MAC)
sub-layer, whose aim is to evaluate the set of mess available and distribute them among
competing flows according to their priority in orde guarantee the QoS negotiated by flow and
network where a flow can be defined as one of the possieral parallel data streams supported by
a certain user.

Since in the abovementioned definition the ternsérece” is introduced, it would be worth trying to
specify what a resource is in the peculiar contéswireless systems, especially considering that a
NEWCOM++_WPR.8 CNIT_001_001_EXT_Deliverable
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plethora of them €.g, mobile telephony, mobile data access, portablanconications, etc.) are
offered to the end user and possibly coexist. Haneproviding a general definition ofrddio
resourcé is quite hard, since scheduling definition is givregardless of the type of system over
which it is performed (in fact, as shown previouslyapplies to several disciplines). Thus, this
definition could be applied to any kind of wirelegsstem and, hence, to any kind of air interfane. |
order to generalize this concept to any wirelessesy, a Radio Resource (RR) could be defindtes
signal format necessary to define how a certain @amof data can be transmitted over the wireless
medium According to this definition, a specific RR isllfu identified by a set of different
“dimensions” which vary from air interface to anterface. For example, in a Time Division Multiple
Access (TDMA) system, an RR is identified by ak flollowing dimensions: the time slot over which
transmission is allowed, the carrier frequency tmadrelevant bandwidth, the modulation and coding
format, the power level and the transmitting spatimension. According to the definition of Radio
Resource previously provided, a Resource Unit (B&f) be consequently defined as the minimum
amount of RR assignable or, alternatively, the RIBwéng the minimum amount of data to be
transmitted. However, since a RR (and consequenfyJ) is composed of both discreted, time
slot) and continuouse(g, power level) dimensions, it is actually impossibd define a numerable set
of resources offered by a certain system. Nevertiselsince sometimes this could be useful, it is a
common practice also to use a “reduced” definimbrresource intended as the set of only discrete
dimensions, and in particular the frequency cartiee time slot, and the coding sequence in case of
Code Division Multiple Access (CDMA) based systemnsi the transmitting beam or antenna in case
of Space Division Multiple Access (SDMA). In sucitusation, it is indeed possible to compute the
maximum number of resources offered by the systgfinable as the maximum capacity of the
system. According to this definition, the problefrsoheduling is about the distribution of orthogona
resources among competing users, where the orthbgomplies that each resource can be allocated
to at most one user. From now on, the term Radiso®ee will be used both in its fully
comprehensive sense and in the reduced one acgdodihe context.

Having defined the Radio Resource, it is now pdssib introduce the concept of Adaptive Radio
Resource Assignment, dhe allocation of a specific set of Radio Resourteesa certain flow
according to the contingent state of the syst&his definition has two main implications: fingtl
when performing RR assignment the air interfacecttire of the system under investigation is known
and considered in the process, since it definespleeific format of RRs; secondly, the adaptiveness
of the process can be related to one or severa-varying characteristics of the system, such as
wireless channel, the state of the queues, the euwibusers, QoS requirements, the state of some
layers in the protocol stack, et cetera. In therditure, the terms “scheduling” and “resource
assignment” are often used as synonyms, or integdably without a real (or at least clear)
distinction. However, according to the definitigmevided, it is evident that while scheduling ingsli
resource assignment, the contrary does not holidclrthe temporal axis and the multiuser dimension
are not present in the second, where only instaoia conditions related to a single user are
considered. Only a few works in the literature fale this distinction, whose potential is high for
future wireless systems, as discussed below.

Over the last fifteen years, wireless systems l@oeme more and more complex; consequently, also
scheduling complexity has increased. So, some warkthe literature [13] — [15] presented a
functional split of the whole scheduling processan be imagined that the identification of thmaf$
selected for transmission and of the relevant RRbe allocated, could be performed in different
stages, in order to reduce the complexity. Accaydim this definition, it could be noticed that the
module responsible for radio resource assignmemnildilobviously be aware of the air interface, since
the knowledge of the particular set of resourcesqg(fencies, slots, codes, maximum power allowed,
modulation and coding format, etc.) offered to #wstem and, possibly, of the channel quality
perceived by the users, is needed. On the contite@yscheduling module could be even air interface
unaware, since the decision of the particular flonbe served could depend much more on some
application-side information such as the statehefliuffers or some application requirements. Ihsuc
a scenario, the knowledge of the air interfacecsiine and of channel dynamicity at the resource
assignment module, and of application parametettseagcheduler, allow the real implementation of a
cross-layer approach, which is emerging as a hpictabout scheduling for a valuable QoS
NEWCOM++_WPR.8 CNIT_001_001_EXT_Deliverable
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management. For instance, in [16] the authors ptessource allocation as a cross-layer designdbase
on an optimization of MAC layer parameters withaamgurate model of the PHY layer.

The aim of WPR.8 over the NoE life will be the igitation of research between partners on the design
of radio resource assignment and scheduling teaksighrough the application of new design
paradigms, possibly implementing a cross-layer @ggr, and considering both centralized and
distributed systems. The innovative contributionttis WorkPackage is particularly in the fact that
the focus of the activities will be not only on tigentification of new algorithms, but also (and
especially) on the methods to be used in algoritlesign. Moreover, efforts will be devoted to the
application of scheduling to emerging architectusesh as distributed systems, cognitive radio
networks, heterogeneous networks, and possiblyankteoding.

To this aim, the WP is organized in the followilgee Tasks: TR8.1 — Scheduling Techniques for
Multi-Carrier and Space Division Systeim$TR8.2 — Scheduling Techniques for Self-Organisind) a
Distributed Networks “TR8.3 — Scheduling Techniques for Heterogeneouwddet, where the
definition of scheduling and adaptive radio reseuassignment (from now on, denoted also as radio
resource allocation) provided in this Section Ve applied and adapted according to the different
scenarios under consideration. Since emerging @gsetystems seem to be Multi-Carrier (MC) and/or
SDMA based, it is of primary concern to design tese assignment algorithms suited to such kind of
complex air interfaces, and this topic will be asked by TR8.1. Even though usually scheduling is
addressed in cellular systems, where a centraliréidtakes decision according to the information
collected about each flow, in TR8.2 the scenardressed will be composed of nodes organized in an
infrastructure-less fashion (such as mesh, ad hdcansor/actuator networks), where the main issue
is the selection of nodes allowed to transmit anel televant resources without the help of a
centralized “omniscient” controller and, hence, what each node only partial information about the
rest of the network is available. Finally, anotireportant issue is the coexistence of several Byste
simultaneously available to a given user, whereoitld be beneficial for the user to exploit the
diversity and the larger capacity offered by thdtiple air interfaces available; so, in this cake t
main issue will be the identification of common gaeters to be used over different kinds of air
interface and the definition of suitable metricsperform scheduling, which will be addressed in
TR8.3.

In order to meet the expectations set over the Nefime, mid-term objectives are defined. In
particular, the aims of this deliverable will betfollowing: first of all, the introduction of a oumon
language between partners, through the discussidridantification of definitions to be agreed irth
WP. Then, analyses of the State of the Art (SoA3abfeduling in the literature will be provided. 3hi
will be also used to make a classification of thalg®rithms according to the approach implemented
(e.g, fairness-oriented, throughput-based, centralidetibuted, game-theory based, etc.), in order to
identify what should be saved in design methodsitoire scheduling strategies. Then, for each Task a
set of Joint Research Activities (JRAS) are defiaed described, according to the declarations of
interest provided by the partners during the finrgtnths of NEWCOM++. The identification of the
relevant target scenarios to be investigated im €&A and the relevant types of contribution and
outcomes expected will be provided.

As a general objective of each JRA, it is expettedevelop methods to design algorithms according
to theoretical approaches. In fact, generally napgiroaches considered in the literature are heurist
methods used to define new scheduling functionsgreds only a few works consider analytic
frameworks (typically according to game theory ptimization methods based on utility functions),
as it will be shown in the following. Moreover, eft scheduling algorithms are claimed to be
“optimum” or “robust” [17] — [21], when it is notlearly defined what should be the characteristics
and performance of a scheduling algorithm (maxingztapacity? Guaranteeing fairness? Finding the
best trade-off between both?). Since it is diffictd compare different algorithms which are
implemented in different contexts and with diffearapplication types, it is reasonable to defingear
scenarios; in fact, it would be too ambitious (dt nnfeasible) to define “the” optimum scheduling
algorithm applicable to any kind of system. Howeviershould be a goal of this WP to define a
general framework to evaluate the performance bdfdaling algorithms for the specific target
NEWCOM++_WPR.8 CNIT_001_001_EXT_Deliverable
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scenarios and applications identified in this WE.,(how to jointly consider aggregated throughput
and fairness? Which metrics should be used depgmdirdifferent applications?).

The JRAs identified in this WP will be performed the following partners: CNIT, NKUA/IASA,
CNRS, UPC, CTTC, LNT-TUM, UCL. They are expectecctmtribute to all activities related to the
NoE, such as at least one JRA, writing delivergbkssending joint meetings, proposing and
organizing joint workshops and special sessiongadnferences, organizing summer and winter
schools, contributing to NEWCOM++ Vision Book, jdinediting special issues.

Finally, interactions with other WPs of the NoE desirable and will be fostered by the participatio
of some partners to several WPs. Natural interactitl be carried out with WPR.9Jbint RRM and
Flexible Use of Radio SpectrinWPR.10 ‘Network Theoryand WPR.11 Opportunistic NetworKs
since all these three WPs belong to the Networlst€iu Moreover, it is also expected cooperation
with WPR.2 ‘Feedback and Resolution of the Channel Staed WPR.5‘Coding for Multi-Hop
Wireless Networks”which could provide useful inputs to WPR.8 atis.

NEWCOM++_ WPR.8_CNIT_001_001_EXT_Deliverable
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2. STATE OF THE ART ON SCHEDULING AND ADAPTIVE RADIO RESOURCE ASSIGNMENT
FOR WIRELESS NETWORKS

In this Section an overview of the main schedulieghniques published in the literature will be
provided. Clearly there is no pretension of comgriess, since over the last fifteen years hundreds o
papers have been published on this topic. Tryifgntba way to group them is not easy, since mést o
them are designed according to different heuristieer to different systems.€., air interfaces),
support different applications, implement differesgpproaches, use different evaluation metrics.
However, since many algorithms are heuristic adepts or simplifications of a few commonly
agreed approaches.g, optimization problem or game theory), in this {Bectthese basic approaches
will be identified and described. Moreover, it adblde noticed that the State of the Art (SoA) relate
to multi-carrier based systems is larger than thieksted to distributed and heterogeneous networks.
This should be expected since, as it will be diediflater, the literature on multi-carrier systeins
more mature, whereas those about distributed atetdgeneous networks are still in an embryonic
stage [16]. However, since one of the objectivethisf deliverable is to provide a classificationtloé
different algorithms according to the aim they pmrse.g, throughput maximization, fairness
guarantee, etc.) or the approach implemergag, cross-layer, heuristic or theoretical, etc.) idey to
identify proper design tools and methods for schiedun future wireless systems, as a preliminary
step, a detailed survey of scheduling algorithneted to the specific Tasks addressed in this WP wi
be provided.

2.1 SoA - General Overview

The convergence between mobile and data accessétitgased services posed specific challenges to
wireless networks designers about how to expladt slket of resources available as efficiently as
possible. In fact, since the only application supgub was voice, RRM was not crucial until 2G,
whereas network planning had a fundamental rolesTthe conventional approach used wdisitie

and conquérbased, with the following meaning:

— in the divide phase, network resource planning was applied @&gnfent the network area into
smaller zones isolated from each other from artrelsagnetic point of view. In cellular systems,
the cluster concept was introduced, defined asséteof cells over which the whole resource
budget is used, and for a given cluster a certaiiorresource could be used only once. In ad-hoc
networks, isolation of transmit-receive pairs freach other was performed by means of carrier
sensing based MAC protocols;

— in theconquerphasethe loss of link efficiency due to interference &given cell (or for a local
transmit-receive pair in ad-hoc networks) was camspéed via the introduction of specific
techniques such as efficient Forward Error Coroect{FEC) coding, fast link adaptation
protocols, multiple-antenna transceivers [22] dmainmel aware scheduling strategies [23].

However, the need for high spectral efficiency sgdtem designers towards an aggressive spectral
reuse, giving an increased interference in the orktin spite of power control and dynamic resource
allocation. Moreover, multi-cell resource planniagd power control were traditionally designed to
reach an SINR target simultaneously for all inténfg terminals, aiming at allowing users to operate
under a common minimum Carrier-to-Interference llg¥@/1), defined according to the receiver’'s
sensitivity or a preset operating poatt the user terminals (access points). TBISIR balancing
approach ensured the worst-case outage probatddgssary for connection-oriented voice calls [24]
— [26].

Nowadays, the concept of a specific operating psifitecoming less relevant and network planning
phase has no sense without RRM, since modern niedwane supposed to support and manage
different QoS requirements in the presence of mixaffic composed of possibly Real Time (RT) and
Non-Real Time (NRT) applications. This should baeltaking into account the intrinsic time-variant
and frequency-selective nature of the wireless mwakarwhich results in highly bursty errors, time-
varying capacity and different throughput and delalpes experienced by each user within the system
according to the currently perceived channel guafibr these reasons, it is clear that, while Hirify

NEWCOM++_ WPR.8_CNIT_001_001_EXT_Deliverable
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QoS requirements, scheduling should also maximizggem usage and, thus, the aggregated
throughput, while trying to guarantee some fairnassong differently located users. Moreover,
current systems typically feature Adaptive Modwatiand Coding (AMC) schemes, aiming at
maximizing thesum network capacitydefined as the sum of simultaneous transmit-vecéink
capacities, which appears as a meaningful mettie o the issues abovementioned, the limitation of
the divide and conquer approach applied to netwade performance optimization is clear.

So the first idea explored by researchers dealiith wireless scheduling was the exploitation of
channel variability through the so called “opporstiic scheduling” [27]. The aim of such algorithe i
the maximization of system throughput by servingagis the user(s) with the best channel conditions,
realizing the so called multiuser diversity [2Bg., the independence of random channel fluctuations
experienced by each user in the system. Howevisryiorth noting that this gain can be realizedyonl
if link adaptation techniques are available to taleantage of the improvement in channel conditions
This technique has the advantage of maximizinguginput and spectral efficiency, which is crucial in
wireless systems due to spectrum scarcity, buastdn important drawback in its unfairness, since
users affected by poor channel conditions may stéowlong time. Currently, some works [21] have
been carried out in order to incorporate QoS cairgs into opportunistic schedulers; thus, tradiffg
multiuser diversity and user satisfaction.

In order to provide fairness among users, in [R9as shown that it can be at least partially mesto

by modifying the scheduling criteria in one of selepossible manners. Moreover, many new
algorithms were proposed, which can be groupedtmtocategories. The main algorithms in the first
category which could be recognized are: the Prapat Fair (PF) scheduling [30] — [32], whose aim
is maximizing throughput provided that long-ternirriass is guaranteed; strategies like Max — Min
Fairness, Weighted Max — Min Fairness, Purely Rgheduling, Wireless Adapted Fair (WAF)
scheduling, could be considered as enhanced versioAF scheduling. The second category is based
on the concept ofeading andlagging flows, wherelead is defined as the amount of service that a
flow, having experienced good channel quality utité current instant, should release in favour of
“unlucky” users, wheredsg is the amount of service a flow should receive tuthe fact that it has
experienced bad channel quality until the currastant. Obviously, a flow could be either leadimg o
lagging, not both simultaneously. The main stragdbased on this approach are the following:
Wireless Fair Service (WFS) [33], Idealized Wirelézir Queuing (IWFQ) [34], Channel condition
Independent Fair Queuing (CIF — Q) [35], ServerdglaBairness Approach (SBFA) [36]. However,
also these strategies suffer from some importamtdtions: in particular, they do not support short
term fairness since transmission is always suljetdegood channel conditions, they are based on
very simplified channel quality evaluations suchoady “good and “bad’, leading users may be
affected by ungraceful service degradation siney ttean be excluded from transmission for long
time, which is critical in case RT applications slibbe supported.

The two large categories presented above, whickdaaspectively be defined agotalitarian” and
“egalitarian’ as well identified in [37], were initially applieto TDMA air interfaces and in the
presence of simplified traffic models such as lnsffelways full, no delay requirements, no service
differentiation, et cetera. Moreover they consideigeal channel knowledge, which is an unrealistic
assumption due to the channel random behaviour amdd lead to bad performance when
implemented in real systems. So, a step furtherpgai®rmed in order to consider the incompleteness
of channel knowledge. For example, in [38] — [4@ing probabilistic models where used to introduce
and manage channel variability, even though moshein are based on Markov chains, which were
proven to be not satisfactory for channel model[4#d.

2.1.1 The Advent of Multi-Carrier Based Systems

More recently, service differentiation in advanaammunication systems has been identified as a
relevant issue to be addressed. So, different roomeplex statistics were introduced to take into
account the different behaviour of multimedia ti@8ources [39], [42], [43], and more complex air
interfaces, which could be multi-carrier and polgsMultiple Input Multiple Output (MIMO) based
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[13], [15], [44], [45], were considered. In partiay Orthogonal Frequency Division Multiple Access
(OFDMA) has been indicated as the candidate adeebsiology for future wireless systems such as
WIMAX [46] and UMTS LTE [47], due to some interewji properties such as wideband
communications, flexibility in allocation and suptable bit rates, robustness against interferende a
frequency selective fading, high spectral efficienease of implementation [48] and, especially for
scheduling, multiuser diversity.e., the capacity of exploiting the channel fluctuaScobserved by
more than one user in the allocation process. Dubd relevance of such kind of systems, an entire
Task of this WP is devoted to the study of methtmslesign algorithms for this kind of systems.
Moreover, cross-layer implementation of scheduflungctionality is raising more and more interest,
since the exploitation of information coming alsorm non adjacent layers of the protocol staek(

the application layer) could be beneficial wheresghg which user should be allowed to transmit
[13], [43], [44].

There are a number of different ways to take acgmiof multiuser diversity in OFDMA systems.
The idea is to develop algorithms to determine Whisers to schedule, how to allocate subcarriers to
them, and how to determine the appropriate powaideor each user on each subcarrier. Referring to
a downlink OFDMA system, usually users estimate f@edback the Channel State Information (CSI)
to their base station, where subcarrier and poWlecadion is determined according to users’ CSl and
the resource allocation procedure. Once the subcaifor each user have been determined, the base
station must inform each user about the resulhefallocation process. This subcarrier mapping must
be broadcast to all users whenever the resour@eatitbn changes. Typically, resource allocationtmus
be performed with timing on the order of the charouherence time, although it may be performed
more frequently if there are many users competimigrésources. Resource allocation is usually
formulated as a constrained optimization probleneither:

— minimize the total transmit power with a constraintthe user data rate [49], [50];

— maximize the total data rate with a constraintaialttransmit power [51] — [54];

where the first objective is appropriate for fixede applicationse(g, voice), while the second is
more appropriate for bursty applications like datd other Internet Protocol (IP) based services.

As a first comment on scheduling techniques pubtisin the literature, it can be noticed that mdst o
the works are based on heuristic methods: each workoses algorithms designed according to
reasonable considerations trying to take into actas many characteristics as possible. Only a few
papers try to use theoretical frameworks for thignden of scheduling techniques, mainly because
they are too complex to be handled in a few mitiisels, as it will be clarified in the Section
dedicated to scheduling in MC-based systems. Is ¢ase, the most used strategies are based on
optimization through utility functions [39], [55]56], and tools borrowed by economics, such as game
theory [57], [58], and auction based algorithmsg] [$80].

2.1.2  From Single-Cell to Multi-Cell Scenario: Corglled and Distributed Approach

All the strategies abovementioned were designdaktonplemented as a centralized functionality to
be performed at the Base Station Controller (B®Q@G systems and in the Radio Network Controller
(RNC) in 3G systems, or at the base station. Smyméthe scheduling algorithms published in the
literature implement aentralizedapproach. Due to the implementation in more resgatems such
as High Speed Packet Access (HSPA) and LTE of $akeduling (in the order of very few
milliseconds) and LA, scheduling function has besoved in Node-B directly. However, while the
centralized approach is optimal from the singlé-peint of view, since some kind of “god” aware of
everything happening inside his cell can take decis the best possible way, this could be nog tru
in a multi-cell environment. In fact, if every cdlikes decision autonomously, it is possible that
problems with intercell interference rise. In thiase, it could be beneficial to implement a
coordinated approach among the different Node-B, in order &fgm a joint optimization of
resources in all cells simultaneously, thus keepinder control interference in the network. This
could be achieved through the introduction of atreércontrol unit able to gather information from
and coordinate several cells. Such a joint multivesource allocation offers an enormous number of
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degrees of freedom governed by the number of deties the number of users, times the number of
possible scheduling slots, codes, power leveletera [61].

Obviously, the potential in coordinated resourdecaltion across cells also results in several malct
issues such as slot level synchronization for largevork areas, which can be partly alleviated by
clustering the optimization, and joint processifigraffic and channel quality parameters fed bagk b
all network nodes to a central control unit, legdio request of high computational power and huge
signalling overhead. Even though global networkrdowtion is hard to realize in practice, some
recently published and promising methods showed kome multi-cell coordination gain may be
realized with limited complexity and/or limited deslized control [62] — [68]. In particular, three
leading and independent strategies may be idetifie the literature toward making multi-cell
resource coordination more practical, and they éldescribed in the following.

Since one of the major difficulties related to nféeence avoidance is the lack of predictability of
interference coming from other links due to theskiness of the traffic and the temporal channel
variability, structuringcould be a good approach to be enforced on tlweires planning grid to make
interference more predictable. In [62] and [63paaticular power shaping of the time frame in the
joint user scheduling and power allocation probleas exploited: the Access Point (AP) transmits
with different powers in different portions of tfimme, and users are allotted slots according€o th
amount of interference they can tolerate givenrtbkannel conditions. Analogously, in [64] Time-
Slot Resource Partitioning is proposed, accordmgvhich power shaping over the cell sectors is
implemented by turning off sector beams accordm@ tdetermined sequence. In another approach,
structure may be enforced by fixing the order inchhtime/frequency slots are being filled up with
user packets. For underloaded systems, a predicéalelrage portion of the slots remain unused and
the location of such slots on the multi-cell regmugrid can be optimized to reduce interference for
selected users [65]. As shown in [66], the spagimition of users in the cell can also be used to
coordinate intercell transmissions to avoid exe@ssnterference. Such clever resource planning
schemes are interesting, since they offer addititheebility in mitigating interference with verjow
complexity and little need for signalling, but thaye not fully exploiting the degrees of freedom
provided by the joint multi-cell resource allocatiproblem, as the imposed structure tends to reduce
the dimensions offered in the optimization.

Since certain quantities in the resource allocgpimblem may be continuous, a potentially interggti
tool consists ofliscretizationof the optimization space, to reduce the numbgpaséntial solutions
and also to reduce the feedback rate needed to univate overhead data between nodes. For
instance, when the spatial dimension is used, sattia discretization of the optimal beamforming
weights through the use of vector precoding has Ipeeposed mostly for the single cell scenario for
the purpose of feedback reduction as in [67]. éndase of beamforming weights, discretization @n b
applied posterior to beamforming weight computatiorthe case of power control, discretization can
be carried out prior to optimization, to simplifiget power level search procedure. Remarkably, the
discretization of power control, even to its exteeof binary on/off control, can be shown to yield
quasi-optimal results in a number of cases [68].

Due to the non-convexity of many of the multi-oglsource optimization problems, finding globally
optimal solutions is difficult and an analyticalrfioulation of the solution is often infeasible. Wil
greedy searchiechniques have been popularized over the lastyfeavs in the area of resource
allocation in multiuser SDMA [69] — [71], and OFDMscheduling [72], [73], their application to
multi-cell resource allocation seems to have drattention only recently. In this case it operatgs b
optimizing on a cell by cell basis, sequentiallystjas individual users are optimized sequentially
the single cell scenario. At each cell visited, tlesource is optimized based on local channel
conditions and newly updated interference conditioriginating from the other cells [74], [75]. Such
techniques may also be applied initamative manner by revisiting a sequence of cells seversg
until capacity convergence is reached.
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Another important issue is the coordination of tese allocation over different coexisting air
interfaces, considering the implementation of Comnfadio Resource Management (CRRM)
strategies. In fact, a plethora of wireless syst&snsow offered to users, and possible cooperation
among them will lead to the so callednking gain[76]. In the literature different approaches were
proposed, ranging from loose coupling, accordingvtich a common authentication mechanism
among different air interfaces is allowed, to véight coupling, according to which one of the air
interfaces is seen actually as part of the othéwark [77], [78]. It is clear that a very strong
interaction is required for joint allocation peniwed over different air interfaces. Although the
problem has been under investigation for some yalaesdy, it is still far away from being solved,
and before designing appropriate scheduling stiegegcross multiple air interfaces, it is still
necessary to study and identify good Vertical HaedqVHO) techniques, which are a fundamental
preliminary step.

At first sight, joint multi-cell resource allocatioand scheduling do not lend themselves easily to
distributed optimization, because of the strong coupling betwthe locally allocated resources and
the interference created elsewhere in the netwddnce the maximization of cell capacities taken
individually will not in general result in the besterall network capacity. Nevertheless, over dst |
years, beside the classical cellular systems, sother paradigms are emerging, such as ad hoc
networks and cognitive radio. In such kinds of ratwit is difficult to imagine some coordination,
since it requires the definition of a control uriitoreover, they are composed of nodes which can
appear and disappear also frequently. In thistsitua distributed approach is mandatory. In Figure
and Figure 2 the difference between a controlleadistributed architecture in multi-cell scenasio
reported. It can be noticed that in a controllegrapch, there is a dedicated unit which collects
information from each cell, and uses them to takeision about allocation in each cell under its
control, thus also managing interference in thevaeX; whereas in case of distributed approach, each
cell takes decision autonomously about allocatibns, some interference may occur, as emphasized

in Figure 2.

A A A

Figure 1: Controlled Approach in Multi-Cell Scenario
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Figure 2: Distributed Approach in Multi-Cell Scenario

Despite the fact that the ad hoc network concepbtsnew, the design of scheduling algorithms for
this kind of networks has been emerging only rdgestnce traditionally Carrier Sensing Multiple
Access (CSMA) based strategies were implementechuse ad hoc networks are characterized as
peer-to-peer, and channel access should happedistrisuted way. This poses new challenges, such
as the partial knowledge of the rest of the netwadrkach node and, in extreme situations, thelyotal
blind allocation process. The problem shows sucloraplexity that it is still difficult to find in ta
literature some works dealing with scheduling inhet networks [79] — [81]. However, due to the
always increasing demand of multimedia applicatidghis hard that CSMA can cope with complex
QoS management.

Among the very few works about scheduling overritisted systems, an approach relies on the idea
that interference behaviour can be made more pgedlecby making the network larger or denser and,
consequently, the resource allocation problem givan cell is made more dependent on the local
channel conditions in that cell, thus facilitatimstributed optimization [82]. Moreover, some
interesting asymptotic results dealing with theecasere the number of users per cell is sufficientl
large can be mentioned. Indeed in this case, ibeashown that although the complexity of multitcel
scheduling and resource allocation seems to gr@erentially large, under the effect of sum capacity
maximizing scheduling, intercell interference temols/anish, making distributed resource allocation
much simpler than in the small number of users ¢88f However, while cellular systems already
show a wide literature about scheduling, the paknt scheduling over distributed networks islstil
largely unexplored, and for this reason the statbeart about scheduling over distributed netwierk
still in a very preliminary phase.

2.1.3 A New Emerging Paradigm: Cognitive Radio

Cognitive radio deserves special attention, sibhég & new paradigm in wireless communications to
enhance utilization of the limited spectrum reseuit is defined as a radio able to utilize avdédab
side information and to change its transmitter peters based on the interactions with the
surrounding environment where it operates, in otdegfficiently use the radio spectrum. The basic
idea is that a cognitive radio is able to propesgnse the spectrum conditions and, to increase
efficiency in spectrum utilization, it seeks to enidy, overlay or interweave its signals with thoge
the primary, licensed users, without impactingrthr@insmission [84].

In cognitive radio networks, a hierarchical modeldefined where Primary Users (PUs) are entities
characterized by a higher priority in a given freqay band€.g, cell phones, TV stations, emergency
service, etc.) than secondary users (SUs). PUsaireognitive radio aware, that is, they are nd¢ ab
to facilitate signalling information to SUs to alldhe access in their frequencies. On the othed,han
Secondary Users (SUs) are characterized by cognitidio capabilities, that is, in order to access
certain frequencies, a SU has to continually monttee radio spectrum to identify spectrum
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opportunities, to reliably detect the presence bfs,Pand to evaluate the interference the SUs
transmitter may cause on the PUs receivers. Thisass is known agpectrum sensing

Different architectures, both centralized and de&edimed, have been proposed in literature for
cognitive radio networks. IEEE 802.22 is the fingtrldwide standard based on the cognitive radio
technology [85], [86]. In this context a centratizarchitecture is proposed where a base station
manages its own cell and all the associated ugersther example of centralized architecture is
DIMSUMnet [87], where a centralized network levebkering mechanism is implemented. In [88], a
centralized spectrum pooling architecture is predosased on Orthogonal Frequency Division
Multiplexing (OFDM). On the other hand, since theitability of channels changes over time and
space according to the presence of PUs and SUspdisd control plans in an ad hoc fashion have
also been proposed to reduce signalling and imfretstre costs of the secondary network. For
example, CORVUS [89] is based on local spectrunsisgh where PU detection and spectrum
allocation are performed based on the coordinateldcallaborative operation of SUs. Additionally,
the Nautilus project proposes a distributed, st¢alaind efficient coordination framework for open
spectrum ad hoc networks, which accounts for spectheterogeneity while not relying on the
existence of a pre-defined common channel for cbmtaffic [90]. So, it is clear that in such kind
network, distributed approach is more natural imesiuling implementation.

Spectrum scheduling is a rather important but almmogxplored issue in cognitive radio networks,
since it is in charge of properly managing the sagfiectrum and scheduling SUs in available primary
frequency channels based on the results collectedgithe spectrum sensing. The main objectives of
spectrum scheduling are:

— guarantee effectiveness in the secondary usageeofram;

— not cause harmful interference on the PUs recetheosigh SUs’ communications;

— meet, as much as possible, the SUs communicatgpusrements;

to this end, the information collected during tpectrum sensing operation is analyzed, the availabl
spectrum bands are characterizepgettrum analysjsand the best available channel is selected for
transmission by SUsspectrum decisign Additionally, if a PU is detected and if the $8Jcausing
harmful interference to it, the frequency chanred to be quickly vacated initiating the procesthef

so calledspectrum handofP1].

With respect to self-organized networks, it is Womentioning that band and channel scheduling
approaches have also been proposed for Wireless Metsvorks (WMN) [92]. In particular, in [92],
besides a novel spectrum sensing method that alidevgifying primary user frequencies without
additional transceivers and changing the de faEteEl 802.11 standard for WMNSs, an analytical
model to estimate the interference caused in angp@nt, due to a cluster operation is presented,
which is used to decide channel and band allocsition

2.1.4 Interaction with Other Functionalities: the étentialities of Network Coding

The interaction of scheduling with other functiaties could be fundamental to achieve better system
performance. It was already said that joint schiedgudnd LA can fully exploit multiuser diversity,
and that joint VHO and scheduling is necessary dooperation among different air interfaces.
However, it should be also mentioned that anotbacept has been emerging over the very last years
as a hot topic in multicast system, whicmétwork codingWhile the literature on network coding is
now quite extensive as shown in the long referdisten [93], works that explicitly considers mediu
access issues and that attempts to find optimaliumedccess policies, which may be random or
deterministic, are relatively rare. In particultre medium access approaches considered fallhrte t
categories, all introduced before network codingetethministic time- or frequency-division,
deterministic code-division, and random time- eqirency-division.

In deterministic time- or frequency-division, noda® assigned with time slots or frequency slots
according to a deterministic schedule that aims atmid simultaneous transmissions from
neighbouring nodes in the same time or frequermy[84]. Finding optimal solutions to this problem
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has been shown to be NP-complete (Non-determirffstignomial-time complete), so the emphasis is
on finding good heuristics. These heuristic sohdiggenerally attempt to find optimal ways of
scheduling among a subset of the valid transmisagsignments, which are chosen to gedd
according to some criteriore.g, each element of the subset is maximal in theesémst no more
nodes can be assigned to transmit without caugitigions). In the network coding literature, this
approach is taken in [95] — [97].

In deterministic code-division, nodes are assigpeder levels at which to transmit for given time
intervals. It is then assumed that, presumablyutinahe use of CDMA, nodes can communicate with
each other at a rate that is a function of theMRSI Provided that this rate function is concaveés th
approach generally leads to a tractable convexnigdition problem. The approach is discussed, with
consideration given to network coding, in [98], whea distributed algorithm for performing the
relevant optimization is proposed.

In random time- or frequency- division, nodes traitsaccording to an assigned probabilistic rule,
which may simply determine whether a node is onas transmitting in a given slot, or may also
determine transmission power. Finding these prdisébi rules is often easier than finding
deterministic assignments, and probabilistic ralesoften easier to implement since less coordinati
is required among nodes. Moreover, such random uneaiccess is well-suited to network coding,
because network coding naturally provides robustragminst collisions, and does not require the
overhead of per-hop acknowledgments. Random medg®ss, in conjunction with network coding,
is discussed briefly in [99] in the context of mpie example.

Finally, SDMA relaying on MIMO techniques could albe applied to network coding in order to
exploit the spatial diversity inherent in packeintmning. This is possible because network codirdy an
MIMO solve similar problems, namely to decode atorof transmitted symbols given a vector or
received samples. The aim would be to make thessystore robust than traditional network coding
to fading and packet losses.

As noted, none of these medium access approacbesear, moreover, the introduction of network
coding does not fundamentally change any of theawé¥er, network coding changes the link rates
that are demanded to a medium access strategth@ah no fundamental changes are required, the
strategy must be optimized with network coding imanbecause link-rate demands under network
coding differ substantially from those under tramfial routing. Qualitatively, network coding preser
the broadcasting of a packet to several neighbmatrer than transmission to a single neighbour,
whereas traditional routing is almost neutral tig,tnd copes better with unreliability than treofigl
routing. Therefore, if the medium access problemniieless networks is approached without explicit
consideration of network coding, then a good sotufior the overall coded network is unlikely to
result.

In the next subsections, the abovementioned tapiltbe deeper investigated taking into account the
organization of this WP. In particular, since edelsk is devoted to the study of scheduling algor#h
and methods related to a specific area, the asaljiibe conducted in a separate way for each .Task

2.2 SOA related to Task 1: Scheduling Techniques rfdMulti-Carrier and Space Division
Systems

Over the last years many works were published abchutduling in multi-carrier based systems. This
happened because of the very interesting charstitsrof this kind of air interface. Moreover, st

is typically implemented over cellular based wisslesystems, many of the algorithms published are
extensions of strategies designed for TDMA basestksys.
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2.2.1 Maximum Sum Rate Algorithm

The objective of the Maximum Sum Rate (MSR) aldomntis to maximize the sum rate of all users,
given a total transmit power constraint [53]. Taigorithm is optimal if the goal is to get as mulgta

as possible through the system. The drawback dfftBR algorithm is that it is likely that a few user
that are close to the base station, having exdatlemnels, will be allocated all the system resesir
The SINR for usek in subcarriet can be expressed as:

SINR, = sl 1)

ii.pN%’
L N

| il sc
j#k

wherePy, denotes the transmitted power of thé subcarrier to théth user,Ly, is the related path
loss, N is the noise power over the whole frequency badthvBW) andNg is the total number of
subcarriers. Based on the Shannon capacity forrthddyISR algorithm maximizes the quantity:
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max{ ZN—(1+ SINR{',)} subjectto). Y R, <P )
k=1 I=1 sc 1 1=1

K=
The sum capacity is maximized if the total throughipm each subcarrier is maximized. Hence, the

max sum capacity optimization problem can be delsmlipto Ns. simpler problems, one for each
subcarrier. Further, the sum capacity in subcarr@enoted a€;, can be written as:

R
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where the differencBnax— P, denotes other users’ interference to k&iersubcarriet. It is easy to
show thatC, is maximized when all available powr.x is assigned to just the single user with the
largest channel gain in subcarriemhis result agrees with intuition: give each aterio the user with
the best gain in that channel. This is sometimésrnet to as a “greedy” optimization. The optimal
power allocation proceeds by the waterfilling algon, and the total sum capacity is readily
determined by adding up the rate on each subcarrier

2.2.2  Minimum Transmit Power

Another possible approach is to assign resourcsthve goal of minimizing the overall transmitted
power in the system under different rate constsaiot each user [100], [101]. This approach can be
easily formulated as a Linear Programming (LP),eaurithe assumption that the perceived SINR for
each user is known when performing allocation. As the Maximum Sum Rate algorithm, the
feasibility of this approach depends on the acgumacthe SINR measurements, and it is hardly
feasible in fast fading environments.

2.2.3 Maximum Fairness Algorithm

Although the total throughput is maximized by th&Rlalgorithm, in a cellular system like WiMAX,
where the path loss attenuation will vary by selverders of magnitude between users, some users
will be extremely underserved by an MSR-based adivegl procedure. At the opposite extreme, the
maximum fairness algorithm [102] aims at allocatgudcarriers and power in such a way that the
minimumuser’s data rate is maximized. This essentiallyespronds to equalizing the data rates of all
users, hence the name “Maximum Fairness”. The Maxirfairness algorithm can be referred to as a
Max-Min problem, since the goal is to maximize the minimdeta rate. The optimum subcarrier and
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power allocation is considerably more difficult tietermine than in the MSR case because the
objective function is not concave and, in particuiiais a NP-hard problem to simultaneously fihe t
optimum subcarrier and power allocation. Therefdosy-complexity suboptimal algorithms are
necessary, where subcarrier and power allocat@@ne separately.

A common approach is to assume initially that equaater is allocated to each subcarrier, and then to
iteratively assign each available subcarrier toldlerate user with the best channel on it [L0203].
Once this generally suboptimal subcarrier allocatie completed, an optimum power allocation
according to waterfilling can be performed. Itypital for this suboptimal approximation to be very
close to the performance obtained with an exhagistwarch for the best joint subcarrier-power
allocation, both in terms of fairness achieved tnal throughput.

2.2.4 Proportional Rate Constraints (PRC) Algorithm

A weakness of the Maximum Fairness algorithm ig tha rate distribution among users is not
flexible. Further, the total throughput is largéiyited by the user with the worst SINR, as mosthaf
resources are allocated to that user, which iglgleaboptimal. In a wireless broadband networls it
likely that different users require application-ciie data rates that vary substantially. A
generalization of the Maximum Fairness algorithmtlie Proportional Rate Constraints (PRC)
algorithm, whose objective is to maximize the stnoaghput, with the additional constraint that each

user’s data rate is proportional to a set of pterdeined system paramete{rﬁk}rzl.

Mathematically, the proportional data rate consteacan be expressed as:

R_R_ _R @
B B B

where theék-th user’s achieved data rate is equal to:

R
R =§ilog 14 (5)
i=1 Nsc N% ’
N

where &, is ‘1’ when the subcarrier is used by tk¢h user and ‘0’ otherwise. Clearly, this is the

same setup as the Maximum Fairness algorithf} if 1,00k . The advantage is that any arbitrary data
rate can be achieved by varying §)8 } :=1 values.

The PRC optimization problem is also generally wifficult to solve directly, since it involves dot
continuous variable | and binary variablesa,, , and the feasible set is not convex. As for the

Maximum Fairness case, a prudent approach is tara&pthe subcarrier and power allocation
procedure, and to settle for a near-optimal sukeraand power allocation that can be achieved with
manageable complexity. The near optimal approacdieiisved and outlined in [104] and [105], and a
low-complexity implementation is developed in [103]

2.2.5 Proportional Fairness (PF) Scheduling

The three algorithms discussed so far attemphdtantaneoushachieve an objective like the total
sum throughput, equal data rates amongst all userqre-set proportional rates for each user.
Alternatively, one could attempt to achieve suclecdtives over time, which provides significant
additional flexibility to scheduling algorithms. this case, in addition to throughput and fairness,
third element enters the trade-off, whichlagency In an extreme case of latency tolerance, the
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scheduler could simply wait for the user to getelto the base station before transmitting. In thet
MSR algorithm achieves both fairnemsd maximum throughput if the users are assumed to tieve
same average channels in the long term (on the afdminutes, hours, or more), and there is no
constraint with regards to latency. Since laten@®en on the order of seconds are generally
unacceptable, scheduling algorithms that balanemdg and throughput and achieve some degree of
fairness, are needed. The most popular framewarkhis type of scheduling is Proportional Fairness
scheduling [31], [32].

PF scheduler is designed to take advantage ofusaltidiversity, while maintaining comparable long-
term throughput for all users. LBY(t) denotes the instantaneous data rate thatkusen achieve at
time t, and T(t) be the average throughput for ugeup to time slott. The proportional fairness
scheduler selects the user, denotek asith the highesR(t)/Ti(t) for transmission. In the long-term,
this is equivalent to selecting the user with thghbst instantaneous rate relative to its mean Téte
average throughpui(t) for all users is then updated according to:

(1—1JTk(t)+éR((t),k: K

T (t+1) = : (6)

[1—%}Tk(t) Kz K

C

Since the Proportional Fairness scheduler seléetsuser with the largest instantaneous data rate
relative to its average throughpubad’ channels for each user are unlikely to be setec®n the
other hand, users that have been consistently seded receive scheduling priority, which promotes
fairness. Parametéy controls the latency of the systemt.lfs large, then the latency increases, with
the benefit of higher sum throughputtlis small, the latency decreases since the avehageghout
values change more quickly, at the expense of smoughput. The Proportional Fairness scheduler
has been widely adopted in packet data systemsasIEISDPA and 1xEV-DO, whetgis commonly

set between 10 and 20. One interesting properfFoscheduling is that &s — o, the sum of the

K
logs of the user data rates is maximized. Tha&Rsscheduling maximize®_log(T,) .
k=1

Although the Proportional Fairness scheduler wagrally designed for a single channel time-slotted
system, it can be adapted to an OFDMA system bgtitrg each subcarrier independently. In an
OFDMA system, due to the multiple parallel subeagiin the frequency domain, multiple users can
transmit on different subcarriers simultaneouskt R(t, n) be the supportable data rate for usér
subcarriem at time slott. Then for each subcarrier, the user with the ErBgt, n)/Ti(t) is selected
for transmission. Le@,(t) denote the set of subcarriers in which usierscheduled for transmission at
time slott. Then the average user throughput is updated as:

Tk(t+1):(1—lek(t)+i S R(tH), %

t, t, noQ, (t)
for k = 1, 2,...,K Other weighted adaptations and evolutions of éfeduling for OFDMA are also
possible.

Extending these commented strategies to systents mudtiple transmit and receive antennas,
MIMO-OFDMA is also one of the goals of this TaslOl. The extension is straightforward as long as
the objective function is separable across the auilecs. However, it is not an easy task to develop
efficient algorithms that group subcarriers andtisb@imension in a wise way in order to provide
with agile scheduling. The spatial dimension intrcels an additional degree of freedom in resource
management, and practical MIMO-OFDMA applicatioms! &trategies are still challenging because
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further studies seem needed to get a deeper uadénsg of the related tradeoffs and system gains

(number of antennas, choice of algorithm, etc.):

— when using the spatial dimension, one problemasdhality measurements, as for instance SINR,
depend, among other things, on the number andaspabisitions of other terminals being
simultaneously scheduled along with the user makiegsurement;

— feedback for the CSI at the transmitter, but algoadling of scheduling decisions to the terminal,
introduce a non negligible overhead and latencthansystem, which must be carefully weighed
against the capacity gains expected from such igobs;

— the impact of realistic traffic models and systeads, especially on schemes relying on high user
loads {.e., random beamforming) should be investigated. keme wireless systems based on
MIMO-OFDMA (IEEE 802.16€e), opportunistic schedulir@an be performed in up to three
dimensions, namely, time, frequency, and spacefei@ifit types of traffic are likely to have
different constraints with respect to the availaiidgrees of freedom for the scheduler. It may be
wondered how many effective users are availablesétection by the scheduler in each of these
dimensions, and how to take advantage of the diftedegrees of freedom to satisfy the QoS
constraints for different types of traffic.

2.3 SOA related to Task 2: Scheduling Techniques rfaSelf-Organising and Distributed
Networks

Distributed approach in scheduling is a rather nepic, since typically in distributed environments
random access is implemented. Some works exishénliterature where distributed scheduling is
proposed, and they typically present game theoegroach, due to distributed nature of the tool.
Moreover, due to the peculiar characteristics @& tognitive radio paradigm, a special Section is
devoted to it.

2.3.1 Game Theory

An interesting and recently explored path towarfbexing a distributed control of resources has been
through the use of game theoretic concepts. Gamerythin its non-cooperative setting, pitches
individual players in a battle, each seeking to imée a utility function by selecting one of severa
available strategic actions. In the resource afiondramework, users can be terminals competimg fo
access in a single cell, or interfering transméeree pairs of a multiple cell or an ad hoc netwdike
actions may be resource allocation strategiestlanditility may be capacity related. Non-coopesmativ
game models allow transmit-receive pairs to max@ntizeir capacity under reasonable guesses of
what competing pairs might be doing [107].

The game theoretic framework is very well suitechédwork scenarios where infrastructure is sparse
or completely absent, as in peer-to-peer and adbtworks. As an alternative to the traditional gam
theory approach above, it was recently proposeskpdoit the so-called cooperative games, in which
the players essentially build trust into one anotivith the aim of improving their own rate, vianse
form of bargaining. In the recent literature, theplécation of cooperative games was limited to
spectrum sharing in cognitive radio, and in theecakthe cooperative beamforming [108] — [110].
However, it was also used earlier in the context@dperative OFDMA resource allocation [111],
[112].

2.3.2 lterative Approaches

As an alternative to game theory techniques, ptsvigapers (such as [61]) have also investigated
iterative algorithms for distributed multi-cell wagce allocation. In these approaches, APs
individually, and iteratively, make a decision dreit transmit power and user scheduling, so as to
optimize their contribution to the sum rate.

2.3.3 Algorithms for Cognitive Radio Networks

In the context of cellular networks as primary sys$, some contributions propose to schedule the
secondary traffic among frequency channels leftsedwr underutilized by the PUs, as in [113] and
[114]. In particular, the system architecture prsgubin [89] lets SUs belonging to a cognitive ad ho

NEWCOM++_ WPR.8_CNIT_001_001_EXT_Deliverable
20/ 62



216715 NEWCONI DR.8.1

network make opportunistic use of data channelsuatised by a primary GSM (Global System
Mobile) system. The proposed MAC protocol expldlie Request to Send (RTS) - Clear to Send
(CTS) exchange and the Network Allocation VectoAW concepts of the IEEE MAC protocol.
Additionally, a commonly agreed, among SUs, contithnnel is used so that transmitter-receiver
handshake is initiated through this channel. Orother hand, in [114] some mathematical approaches
to describe the temporal behaviour of interferiiggnals obeying a lognormal shadowing distribution
are presented, thus demonstrating that interferextgbits temporal fluctuations, which can be
exploited by cognitive radios in an opportunistiarmer.

In addition to that, other examples are availablthe literature in the context of spectrum schiegul

An opportunistic frequency channel skipping protas@roposed for search of better quality channel
in [113], where the channel decision scheme is dase Signal-to-Noise Ratio (SNR). The key
mechanism presented in [115] is that if the SNRaisfavourable, mobile nodes can opportunistically
schedule better quality frequency channels enaldlatg transmission at higher rates. Additionalty, i
order to consider the primary user activity, thenber of spectrum handoff in a certain frequency
band, is also used for spectrum decision in [1k6]117], simple and distributed dynamic channel
strategies are proposed and evaluated to selettesgteoperating band which can maximize the total
system performance, in the presence of multiplenary bands characterized by heterogeneous
properties in terms of maximum data rate for seaondse and diverse traffic patterns.

Intelligent techniques have also been proposeddtacting the cognitive radios’ frequency channels.
The approach required to make optimal solutionsagnitive radio is multi-objective in nature; in
fact, many different and competing objectives nigstoncurrently evaluated to determine a solution.
For this reason, in [118] a genetic algorithm isgented to perform intelligent radio selection and
adaptation, in terms of frequency channel, modutasicheme, etc. The objective in this framework is
to maximize the defined objective function, depagdon different parameters.§, BER, SNIR, data
rate, occupied bandwidth, spectral efficiency, cataponal complexity, transmission power). On the
other hand, in [119] an opportunistic channel d&lacstrategy is presented, which is based on new
filtering and fuzzy based techniques for both clehrestimation and channel selection, whereas in
[120] an adaptive and distributed approach to spectallocation in mobile ad-hoc networks is
presented. It is based on a local bargaining agprediere users affected by the mobility event self-
organize into bargaining groups, and adapt thesctspm assignment to approximate a new optimal
assignment. Finally, game theoretic concepts hseelzeen applied to investigate frequency channel
selection, like in [121], [122], where the ideadsmodel the cognitive radios as different playéns,
controllable communication parameters as actioas ¢an be performed by each of the players, and
the SINRs of the SUs as players’ utility functionghe game.

2.4 SoA related to Task 3: Scheduling Techniquesrféleterogeneous Networks

Heterogeneous networks are designed to extendotberage offered by the single wireless systems
which compose it, increase spectral efficiency pralide service at higher quality and lower price,
realizing flexibility at the expense of an incredismmplexity. In the literature, different degreds
integration have been presented:

— open coupling according to which different and separate ace@ss transport networks are
present,

— loose coupling according to which a link between the Authentarat Authorization and
Accounting (AAA) unit and the Home Location RegistelLR) allows a common authentication
mechanism,

— tight coupling according to which a certain network.d, a WLAN) is connected to the core
network of the cellular system which perceive ipasgt of itself.

As an example, 3GPP standardizes UTRAN and GERAdpérpate in tight coupling mode, so that the
core network supports information exchange betwd®wn RNCs of all Radio Access Networks
(RANS) involved, thus allowing CRRM. This is respdne for dynamic and intelligent cooperation
among different RANs, depending on static and dynaneasurements with the following objectives:
— coordination of different sets of resources cotebby the RRM functionalities in single systems,
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— trunking gain, in order to reduce the block erroob@bility in case of RT applications and to
increase throughput while reducing delay for NRplagations, and to reduce block probability in
handover procedure,

— QoS management;

these objectives can be achieved through two éiftesirchitectures, which are also depicted in Eigur

3:

— integrated CRRM, according to which functionaliteee implemented in each single cell/AP in a
coordinated way. In this case no new entities shbelintroduced;

— centralized CRRM, according to which a centralinede takes decision in an optimal way.

| 3GCN |
6
O -
A1 GsmEDGE
GSMEDGE i—
e '____g_,:-‘*' L BSC
Open Interface

Figure 3: Integrated vs. Centralized CRRM Architecure

Despite the fact CRRM has been under investigdtioryears, there are still very few works about
scheduling over different RANs, as [123]. This happ because a very tight implementation of
CRRM is required, and several issues should beeaddd, such as traffic division over different
systems and the relevant packet synchronizationitdcontrol.

The dynamics of handover between two coexistingless standards and the consequent exploitation
of the offered diversity by the use of multi-startlderminals will be investigated. The potential
capacity benefits of mobile-initiated vertical handrs are substantial. However, it is important to
choose the correct VHO criteria in order to achiepmum load balancing and (global and social)
equilibrium states.

As a result of the massive deployment of coexistvitggless networks, mobile users often have
several choices of collocated WLANSs to connectTiois situation is exacerbated by the deployment
of large scale mobile third-generation systems ateelr by major network operators, as well as other,
smaller unregulated networks. In fact, mobile usbips already exist which support multiple
standards and, additionally, there has been afisigni amount of work in creating flexible radio
devices capable of connectingaoy existing standard [124]. It is therefore reasonablexpect that,

in the near future, users will have the option tmnect to different networks and to switch
dynamically between them on a real-time basis,dasehe offered throughput and/or price.

The dynamics of this process has several integesiBpects. Firstly, due to the lack of a central
controlling authority, mobile users become selfésid, even though users now have more choices,
they still need to compete for the finite resourcésearby APs. Moreover, the repeated structure of
the process makes users rely on past informatiailadie to them, in order to learn to adapt to the
environment. To make things worse, since only lactdrmation about the past states of the system
may be availableg(g, the average service throughput per user), ibisclear how users may use this
information in an effective manner. This process loa modelled in terms of a non-cooperative game.
There have been two different directions of simpast work on this problem. To begin with, there
has been a significant body of work on applicatiohgame theory to wireless networks [57]. For
example, uncoordinated random access channelsbegveanalyzed by optimizing their transmission
probabilities [125], or their power control [12@Jnother application is in CDMA systems, as shown
in [127] — [129]. More specifically, in the direoti of connecting to multiple wireless nodes, [130]
considered the possibility of connecting to sev8fdl.11 APs using a single WLAN card.
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3 DiSCUSSION ON TooLS AND METHODS TO DESIGN SCHEDULING AND ADAPTIVE
RADIO RESOURCE ASSIGNMENT ALGORITHMS

The aim of this Section is to define proper toahsl anethods to design new scheduling and radio
resource assignment algorithms. The way pursuetth@ve the objective is an accurate analysis of
the algorithms surveyed in the previous Sectionpanticular, according to the specific Task they
addressedi.e., multi-carrier and spatial division based systedistributed networks, heterogeneous
networks) for each algorithm an analysis of theutsprequired €.g, channel quality estimation,
application type, etc.), the types of system whioky apply to (in case more network types can be
supported), the type of approach implemented ingdesy them €.g, heuristic, mathematical
formulation, cross-layer based, etc.), is performed

Before proceeding with the analysis and definimgg@nd methods for future algorithms design, it is
fundamental, for sake of precision, to clarify thaéfinitions and the relevant implications. In tig 4

a graphical representation of the interaction betwscheduling, tool, and method concepts is drawn.
Taking into account that an algorithm assequence of instructions performed by a compiater
complete a taskas a first step it is necessary to define thefsetitputs expected, and which objective
should be pursued. Clearly, for a scheduling asdwee allocation algorithm the list of outputs is
composed of the users (flows) to be served andelbgant set of radio resources. This can be done i
at least as many ways as the possible objectivesf@r example throughput maximization, fairness
guarantee, QoS management, etc.. According tolifeetive and the outputs required, a list of inputs
should be provided and the most appropriate desigihod chosen. Finally, as a last step the most
suitable tool, according to an opportune tradebeffiveen complexity and precision, is selected. So,
the main difference between methods and tools as thethods are analytical procedures used to
pursue some objectives, whereas tools are instrisnused to implement a certain strategy.

According to the abovementioned definitions, it ¢ennoticed that for example the Maximum Sum
Rate is not a real algorithm, but rather an alfaritobjective, which can be pursued applying the
optimization method, and can be implemented usiiferdnt tools like for example linear
programming or heuristics. However, sometimes ie&ly hard to find a separation between tool and
method, like for example for game theory, whicla imethod to model distributed systems and also a
mathematical tool to represent their behaviour.tHa following we will refer to the strategies
presented in the previous Section as “approachegjardless of the fact that they specifically
represent methods, tools or real algorithms, becatkeast they can generate classes of algorithm.

So, in the following, the specific role€., tool, method or objective) will be clarified, wh@ossible,

for each approach presented in the previous Sediesides this classification, the main advantages
and drawbacks related to each approach will be asipéd, in order to identify which are the main
potentialities and limitations and to finally indie which should be the mandatory characterisfics o
an advanced scheduling strategy in order to copk thie challenging features of future wireless
systems.
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Input(s) Algorithm Output(s)

straffic requirements, l[: +scheduling decisions,

schannel estimation, sresource allocation
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Tools and Methods

Figure 4: Graphical Representation of Algorithm Deggn and Behaviour

3.1 Analysis of the Tools and Methods Used in theterature

Before defining what are the tools and methods rapptropriate to design scheduling and resource
allocation strategies, it could be useful to analymse commonly used in the literature. To this ai
the specific set of inputs, so as the main proscamd of the approaches presented in Section Duwill
revised and emphasized.

The Maximum Sum Rate approach is mainly an objective pursued by a atdissgorithms, which
may differ usually on the tool used. As the namicgrates, the aim is maximizing the instantaneous
sum rate supported by the system; hence the nmette optimized is the sum capacity. In order to
pursue this aim, the method used is optimizatiahthe inputs required are the set of SINR perceived
by each user, since they allow the calculationhef $hannon capacity. This metric can be easily
computed by each user through the use of pilotadsgand/or assuming that channel estimation can be
performed according to previously received datarédwer, it can be applied to any kind of wireless
system. The tools usually used are greedy optiroizand waterfilling power allocation. Clearly, shi
approach is channel-adaptive. Its main advantatigtst utilizes as much capacity as possible ctvhi

is very important in wireless system due to spectgcarcity, and computational complexity is
substantially low. However, MSR results in a stdrwgorst-case user, which is especially not
recommendable in cellular systems, where large lpagimay occur and it is typical for several users
to receive no resources at all for possibly longagoks of time. So, the strategy could be terribifair.
Hence, the MSR algorithm is viable only when altngshave nearly identical channel conditions and a
relatively large degree of latency is tolerable.

The Minimum Transmit Power approach is also mainly an objective pursued byglass of
algorithms, which may differ on the tool used. larrular this approach is formulated as a linear
programming problem and solved with standard LRstd®ne of the advantages of this approach is
that, by setting adequate rates for each usereiptimization problem, the system can provide each
user with exactly the amount of resources requesittdthe minimum power necessary. However, as
for the Maximum Sum Rate algorithm, the feasibibfythis approach depends on the accuracy of the
SINR measurements, and it is hardly feasible ih fieding environments. Moreover, the complexity
of its implementation depends on the tool usedsfiving the LP problem: exact solutions are
generally very complex to find, but there are sienpkuristics that obtain results close to the oytim
with a medium-low computational effort.

TheMaximum Fairnessapproach is mainly an objective pursued by a @éssgorithms, which may
differ usually on the tool used. It has the aim méximizing the instantaneous minimum rate
supported by each user, a problem which is uswefrred to as Max-Min. So, fairness guarantee is
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of primary concern for this algorithm. In ordergorsue this aim, the method used is optimizatiah an
the inputs required are the set of SINR perceiweddzh user, which is used to select the worsttaser
be allocated with the maximum possible rate, ireottd equalize transmission rates among different
users. It can be applied to any kind of systemafBtealso this strategy is channel-adaptive. Tlaénm
advantage of such approach is that it achievebeise performance for the most under-served user,
with a slight gain for optimal power allocation oves allocated subcarriers relative to an equalgro
allocation. However, the Maximum Fairness approachieves complete fairness while sacrificing
significant throughput, since it is limited by theer with the worst channel quality. Moreover, iie
distribution among users is not flexible and, asady mentioned in Section 2.1, in its ideal
formulation, the tool used is the joint optimizatiof subcarrier allocation and power control, whigh
remarkably more complex than the implementatioM8R, due to the non concavity of the objective
function, which leads to a NP-hard problem. Heritds appropriate only for fixed, equal rate
applications.

TheProportional Rate Constraints approachis mainly an objective pursued by a class of ators,
which may differ usually on the tool used. It h&g taim of maximizing the instantaneous sum
throughput, given the additional constraint thatheaser’'s data rate is proportional to a set of pre
determined system parameters which allow servifferdntiation. So, trade-off between throughput
and fairness is the main objective of this stratdgyorder to pursue this aim, the method used is
optimization and the inputs required is the setStfIR perceived by each user and the set of
parameters related to the specific application umdasideration. It can be applied to any kind of
system. Clearly, this strategy is channel-adaptivel someway application-adaptive. The main
advantages of such approach are the following:utiiiput maximization is pursued also taking into
account fairness guarantee; rate allocation flégilian be achieved by varying the set of paransete
related to the kind of application taken in consitien; some service differentiation is introducsd,

a flexible trade-off between throughput and faimmisspursued. However, also this approach shows a
high complexity when the tool used is the jointimtation of subcarrier allocation and power cohtro
due to the non convexity of the feasible set ofaldes and it may not always be possible to achieve
the desired rate constraints in real-time. Henasmes simplified sub-optimal tools should be
introduced.

The Proportional Fairness approachis mainly an objective pursued by a class of atgors, which
may differ usually on the tool used hias the aim of maximizing the sum rate supportethbysystem
while guaranteeing long term fairness among ugerthis case, the method used is not optimization,
but a simple comparison among previously compugidg. In order to pursue this aim, the inputs
required is the set of SINR perceived by each asdrthe mean rate required by each user. Although
Proportional Fairness scheduling was originallyigiesd for a single channel time-slotted system, it
can be adapted to an OFDMA system. Clearly, thipragch is channel-adaptive. The main
advantages of such approach are the following: d*tigmal Fairness approaches the throughput of the
MSR but with an expected penalty due to its suppartunder-served users; it is fairly simple to
implement; it achieves a practical balance betwd#enughput and fairness; it introduces some
flexibility through the long term requirement. Hoveg, a third element enters the trade-off, which is
latency, which may seriously affect real time users

Game Theoryis not an algorithm but rather a theoretical framdwwhose aim is providing a fully
distributed approach to the resource allocatiomlera. In order to pursue this aim, each user toes
maximize his own utility function, which is basibakelated to the capacity. This approach can be
suited to each kind of air interface as long asnéevork architecture is distributed. Moreoverisit
commonly implemented in a channel-adaptive way. iitaén advantage of such approach is that it
perfectly applies to infrastructure-less networksch as ad hoc networks, since each user takes
decision autonomously, and may also possibly bdéieapfo cognitive radio. However, Game Theory
approaches do not guarantee neither maximizatidinrofighput nor optimal distribution of resources,
since each user tries to get as many resourcessagfe selfishly, which is not a good policy fram
network point of view, whose objective is trying $erve as many users as possible according to at
least their minimum performance requirement. Moegpthe game theoretic framework is a quite
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complex mathematical tool. For this reason, it ddu# mainly used as a good benchmark of how a set
of nodes behaves in a network without centralizadrol.

Genetic-basedapproaches are a class of algorithms whose ainaiénmizing an objective function
suitably defined, which depends on different patanse In order to pursue this aim, the method used
is optimization of multi-objective functions. Thégproach can be implemented in any kind of system
with a set of requirements. Moreover, it can bdiadpn a distributed network and in cognitive radi
Clearly, also this approach is channel-adaptive.niain advantage is that it can pursue different
objectives simultaneously and can be implementeal distributed way. However, a multi-objective
optimization problem may require high complexityol®y and the distributed approach leads to
suboptimal resource utilization.

A common framework for part of themd, Maximum Sum Rate, Maximum Fairness, Proportional
Rate and Proportional Fairness) is dual optimiratezhniques. Dual methods work well in OFDMA

problems due to the problem structure, since thezdypically a lot more subcarriers K than users M

In most OFDMA/MC resource allocation problems, tigective function is separable across the K
subcarriers, and the number of constraints is énattder of the number of users M. This makes dual
optimization technigues an ideal approach to sgiwimem, since the duality gap is typically quite

small in these types of problems. Additionally, #odution to the dual problem involves very simple

closed-form power, subcarrier, and rate allocafiomctions for both continuous and discrete rates,
thus, further enhancing the attractiveness of uaidgal approach. In Table 1, a synthetic compariso
of the strategies presented above is reported.

Approach - .
Maximum glgmm Maximum PropR(;téonaI Proportional Game Genetic-
Sum Rate Fairness . Fair Theory based
Power Constraints
Feature
Channel YES YES YES YES YES YES YES
Adaptiveness
selection of
max of sum the user
max sum i max-min throughput ith hiah multi-
Tool Used capacity inear problem with with highest game objective
MUY programming Lo . istant. rate theory f
optimization optimization | additional over functions
constraints average ratq
' . SINR,, SINR, SINR,
List of Inputs SINR avesr:ile“rate< SINR; SIVIV\IS, #;er average other other
9 7 9 rates introducible | introducible
Fairness NO YES YES YES YES NO NO
Guarantee
each user
each user maximizes
transmit . fairness / fairness / | maximizes .
. sum rate fairness . his own
Aim P power N sum rate sum rate his own .
maximization L maximization - multi-
minimization trade-off trade-off utility biecti
function objective
function
Complexity low high high high low high high
Service . . .
Differentiation NO possible NO YES NO possible possiblé
References [53], [54] [100], [101] [102], [103] [103]-[105]| [31],[32] [107]-[112] | [92], [118]

Table 1: Synthetic Comparison among the ApproacheBresented
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3.2 Discussion on Tools and Methods to Design FukirScheduling and Radio Resource
Assignment Algorithms

The preceding analysis of the main algorithms ie literature, the relevant types of inputs and
approaches used in order to design them, the typsgstem which they apply to, can be used to
discuss which should be the main characteristidspgaperties of future algorithms. The definition o
the JRAs to be carried out within this WP will barreed out trying to include as many of these
indications as possible, according to the spetifaics of interest for the partners.

From the analysis of the literature (and some iivieliconsiderations), it is clear that a mandatory
characteristic that a scheduling algorithm shoudeh whatever is the underlying system, is the
adaptiveness to channel variations. In fact, irel®gs systems it is fundamental to use spectruheat
best of its conditions, in order to fully exploituftiuser diversity, and not to waste a resourcectvig
scarce by nature. However, one of the issueststitle addressed is which kind of metric should be
used to estimate channel quality. For example, StHdR be used when channel has no selective
effects, vice versa a vector of channel parametewsd be preferable if the channel is frequency-
selective, or the air interface is multi-antennae Tfrequency of updating of this metric should be
related to channel variations speed and to theriligo requirements, since it may take decisions
according to instantaneous or averaged channelitaomel This should be not confused with
application metrics which are related to perceigadlity, and are different for voice or web brovgsin
or others applications. In fact, when user-ceraipplications are under consideratiom.{ voice or
video transmission), an average over some millisgs®f the perceived SINR could be considered as
a satisfactory metric, since humans are insenditiwariations occurring at a frequency higher than
few Hz. However, when application is data-centeég( FTP, web browsing, etc.), an average of the
SINR is not a satisfactory metric any longer, laibher the focus should be shifted toward a maximum
block error rate to be guaranteed, which in caseaétion would lead to loss of data. Moreover, it
should be considered that future systems promiggrdeide high bit rates also at high user speed.
Since large speeds imply shorter correlation innok& behaviour, channel estimation can be less
reliable. In this case faster channel predictidimesgion/tracking schemes could be investigated to
ensure the best possible match between the Ch@uiadity Indicator (CQI) level and the true channel
conditions that the mobile experiences when besgigaed the respective AMC combination. So,
when designing scheduling algorithms, appropriaf@sCshould be identified, possibly considering
not only estimation based on observation of thé, jpas also considering channel prediction models.

As shown in Table 1, the main approaches publishdtle literature are based on methods such as
optimization, and implement tools such as gamertheo genetic formulation. These have the merit
of providing an elegant formalization of the prahleand sometimes an upper bound (as for the MSR)
or a good benchmark of possibly realistic behawaira network under certain conditions (as for the
game theory). However, they have not been provadtgebe really suited to modern wireless
networks, where service differentiation should bargnteed. In fact, different quality specificaon
can result in different requirements to be congdein the scheduling policy, and in different
behaviour of the nodes inside the network. For ta&son, it seems that optimization, game theory,
multi-objective functions, are not the best solnsia@lue to the high complexity and the relevant high
computational time and cost. So, simulative toale eecommendable to test realistic network
performance, and algorithm design should be basdtkaristic methods which allow the introduction
of parameters able to tackle also the requiredaedifferentiation. In fact, despite frameworklsu

as optimization can cope with service differentiatthrough the use, for example, of multi-objective
functions (as done in genetic-based algorithms$, @évident that as the number of parameters needed
to describe the system increases (to include theeggtion of different services, traffic modelseus
profiles and mobility patterns), in the same wag thathematical complexity of the scheduling and
resource allocation optimization problem increasesding to processing complexity and delay that
can be unacceptably high, especially consideriag fiiture systems are supposed to take scheduling
decisions in time of the order of (very) few miédlconds €.g, 2 ms in HPSA and 5 ms in WiMAX).
Therefore, it is clear that complexity is also aauie of primary concern in such networks. So, the
main problem related to the choice between conygxnization algorithms or heuristic algorithms is
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the complexity/speed trade-off. Simplified subomtimalgorithms may compete with heuristic
algorithms. However optimal solutions are still fus@s a benchmark. Moreover, fuzzy logic is good
at decision making for complex process, thus, dusth be considered also as a tool to incorporate
heuristics.

The emphasis on simulative tests and on the useufistics as tools in algorithm design does not
mean that analytical approaches and mathemate@lefivorks are out of the scope of this WP. On the
contrary, they keep all their relevance to identiBnchmarks and possible bounds, as for example
shown in works like [16] or in [59], where a gerlearamthematical framework is presented for PHY-
MAC cross-layer design. Nevertheless, game theosiill a good method to evaluate the behaviour of
a distributed system. Moreover, they still haver@ag potential in specific scenarios. In fact, whil
cellular systems are devoted to a human end udémgMio access many kinds of services, emerging
ad hoc and mesh network paradigms can be deployidancompletely different aim. Just as an
example, it could be considered an emergency sicenahere sensor nodes are deployed over a
certain area to be monitored. These sensing nagesoanetimes triggered to send data to collector
nodes which, in turn, relay them to a control umihich takes decision consequently. In such a
peculiar scenario, there is no service differemimmtand only one, very specific, application is
supported. So, completely different challenges khbe faced by algorithm designers, such as the
application-specific requirement, and mathematicals could be well suited to face the new problem.

Another interesting method to design schedulingrasdurce assignment techniques could be Markov
chains. In particular they could be used to moleldystem variations due to the behaviour of wraffi
sources. In fact, this method has been already insaddressing the scheduling problem to model the
state transitions occurring in the wireless chai@], but have been abandoned as proved to be not
satisfactory [41]. However, some interesting woskewed that they are a very effective method to
model traffic behaviour in random access base®Bys{132]. So, the application of this method to
the scheduling context is still largely to be tdste

As previously mentioned, one of the big issues thlgorithm designers should face is QoS
management. This set of constraints, though inglicas a crucial topic already for some yearsijlis st
far away from being sufficiently addressed in tiberature, both in the case of multi-service neksor
and of ad hoc applications. This means that arpiediry work should be performed towards the
identification of synthetic parameters able to tadke (possibly) different requirements set byheac
specific application, both in form of inputs datalaas parameters to be adjusted in the algorithat, s
as message structure, upper layer protocol behavemurce coding/encoding behaviour. This is
expected to be also performed including the cragefl approach as a feature in the design of new
scheduling algorithms and, hence, the possibilitinformation exchange even between non adjacent
layers of the protocol stack, since its potengastill largely unknown. An example of its use d@n
provided by analyzing what are the appropriate t®ido consider for an algorithm in charge of
scheduling traffic among heterogeneous networkst Brf all, this algorithm should take into account
physical layer information such as Received Sigdtaénght (RSS) and data link layer information
such as resource utilization, load and congestmamiral. Additionally, packet and network level
aspects such as delay, jitter and loss statisiosedl as the evaluation of achievable throughput i
every network, should be considered. Finally, ivisrth mentioning that the decision about the best
network where to schedule the user traffic doesonbt involve technical aspects, but also applarati
layer inputs not necessarily related to QoS pei@mepsuch as user preferences, user perceptidreof t
trade-off QoS versus cost, battery lifetime of floetable devices, etc.. This feature suggestsoagstr
interaction with other WPs, from which preciousutgpcould arrive to pursue the main objective of
this WP.

Another interesting further direction is interfecenawareness. In fact, as discussed in previous
Sections, due to the high reuse of spectrum, cumed future wireless systems are interference-
limited. Most of the works on scheduling still hémadnly the problem of channel awareness as fading
awareness, whereas channel capacity and, henceté#, are highly affected by the interference
perceived. A traditional approach to manage interfee is power control. However, since it is usuall
implemented as a “last minute” solution, often €& no possibility to exploit some interference
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prediction, since power levels can be retunednging shorter than the scheduling interval. Morepver
the always increasing reduction of scheduling t{@e, 2 ms in HSDPA) has a highly dangerous
potential from the point of view of interferencéce in a very few ms the number of users allocated
(and all the relevant parameters) can change miamst leading to the complete impossibility to
manage interference in any way. A possible solutonld be finding some methods to “plan”
interference in a network. In fact, it is cleartttize potentialities of including some tools to gice
and prevent it, not only through the use of powantml but rather to a careful resource allocation
policy, are still an open issue.

As a final remark, an important issue is fairnéssst of all, it should be discussed if the conveaméal
definition of fairness still holds in modern andute wireless networks. In fact, in the presence of
many different applications, each one characterigeits own requirements (in terms of average bit
rate, delay, bit error rate, or application-specifietrics) it is clear that the concept of fairnass
intended nowadays is actually outdated: each wsseof interested in how much it is served with
respect to other users, but rather with respeitstown specific requirements. This introduces & ne
concept of fairness, which could be defined in efléxive” way: each flow/node/user would like to
compute the level of fairness it perceives withpees to its expectation (both in the sense of “hope
and “average”). In this sense fairness is stilligsue, and needs to be investigated starting from a
different, innovative point of view.
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4, INTENDED CONTRIBUTIONS

In this Section the contributions declared by therpers to WPR.8 activities are provided in terrhs o
JRASs. In particular, for each of them the list drigipants and the relevant backgrounds, the
responsible, a detailed description with a tengatighedule and the expected outcomes are reported.
Finally, for each partner the specific role will gigen according to the following classificatiort B

the JRA leader, P2 is the second participant wiygshel in JRA coordination, P3 supports P1 and P2
providing suggestion, material and feedback, andlfi P4 acts as an internal reviewer.

4.1 JRAla: Scheduling techniques for Multi-Carrierand Space Division Systems
Participants: UPC (P1), CTTC (P2), CNIT-FE (P3)
Leader: UPC

Responsible: Ana Pérez-Neira

4.1.1 JRA Objectives

Next generation broadband wireless standards uga@MaFas the preferred physical layer multiple
access scheme, especially for downlink. Due tdithiged resources available at the base station, as
for bandwidth and power, multiple antennas (SDMAY @ntelligent allocation of these resources to
the users is crucial for delivering the best pdsedipoS to the consumer with the least cost. Inrotale
manage all the degrees of freedom, this JRA corisa®pdifferent strategies: optimization of time-
averaged or instantaneous PHY or MAC costs andti@nts, convex optimization or sub-optimal
heuristic algorithms, adaptive algorithms based stochastic approximation techniques. Also,
algorithms assuming perfect, imperfect and pa@#l, like opportunistic schemes, will be considered
During the lifetime of this JRA, and depending be tnteractions among researchers, more stress will
be given on one point or another. Of main imporgabecause of its simplicity and practical interest
they will be opportunistic schemes, convex optim@aand cross-layer scheduling.

4.1.2 Background of Institutions / Researchers Irived

4.1.2.1 UPC

The “Array and Multichannel Signal Processing Grows the “Signal Theory and Communications
Department” of UPC, carries out its research a@isi in relation with physical layer of
communication systems aspects under different sityeschemes, in order to cope with several
problems in single-user and multiuser communicatietworks. The activities of the group also take
into account the data link and the network layarhose aspects related with the physical layereMo
concisely, recent projects on PHY-MAC cross-layer. a

— ESA Study “Application of MIMO to satellite commuations,”: in this project one of the tasks
was devoted to the study of spatial schedulingfoadcast satellite DVB-S2;

— MIMOWA, “MIMO for Wireless Access” (Medea+ projectapplication of the previous topics to
real 4G standards (IEEE 802.11n, WiMAX, etc.), antaboration in the development of testbeds
for such standards;

— GIRAFA, “Intelligent radio resource management feireless ad-hoc networks by jeans of:
advanced signal processing and fuzzy logic”.

A complete list of projects and publications, irddidn to other teaching activities of the groupnc

be found in the web padsgtp://gps-tsc.upc.es/arrafhe person in charge of this JRA, namely A.

Pérez-Neira, has carried out for the past eightsyeesearch on cross-layer scheduling with the mai

focus on spatial diversity and OFDM systems. Shetha Journal papers on the topic, one special

issue and more than twenty conference papers.

4.1.2.2 CTTC

CTTC, and the person involved in this JRA, namelyGiupponi, has strong background in Space
Division systems, especially gained during theizasibn of different research projects, such as the
ESA funded MIMO-SAT project, and the MIMOWA proje@&esides, CTTC has great experience in
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technological implementation of MIMO technology, damonstrated by the availability in its lab of
the GEDIMIS testbed, devoted to proof of concepiSmgace Division systems.

4.1.2.3 CNIT-FE

The members of the Telecommunication group at thigdysity of Ferrara (CNIT-FE) involved in this
JRA have research interests and expertise covdiffegent aspects of the wireless communications
related to resource allocation and scheduling, tagapnodulation and coding, multi-carrier and
multiple antenna systems. In the last years théiyedaexpertise on techniques for adaptive resource
allocation in multi-user multi-antenna system ie firesence of interference, in cross-layer design o
scheduling algorithms with heterogeneous traffierees including video, in performance and design
of adaptive modulation systems. The CNIT-FE membainly involved in this activity, namely V.
Tralli, has a solid background in the area of RRM acheduling. He has been active on this subject
in the NOE NEWCOM, doing joint research for MC-CDMgystems, and in the framework of
industrial projects. He is also active in the EWjBct OPTIMIX on optimization of multimedia over
wireless via cross-layer design.

4.1.3 Description of Activities to be Performed

In order to design efficient MIMO-OFDMA algorithmghis task focuses mainly on: i) cross-layer
spectral efficiency, because it offers more reaalisesults than information-theoretic capacity; ii)
convex optimization, because of the use of duahodg in OFDMA problems; iii) agile and low
complexity opportunistic schemes. Some of the sitenaf interest are future mobile standards, low
energy applications and cognitive transceivers,re/kpatial sharing is a new issue to be explored:
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Figure 5: Multiuser and Multiantenna Scheduling in Wireless OFDM

— opportunistic transmission and spectrum accassnultiuser systems, opportunistic transmission
has been proved to be the strategy that optimiapadity in many situations whenever channel
state information is available at the transmitterg( in multibeam transmission when a big
amount of users want to access the system, in -caiitier transmission when the available
transmitting power is low). Not only due to thisfdut also due to its low complexity, actually,
opportunistic systems are the only multiuser trassion techniques that are adopted in the
current standards. This strategy decides whenatwstnit, to which user(s) and the amount of
power to allocate among them. The performance géiopportunistic communications comes
from exploiting the fluctuations of the channel afe or more than one user.d, multiuser
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diversity), and new scenarios and/or QoS requirésnask in the near future for further study the

opportunistic strategy in order to incorporate:

e the impact of QoS on multiuser diversity and hove tQoS diversity that arises in
heterogeneous networks impact on the user seledierause of the nature of the wireless
channel, most of the time QoS constraints will deniulated as outage or availability;

e autonomic and Opportunistic Spectrum Access (OSHportunistic strategies facilitate
decision making, thus, being very appropriate tddbup context aware systems. Decision
theory and its different criteria (g, expected value, maximax, maximin or minimax) stiou
be taken into account to facilitate the resourcaagament. Work on how decision theory and
information theory relate in order to achieve tharmmnel capacity is to be done. For instance,
note that the Region Of Convergence (ROC), wheeeatidition of the probability of false
alarm and probability of detection is a constaat be related to the capacity region. Finally,
depending on the uncertainty and complexity of ¢batext, some degree of fuzziness and
complexity of the decision variables can help ttvasdhe decision or resource management
problem;

¢ in Opportunistic MultiBeamforming (OMB) interferem@an be predicted, thus helping in the
interference management. As OMB works in the angd¢amain, studies on aerial entropy
and modulation diversity will be considered.

4.1.4 Tools Used to Achieve the JRA Objectives

UPC will cooperate with CTTC and other partnerstloé JRAL1b, especially with CNIT-FE on
guaranteeing QoS to different users/applicationglémenting a cross-layer approach, in order to
perform the control of interference in scenariothwmultiple access point, while considering adaptiv
modulation in the system. Initially, related refere papers/books will be shared. In parallel, thelle

be an exchange of ideas regarding the simulatioetadhat each partner has or plans to implement
for the assessment of the investigated algoritt8pecifically, the activities in SDMA scheduling in
JRAla will be carried out in parallel with those @FDM-SISO scheduling in JRA1b, exchanging
ideas on possible issues that need to be investigatd combined in both topics.

4.1.5 Links to Other NEWCOM++ WPRs

This JRAla will interact mainly with WPR2. This Wd&Xplores the role of feedback in two-way
wireless communication networks and its relationthie capability of resolving the time-varying
channel state. Inputs will be provided on:

— information-theoretic understanding of the impdat@n-ideal CSl in feedback-based systems,
performance measures under channel uncertainty,

tight outer-bounds on information rates as a fumctf channel variation and reciprocity,
feedback-based precoding strategies for downleguksimission.

4.1.6 Expected Outcomes

The following list includes a number of possibl@egted JRA outcomes:
— joint papers,

— short and medium term missions,

— joint PhD supervisions,

— joint organization of workshops,

— joint contributions to spreading of excellence artdgration WPs.

4.1.7 Schedule of Activities
The following preliminary schedule covers the sahivity milestones from TO+4 till TO+22.

TO+3: Official start of the activities.

TO+4: Initial interactions among partners, subvéay definitions, contributions to DR8.1.
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SoAl/Literature Study — Initial planning angompartners for common simulation
scenarios and possible integration activities arch&nges. Define the collaboration

Start of the second phase of activitieqplémentation of possible integration tools: 3-
month exchange and/or remote collaboration. Passibtcomes: joint conference

End of the second phase of joint activitee®l start of the third phase. Possible
integration tools: 3-month exchange. Possible ou& joint journal paper(s),
workshops or journal special issue preparation.

End of the third phase of joint activitiead start of the fourth phase. Possible
integration tools: 3-month exchange and/or remotkalsoration. Possible outcomes:
joint journal paper(s), contribution to a joint Wwehop. Plan of contributions to

TO+8:
means between JRAla and JRA1D.
TO+12:
papers.
TO+16:
TO+20:
DRS8.2.
TO+22:

End of the fourth phase and of the whol&.JRossible integration tools: remote
collaboration. Possible outcomes: joint journalgrég). Contribution to DR8.2.

4.2 JRALlb: Scheduling Techniques for Multi-Carrier Systems
Participants: NKUA/IASA (P1), CNIT-PI (P2), UCL (PNIT-FE (P4)

Leader: NKUA/IASA

Responsible: Nikos Dimitriou

4.2.1 JRA Objectives

This activity will focus on studying effective sahding algorithms for OFDMA systems, such as
WiIMAX and LTE, which will incorporate the followinglegrees of freedom in a time-variant
multipath broadband channel:

— sub-carriers and time slot (since TDMA is also cdased);
— rate per subcarrier and, thus, bit loading;

— power per subcarrier.
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Figure 6: A Scheme of the Allocation Problem over BDMA
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4.2.2 Background of Institutions / Researchers Irived

4.2.2.1 NKUA/IASA

All NKUA/IASA group members that will be involvedhithis activity, namely N. Dimitriou, A.
Moustakas, S. Stefanatos, P. Mertikopoulos, hawolal background in the areas of RRM and
scheduling algorithms through participation to fibkowing EU- projects:

— URANUS: in this project the focus of a specific sadiivity is on proposing algorithms for
dynamically scheduling users among different dieriices with the problem of vertical handover
between wireless service providers;

— ESA Study “Study of the satellite role in 4G syst&min this project the focus of a specific sub-
activity is on proposing access layer algorithms dtlocating users over different time and
frequency resources, for satellite systems thag Imawltiple access schemes similar with LTE and
WIMAX;

— NEWCOM Project C “Functional Design Aspects for et Wireless Systems”: in this project the
focus was on deriving common performance metrics tfe investigation of cross-layer
adaptiveness in heterogeneous wireless networks.

4.2.2.2 UCL

UCL is the largest university in the French spegkinea of Belgium. Its communications and remote
sensing lab is active in the field of wireline andeless communications systems. Baseband signal
processing is the main activity with emphasis onadigation, joint detection, synchronization and
radio resource management for OFDM, CDMA and coumtian thereof, in the context of UMTS
LTE, xDSL and WiMAX systems. The UCL member thaingolved in this activity, namely F. Brah,
has a solid background in the areas of RRM. Heigiyaated in the CELTIC WISQUAS project.
During this project, he developed resource allocathethods and algorithms for OFDM and OFDM-
CDM systems with extension to MIMO-OFDM-CDM.

4.2.2.3 CNIT-PI

The people at CNIT-PI involved on this JRA, namdyMoretti and G. Dainelli, have been active on
the subject of resource allocation in OFDMA netvgftar a couple of years as witnessed by journal
and conference publications. Their activity in thédd is mainly focused on adaptive channel reseur
allocation and scheduling in multi-cellular envineents with frequency reuse equal to one. For
example, in [133], within the PRIMO project, it wasoposed a modular cross-layer scheduler and
resource allocator for a single-cell OFDMA systenithwthe goals of achieving high spectral
efficiency and long-term fairness among flows. Rirg margin and rate adaptive approaches, this
research unity has studied the conditions of cayere of various allocation algorithms. To achieve
a feasible system with full frequency reuse, CNIThBs investigated various scenarios starting from
totally centralized networks to fully distributedpblogies. The activity in this field has spawned
research collaboration with several academic int&its as well as private companies such as NTT
DoCoMo and Telecom ltalia Lab.

4.2.2.4 CNIT-FE

The members of the Telecommunication group at thigdysity of Ferrara (CNIT-FE) involved in this
JRA have research interests and expertise covdiffegent aspects of the wireless communications
related to resource allocation and scheduling, tagapnodulation and coding, multi-carrier and
multiple antenna systems, as already describetthégprevious JRA.

4.2.3 Description of Activities to be Performed

Both LTE and WiMAX employ OFDMA as their main myltle access mechanism (although other
options are also defined in the standards). Thi lidsa of OFDMA is to divide the available time-
frequency space into a number of orthogonal sutecarrof finite time and frequency support, each of
which is assigned to a specific user. The assighngrperformed by a scheduling algorithm
implemented at the based station (access poinQMX*-provides a simple (albeit suboptimal) way of
exploiting the channel’'s available degrees of foeedboth in time and frequency. In general, the
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scheduling algorithm may exploit all, or part, betfollowing available degrees of freedom for user
allocation:

time,

frequency,

— power,

— rate.

It is noted that the active users themselves cem la¢ viewed as an extra degree of freedom, in the
sense that the scheduler may optimally assigngbdinem based on some optimality criterion.

For serving users with same QoS, traditional sclirglapproaches divide the available signalling
space into equal parts, assigning each of themdiogle user. This intuitive approach can also be
viewed as achieving fairness among users sincehtanel resources are equally shared. However,
the drawback of this approach is that it is cha#ield: resources will be provided to a certainruse
irrespective of its channel conditions. In the caka user experiencing severe fading (typical ¢ase
wireless communications), the transmitted signdllva lost with high probability, which translates

an inefficient use of the system’s resources. & siheduler had information on the user’'s channel
state, it could modify (reduce) its transmittecertd match the channel’s conditions. Another option
would be to defer service to this user, due to pb@nnel conditions, and possibly transmit to agoth
user which happens to have a better channel. @tepthe last option requires knowledge of channel
state for all (or part) of the active users.

Clearly, knowledge of CSI can only help the schedut better utilization of the channel, which has
led to an intensive research on this category gbriéhms, usually named as channel-aware
schedulers, due to the performance gains that geacxaompared to the non-channel-aware approached.
Recognizing the potential of channel-aware schaduliboth LTE and WIMAX propel its
employment, although explicit algorithms are nafuded in their description.

Essential for the success of any channel-awaredatihg algorithm is the (good) knowledge of each
user’s channel. The obvious approach for obtainicannel estimate is each user transmitting his/he
CSI periodically by mean of a channel CQIl mess&ge.low mobility, this sort of messaging has
negligible impact on the system’s throughput (alfioit is noted that in the case under consideratio
the CQI is not a single SNR value, but rather gorecf SNR values over the available bandwidth).
Another possibility for obtaining CSI is to exploite channel’s reciprocity by systems operating in
TDD mode. In that case the base station can meédsstienate) the user’s reverse-link channel, and
this estimate can be employed as the user’s fonhirakdchannel estimate. Higher mobility requires
more frequent updating of the CSI and therefore heaye impact on the system’s throughput, due to
increased overhead. In addition, feedback delaysmge an impact on the scheduler’s performance
due to mismatch between the current channel stat@sestimate employed by the scheduler.

Another important parameter of time-frequency clewanvare scheduling is the minimum resource
allocation (RA) block. The optimal RA block from anformation-theoretic perspective is a single
sub-carrier. Unfortunately, the large number ofcsubers and number of users served by the base
station makes scheduling algorithms operating ulier RA block impractical. For this reason the
minimum RA blocks adopted by the standards are dasnd-channels, that consist of a number of
sub-carriers for the duration of a few OFDM(A) syotd When the sub-carriers are closely packed
and contained within the channel’'s coherence batitivithere is no much loss in optimality.
However, the standards also define sub-channelpased of sub-carriers far apart from each other
(e.g, PUSC sub-channel in WIiMAX), for the case when c¢imnnel information is available.
Employing a channel-aware scheduling algorithm whik type of RA blocks is certainly feasible, but
will lead to a certain performance loss.

Many resource allocation algorithms have been pepdo take advantage of both the frequency
selective nature of the channel and the multiusersity of OFDMA systems. Most of the works in
the literature follow either thenargin adaptive approach, formulating dynamic resourdecation
with the goal of minimizing the transmitted poweittwa rate constraint for each user, or thte
adaptive approach aiming at maximizing the overaié subject to a power constraint. Following
these two approaches, energetic constraints cactobygled to traffic requirements in a cross-layer
synthesis. Nonetheless, achieving traffic fairnessl efficiency are two conflicting goals: the
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optimization of the radio resource utilization tentb penalize terminals with less performing
channels, independentlyf their traffic level performance. Thus, the rgulint is to find a good,
adaptive trade-off between these two adaptatioalihfes.

According to the main strategies published, a prglary taxonomy of the different scheduling
algorithms could be the following:
(1) Fixed Scheduling Algorithms:
* non-channel-aware.¢., with fixed resource allocation):
— round-robin user assignment,
— constant power-rate-subcarrier allocation;
(2)Channel-based Scheduling Algorithms:
« channel-aware scheduling with ideal CSI knowledge:
— optimal power-rate-sub-carrier allocation for easkr based on specific performance
criteria depending on the current channel state,
— trade-off between sum-rate and fairness,
— sub-optimal schedulings.g, consideration of only sub-carrier and rate aliioca
keeping power fixed, solutions with low feedbackGsl complexity etc.;
» channel-aware scheduling with imperfect CSI:
— delayed feedback resulting in outdated CSl,
— errors introduced also from non-ideal channel esion,
— statistical modelling of CSI errors allowing optihsgheduling.

The following issues will be subject to investigatiduring the activity:

— constrained resource allocation strategies anditigus,

— joint power and subchannels allocation,

— power, fairness and minimum rate constraints,

— allocation based on imperfect CSl,

— feedback reduction issues,

— subcarrier allocation per uses.g, individual SCs/user, sub-band/user (AMC),
— rate allocation per subcarrier,

— power allocation per subcarrier.

4.2.4 Tools Used to Achieve the JRA Objectives

The focus in the beginning will be on sharing retateference papers/books that contain algorithms
and other useful information for the topic of irgst. In parallel, there will be an exchange of gdea
regarding the simulation models that each partasrdr plans to implement for the assessment of the
investigated algorithms. This will also includeimslation calibration procedure, in order to ensure
the coherence of the simulation results contribbiedifferent partners. Additionally, there will la@
effort to have a common description method for shaulation models used in different places, in
order for them to be easily exchanged among patmercase all partners agree, another option is to
develop a common MATLAB WIMAX platform to simulatde scheduling algorithms to evaluate.
The goal is to have a common environment to comiper @erformance of the different proposals.

Regarding the researchers mobility, this will bgamized as soon as there has been a preparatairy joi
effort in the first phase of literature review adefinition of specific scenarios/goals. At that ngoi
specific researcher short visits could be planfmedyrder to implement parts of the activity, which
could lead to either joint papers, or joint simidatcampaigns or joint working groups. Nevertheless
CNIT-PI and NKUA/IASA are willing to host at leashe exchange visit for 3/6/12 months.

4.25 Links to Other NEWCOM++ WPRSs

Since the OFDMA systems under discussion will havenplement adaptive modulation and coding,
it is expected that there will be an interactionwsen WPR.8 and WPR.3, especially in terms of
modelling the AMC throughput vs. SNR mapping inteys-level simulations.

NEWCOM++_ WPR.8_CNIT_001_001_EXT_Deliverable
36 /62



216715 NEWCONI DR.8.1

4.2.6 Expected Outcomes

The following list includes a number of possiblepegted JRA outcomes. A more precise list will be
decided after the preparatory phase (TO+8):

— common software modules,

— joint papers,

— short and medium term missions,

— joint PhD supervisions,

— joint tutorials,

— organization of courses, special issues,

— joint contributions to spreading of excellence artdgration WPs.

4.2.7 Schedule of Activities
The following preliminary schedule covers the sghvity milestones from TO+4 till TO+22.

TO+3: Official start of the activities.
TO+4: Initial interactions among partners, subivéty definitions, contributions to DR8.1.
TO+8: SoA/Literature Study — Initial planning angomartners for common simulation

scenarios and possible integration activities archanges. Planning of possible
synergies with JRAla.

TO+12: Start of the second phase of activitieqlémentation of possible integration tools: 3-
month exchange and/or remote collaboration. Pessibtcomes: joint conference
papers.

TO+16: End of the second phase of joint activittesl start of the third phase. Possible

integration tools: 3-month exchange. Possible ou& joint journal paper(s),
journal special issue preparation.

TO+20: End of the third phase of joint activitiead start of the fourth phase. Possible
integration tools: 3-month exchange and/or remotkalsoration. Possible outcomes:
joint journal paper(s). Plan of contributions to R

TO+22: End of the fourth phase and of the whol&.JRossible integration tools: remote
collaboration. Possible outcomes: joint journal rég). Contribution to a joint
workshop. Contribution to DR8.2.

4.3 JRA2a: Distributed Scheduling in Interference-limited Wireless Networks
Participants: CNIT-BO (P1), CNRS-EURECOM (P2), LNUM (P3)
Leader: CNIT-BO

Responsible: Virginia Corvino

4.3.1 JRA Objectives

The objective of this JRA is the study of schedwlahgorithms with a distributed approach in wirsles
networks. The emphasis will not be put on the desigspecific scheduling algorithms directly, but
rather on design methods for scheduling techniquiéls specific objectives to be definee.g,
throughput maximization, delay guarantee, etcrcesithis will affect the method to be used. The
study will be carried out through a mathematicaprapch to be then validated via simulation.
Moreover, it is expected to apply the investigationboth a multi-cellular environment and other
network types like those based on mesh topologies.
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4.3.2 Background of Institutions / Researchers Irived

4.3.2.1 CNIT-BO

CNIT at University of Bologna gained expertise ahexduling with cross-layer approach over cellular
systems in the presence of mixed realistic traffier the last ten years. Their first study on salind

was published in 2000 [39] and was related to sdlivegl over a single cell Time Division
Duplex/Time-Code Division Multiple Access (TDD/T-GIA) UMTS system in presence of mixed
traffic according to the 3GPP classification [134fterwards, due to the increasing interest in mult
carrier air interfaces, identified as candidate fisture wireless systems such as UMTS LTE and
WIMAX, the investigation was pushed toward thisckiof air interfaces. In particular, scheduling over
multi-cell Multi Carrier-Code Division Multiple Acess (MC-CDMA) systems in presence of H.264
streaming video (and possibly FTP cross-trafficthwa cross-layer approach was studied [13].
Moreover, scheduling was performed in conjunctioithwapplication-suited buffer management
techniques. In that work a formal separation of gblkeeduling and resource allocation functions was
introduced and a cross-layer channel- and appdicativare scheduler was designed. Nevertheless, all
these studies were conducted on cellular systegmdiog to a centralized approach. A preliminary
work on scheduling in ad hoc networks was publisi&5], whose authors are also the researchers
involved in this JRA, namely R. Verdone and V. Goov

4.3.2.2 CNRS-EURECOM

Over the last years, CNRS-EURECOM, and especiaiyrésearcher involved in this JRA, namely D.
Gesbert, investigated the problem of resource afloe mainly from two different perspectives. Irth
first one, the problem of multi-cell optimizatiomainks to joint multi-cell power control and
scheduling was considered [61], [68], [82], [83]aikly distributed schemes which approximate
capacity maximizing solutions while requiring ordylimited amount of data exchange between the
cells or base stations have been considered. Isgbend perspective, RA schemes in conjunction
with MIMO techniques were considered. This has beedfirst in the single cell context, and then
generalized to a multi-cell context. Multi User MOM(MU-MIMO) schemes and precoder design to
separate users in the spatial domain were alsatigaged. The importance of scheduling is critical
order to guarantee the selection of users with bighugh levels of orthogonality. In this problere th
focus was mainly on the case of limited feedbadkene scheduling and precoding must cope with
partial description of the user's channels.

4.3.3 Description of Activities to be Performed

Scheduling over wireless shared channels is orleeofnost attractive issues nowadays, as in modern
systems different traffic types, with different éipption requirements, need to co-exist over more a
more complex air interfaces and over different kind networks. In fact, future wireless systems are
designed to be adaptiveg(, implementing power control and link adaptationyl anulti-carrier based.

In such a scenario, a sensible management of sy degrees of freedom.€., which subcarrier or
group of subcarriers should be allocated to U&vhich modulation and coding format? Etc.) in the
presence of differentiated, possibly time-variaapplication requirements is crucial for system
efficiency. In multi-cell scenarios, whilst in thpast the “divide and conquer” approach was widely
used, implying a static or semi-dynamic pattermesiource reutilization, more recent systems show a
more aggressive reuse of spectrum throughout #dteonk, as in UMTS. So, the problem of
managing the resulting co-channel interferencaisng. It is clear that scheduling plays a ke ol
order to maximize system performance whilst keepinder control interference rise. Moreover,
besides cellular systems, wireless ad hoc and metstorks attract raising interest in research due t
their flexibility of application and deployment. @pized scheduling in multi-cellular or multi-node
scenario should be performed by a centralized absie to collect all the information needed in order
to take the best possible decision. However, suod kf implementation requires an amount of
signalling (and a consequent delay in decision artdation) which increases with the network size,
until becoming unsustainable for the system. Duthé&se issues, scheduling in distributed networks
without centralized control is more and more ing&re.
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The main topic to be investigated in this JRA istritbuted scheduling in wireless networks with
particular emphasis on design methods more thatifgpalgorithm design. The approach applied to
such study will be firstly mathematical, to be thetidated via simulation. The target scenariohis t
JRA is a network composed of several devices (frmw on denoted asode$ deployed over a
certain area and organized in hierarchical levatsdepicted in Figure 7. Nodes can be possibly of
different nature. Then, we assume that the hieyaoduld be defined according to two principles:
functional or geographic. With the following meagin

functional hierarchy:a first analysis could be applied by consideringt thodes at level 1 (the

green circles in Figure 7) are provided with mateamnced computational capabilities with respect

to nodes at level 2 (the blue circles in FigureAf).example of this scenario could be composed
of the following sets of devices:

» level 2 nodes are mobile terminals,

* level 1 nodes are base stations (BSs),

» level 0 nodes are controller units;

links between level 2 and level 1 nodes are initally unreliable due to the wireless medium,

whereas it could be imagined that level 1 nodesliaked to the level 0 one via reliable links,

such as optical fibres or fixed point-to-point i@ss links. So, it is clear that such hierarchy is
defined according to the different functional capes of the nodes deployed. The main topic to
be investigated could be defined as “joint schedyl]iwhich means scheduling of traffic coming

from more than one level 1 node (even of diffesyrgtemse.g, GSM, UMTS, WiMax, etc.) by a

centralized controller (node of level 0 in Figupe Apart from studying the centralized approach,

according to which the controller is some kind gbd” aware of all within the network and taking
decisions for all nodes under its control, it caneyven more interesting to study what happens in
case the controller is only partially aware of tietwork characteristics or completely blind,
leading respectively to the following behaviours:

« semi-distributed approactihe level 0 node is not able to collect all theormation needed to
perform scheduling for the level 1 nodes undecdstrol. So, the main issue is to identify a
set of synthetic variables to be sent by the léuebdes to the level 0 node, in order to allow it
to take scheduling decisions.g, which metric for channel state evaluation, ortfaffic load,
for QoS requirement satisfaction, etc.). This igeesally critical in case the level 1 nodes are
heterogeneou§.e., they implement different technologies) and commaetrics should be
abstracted,;

« fully distributed approachthe level 0 node is completely blind with respectevel 1 nodes,
so it remains excluded from the allocation proaasd scheduling decision is taken by each
level 1 node independently, realizing an actuaityrdbuted approach;

geographical hierarchystill taking into account Figure 7, it can be imagl that the network is

composed of only two kinds of device and hierarahycorganized according to the geographic

position of the nodes. In this case, nodes at I@\sk responsible for collection of data from othe
nodes deployed over a certain areay( this could be of interest for monitoring netwgcki$ the
area is large enough and/or nodes are tightly dignin transmit power (and, consequently, in
transmission range, as for example in WSNs), soavecds are not able to directly connect to the
collector. So, the network can organize as follows:

* level 1 nodes are devices able to directly conteetite level 0 node;

« level 2 nodes are not directly connected to thell@node and, thus, connect to a level 1
node, realising multi-hop.

As a comparison with the functional hierarchy, ircts kind of hierarchy also the links between

level 1 nodes and the level 0 node are wireless thedefore, unreliable. Moreover, each level 1

node is also responsible for transmissions of étevant level 2 nodes.
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————————— Unreliable Links

Unreliable or Reliable Links

Level 1 Q Q O

=000 000 000

Figure 7: Target Scenario

An interesting case could be to consider a hyhrigtfional/geographical hierarchy, where level 1 and
2 nodes are devices with different functional cdlgas but hierarchy is built according to a
geographic criterion. A possible scenario couldhmecase of level 2 nodes which are sensors, level
nodes are mobile terminals with gateway capalslified level O node is a base station collecting als
control data to be sent to the opportune network.

The problems stated above will be studied usingathematical approach, to be then validated via
simulation, taking into account realistic deploynseaind channel characteristics.

4.3.4 Tools Used to Achieve the JRA Objectives

Since the JRA objective requires both analyticadlists and simulation campaigns, a strong intemactio
between partners is required. At this aim, a sixtingesearcher exchange has been planned. During
this period it is expected to completely definedbenarios to be investigated and to start the JRA.

In order to meet the goal of the JRA, it is alspeoted that an exchange of models in scenariopset u
mathematical analysis, simulation implementatioii,ve applied and fostered.

It is also expected that software exchange wilpbdormed: in fact, both the institutions involvied
the JRA have already expertise on scheduling amdessoftware tools were already developed
separately. Exchange of pieces of these toolsragly recommended in order to speed up the
integration process.

Finally, the inclusion of data measured by the lgingstitutions within the common software tool is
also encouraged.

4.3.5 Links to Other NEWCOM++ WPRs
Not foreseen by now.

4.3.6 Expected Outcomes

The following list includes a number of possiblgegted JRA outcomes. A more precise list will be
decided after the preparatory phase (T0+8):

— common software modules,

— joint papers,

— short and medium term missions,

— organization of special issues,

— joint contributions to spreading of excellence artdgration WPs.
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4.3.7 Schedule of Activities
TO+4: Official start of the JRA. Start of the rasgher exchange.

TO+10: End of the researcher exchange. It is egpethat during these six months a
definition of the specific scenarios to be investégl will be provided. The more tight
exchange of ideas, models and pieces of softwareldibe also performed, in order
to fully exploit the potentiality of a researchexchange. Then, the mathematical
description of the system under investigation, thedel to solve the problems
defined, should be completed, and, possibly, tmeilsition framework defined.

TO+16: Expected publication of preliminary results

TO+20: Possible outcomes: joint journal papei®&n of contributions to DR8.2.

TO+22: Official end of the JRA. For this time, & éxpected to have fulfilled the objective of
the JRA and at least one journal paper is expetctdge submitted. Contribution to
DR8.2.

4.4  JRAZ2b: Scheduling in Cognitive Radio Networks
Participants: CTTC (P1), UPC (P2), CNIT-BO (P3)
Leader: CTTC

Responsible: Lorenza Giupponi

4.4.1 JRA Objectives

In cognitive radio scenarios, a more efficientizdition of the radio spectrum can be achieved. A
hierarchical model is defined where primary (licetls users are entities characterized by higher
priority in a given frequency bande.g, cell phones, TV stations, emergency service, é¢t@an
secondary (unlicensed) users. The objective oflB® is to study the scheduling of SUs in different
available frequency channels, based on the avkiijaloif radio resources and on the activity of
primary (licensed) users. A SU has to continuallgnitor the radio spectrum to identify available
channels and their characteristics, and to religelect the presence of PUs, since, even if a SU is
using a certain channel, a PU may start transnmisisidchat channel at any time. This operation is
referred to as spectrum sensing. Based on theisexllected during the spectrum sensing operation,
the SU can be properly scheduled on different feeqy channels. Every time that it is estimated that
a SU is causing harmful interference to a PU imegdency channel, this channel has to be quickly
vacated and the SU has to be scheduled on a diffeh@nnel, initiating the process of the so called
spectrum handoff.

4.4.2 Background of Institutions / Researchers Irived

44.2.1 CTTC

CTTC has background in cognitive radio and spectmenagement research issues, especially gained
during the realization of the IP IST FP6 projectt\NWWER and WINNER2. Currently, besides the
activities related to NEWCOM++, CTTC is also invedzin other projects related to cognitive radio
issues. At European level, the most remarkablehar¢ST FP6 STREP project WIP, ICT FP7 STREP
project PHYDIAS, and LOOP project, which is patiidlnded by Industry Spanish Ministry.

The researcher responsible for this JRA, namelgiupponi, has strong background in RRM and
scheduling problems. She has been working in th&STPFP6 projects E2R and E2R2, as well as in
industrial projects funded by Telefénica Moviles, $pain. Her PhD thesis dealt with Joint Radio
Resource Management and scheduling in heterogenewuis-cell, multi-RAT (Radio Access

Technology), multi-service and multi-operator netkgy based on fuzzy methodology improved with
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the learning capabilities of neural networks. Awdially, she has strong background in the study of
cognitive networks.

4.4.2.2 UPC

The array and multi-channel processing group at \#?@ specifically the researcher involved in this
JRA, namely A. Pérez-Neira, carries out fundamemgsearch on physical layer technologies dealing
with multiple diversity schemes, to face from seglser to multiuser communications. The group
activities on signal and fuzzy processing encompéss the data link and network layer aspects that
relate with the physical techniquesd, PHY-MAC cross-layer design). Special attentiorpésd to
MIMO, Ultra Wide Band (UWB) and multi-carrier tramsrts applied to @ Generation (4G) wireless
systems, either terrestrial or satellite.

4.4.2.3 CNIT-BO

CNIT-BO has a strong background on scheduling owelti-carrier based air interfaces and already

has some preliminary works on scheduling over ilisted systems, as extensively described in

Section 4.3. Moreover, some studies related toctexistence of different communication systems

have been carried on, though not directly by tlseaechers involved in this WP, namely, R. Verdone

and V. Corvino. The analysis performed so far nyafobtused on the impact of mutual interference

between narrowband and UWB communication systei®8] [2 [139]. Moreover, as far as sensing is

concerned, an energy detector for wideband sigaffésted by Gaussian noise has been analyzed.
Finally, a comparison between performance in tesfnsapacity region and cognitive users’ data rate

of the main hierarchical access model typologiesefivave, underlay and overlay techniques) is

under investigation.

4.4.3 Description of Activities to be Performed

Cognitive radio is a new paradigm in wireless comioations to enhance utilization of the limited
spectrum resource. It is defined as a radio ablgilae available side information and to change i
transmitter parameters based on the interactiotis ttve surrounding environment where it operates,
in order to efficiently use the radio spectrum. Bblasic idea is that a cognitive radio is able taperly
sense the spectrum conditions and, to increasgesf@ly in spectrum utilization, it seeks to undgrla
overlay or interweave its signals with those of libensed users, without impacting their transroissi

The underlay paradigm encompasses techniques tlia¢ aommunication by secondary users
assuming they have knowledge of the interfereneseadh by its transmitter to the receivers of the
primary users. Specifically, the underlay paradigrandates that concurrent primary and secondary
transmissions may occur, as long as the interfergenerated by the secondary users is below some
acceptable threshold.

The overlay paradigm allows the coexistence of &k PUs in the same frequency channel, as long
as the secondary transmission can overlay the pyimiaes for example by means of codification
techniques. The enabling premise is that the Shksinétter has knowledge of PUs’ codebooks, and
possibly of its message as well, when the PU betgnsansmission. While this is impractical for an
initial transmission, this assumption may hold formessage retransmission, for example in a
cooperative scenario where SUs exploit the knovdeafgthe PUs’ message in order to mitigate the
interference at the PU receivers. More in particulee SUs can utilize this knowledge by assigning
part of their power to their own secondary commatiéns, and the remaining power to relay the PUs’
transmission. By a careful choice of this poweitsfiie increased interference at the PU receilige,

to the effect of the SU communications, can be aampted by the SU relay.

The interweave paradigm is based on the idea obrtyoistic communications, and was the original
motivation for cognitive radios. The idea came aladter observing the existence of temporary space-
time frequency voids, referred to as spectrum heWsch are not in constant use in both licensati an
unlicensed bands. These gaps change with time, card be exploited by SUs for their
communications.
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In this JRA the objective is to study schedulinght@ques for at least two of the paradigms of
cognitive radio: interweave and underlay.

As for the interweave paradigm, we will focus omestuling techniques among different available
frequency channels, to efficiently utilize the basdth left unused in a cellular TDMA/FDMA
(Frequency Division Multiple Access) systemd, a GSM/EDGE Radio Access Network - GERAN),
where a decentralized secondary system, represbytad overlay ad-hoc network, opportunistically
operates. The general system architecture is showigure 8. The fundamental constraints for this
secondary system are: 1) it uses the time slogs/énecy channeld.€., data channels) unused by the
primary GERAN system, 2) its operation does notadeg the performances of the primary system, 3)
there is no exchange of signalling information kew the primary and the secondary system, to
facilitate the secondary usage of spectrum, thahésPUs are not cognitive aware. We will consaler
scenario where SUs can opportunistically accessraddé resources of a GERAN base station
selecting the unused time slots in the most apfatepavailable frequency channel (see Figure 8),
depending on sensed parameters such as the aklbtdae perceived interference patterns. We will
compare performance results obtained considerifigreint decision making input&.g, humber of
users operating in a certain frequency channel,sored interference temperature, etc.) to the
scheduling problem.

SuU

PU

Frame i
[ Primary communications

Secondary communications

Figure 8: Opportunistic Use of Available Time Slotdn Frame i

As for the underlay paradigm, we will make usehaf toncept of interference temperature, in order to
evaluate the interference that SUs are causingU®s receivers. We will focus on a decentralized
architecture where SUs autonomously and autombticalke decisions about how to schedule among
the different frequency channels, and when it értfost appropriate instant to realize the schegulin
operation. The way how SUs make the decision ofchivig to a different frequency channel, due to
the fact that they are causing harmful interferdoca PU, is a challenging problem. In fact, a acien

in which PUs and SUs coexist is characterized bgh hincertainty deriving from different
components: the decentralization of the operatibe, hostile nature of the wireless channel, the
interference caused by other SUs which is a maormponent of disturb, the multiple decision making
inputs which have to be considered, etc.. Spatiasiclerations in terms of frequency reuse should be
made in this kind of scenarios. Examples of thesgial considerations may include the following, as
also shown in Figure 9: 1) when the distance batvike SU transmitter and the PU receiver is less
the i, where § is defined as a “no talk” radius, the SU is ndbwkd to talk; 2) the further the SU
from the PU receiver, the higher its transmissiowgr can be, etc..
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Figure 9: Example of Spatial Considerations for Frguency Reuse in Cognitive Radio Networks

For all this reasons, it is our opinion that thaltdnges rising in a cognitive radio scenario cen b
properly met by using techniques based on incompketowledge representation and qualitative
reasoning. In particular, in this JRA we proposeise fuzzy logic to deal with the incompleteness,
uncertainty and heterogeneity of a cognitive rasitenario, and fuzzy control to implement the
decision making process in it.

4.4.4 Tools Used to Achieve the JRA Objectives

The activity proposed will be realized at CTTC e tframework of the Access Technology Area.
UPC will cooperate with CTTC through discussiondd#ionally, CNIT-BO will supervise the work
realized at CTTC and will provide inputs in ternfsstatistical study of PUs behaviour and exchange
of this statistical information among PUs.

4.45 Links to Other NEWCOM++ WPRs

This JRA has a natural contact point with the dttis realized in the framework of WPR.9, which

deal with spectrum management research issueacinsome of the activities proposed in the context
of WPR.9 could be interesting inputs for this JRAr example, in the context of WPR.9 some
activities have been proposed with the objectiveeafizing spectrum measurements. Additionally,
another WPR.9 proposed activity focuses on theystidcooperative techniques among SUs in a
cognitive radio environment, in order to exchangesing information which would lead to a better
secondary usage of spectrum. The output of thisngkactivity proposed in WPR.9 in terms of sensed
spectrum conditions, could be an interesting irtputhe scheduling schemes that will be studied in
this JRA.

4.4.6 Expected Outcomes

The expected outcomes by this JRA are the pulibicadf joint papers with the different institutions
involved. It is more difficult to evaluate at ttgtage the possibility of realization of other kisfdoint
activities in the context of this JRA, consideriting reduced workload of the responsible institution
(CTTC) in WPR.8. The realization of other jointisities will probably significantly depend on the
interest that will be shown in this JRA by the tatber partners involved (UPC and CNIT-BO).

4.4.7 Schedule of Activities
TO+4: Official start of the JRA.

TO+9: The first activities that will be studiedeathose related to the interweave paradigm,
since this paradigm is the initial motivation fargnitive radio. Considering that the
most important challenge in the interweave coniexhe detection of PUs, it will be
shown that some level of interference will havédécadmitted at the PUs receiver.

TO+15: The assumption of a certain level of irgeghce in the PUs will naturally lead us to
the study of the underlay paradigm, which will eséd on the introduction of fuzzy
logic methodology in a scheduling decision framewodPlan of contribution to
DR8.2.
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TO+22: Particular attention will be paid to theolplem of maintaining the aggregated
interference temperature value at the PU receie®wa certain value, which is an
open issue in the literature. Contribution to DR8.2

4.5 Subsection 4.5 — JRA3a: Scheduling Techniquew Heterogeneous Networks
Participants: NKUA/IASA (P1), CNIT-BO (P2)
Leader: NKUA/IASA

Responsible: Nikos Dimitriou

45.1 JRA Objectives

As a result of the massive deployment of coexistvitggless networks, mobile users often have
several choices of collocated WLANSs to connectTiois situation is exacerbated by the deployment
of large scale mobile third-generation systems ateelr by major network operators, as well as other,
smaller unregulated networks. In fact, mobile usbips already exist which support multiple
standards and, additionally, there has been afisigni amount of work in creating flexible radio
devices capable of connectingany existing standard. It is therefore reasonable fieekthat in the
near future users will have the option to connectitferent networks and to switch dynamically
between them on a real-time basis, based on tkeedfthroughput and/or price.

The objective of this JRA will be to analyze thendynics of the vertical handover between standards.
We assume that users can switch air interfaceldrtiine-scale of seconds, as opposed to the case
where users are not capable to handover. We wélliras that parallel connections to both air
interfaces are available, allowing each user tactwbetween air interfaces at rates faster than the
typical session duration. In addition, we emplayaane-theoretic perspective in order to calculage th
socially optimal states (Nash equilibria) of thetgyn.

4.5.2 Background of Institutions / Researchers Irived

4.5.2.1 NKUA/IASA

NKUA/IASA group members that will be involved inighactivity, have a solid background in the area
of vertical handover and heterogeneous RRM thrquegticipation to the EU-project URANUS. In
this project the focus of a specific sub-actividyon proposing algorithms for dynamically schedulin
users among different air interfaces with the peablof vertical handover between wireless service
providers. The dynamics of handover between twxistieg wireless standards and the consequent
exploitation of the offered diversity by the usenodllti-standard terminals is being investigatedhgsi
elements of Game Theory. This work has been puddisio far in [140] and [141].

4.5.2.2 CNIT-BO

CNIT-BO has a strong background on scheduling owelti-carrier based air interfaces. Moreover,
this institution cooperated in NEWCOM Departmentvhere many issues related to RRM, also for
heterogeneous networks, were investigated. Paatigutheir researchers contributed actively thifoug
writing deliverables but, mainly, through a verycesessful JRA with LNT-TUM, with whom a C++
simulation framework where realistic multi-cell segio can be considered, was set up. This software
was designed in order to be also extended to tteedgeneous network scenario.

4.5.3 Description of Activities to be Performed

The dynamics of handover between two coexistinghess standards and the consequent exploitation
of the offered diversity by the use of multi-stardigerminals is proposed to be investigated. The

potential capacity benefits of mobile-initiated tveal handovers are substantial. However, it is

important to choose the correct VHO criteria inesrtb achieve optimum load balancing and (global

and social) equilibrium states.
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The dynamics of this process have several intaigsispects. Firstly, due to the lack of a central
controlling authority, mobile users become selfistd, even though users now have more choices to
connect to, they still need to compete for thetéimesources of nearby access points. Moreover, the
repeated structure of the process makes user®mephast information available to them, in order to
learn to adapt to the environment. To make thingsse; since only local information about the past
states of the system may be availalelg.the average service throughput per user), it islear how
users may use this information in an effective neantt is clear from above, that this process can b
modelled in terms of a non-cooperative game.

4.5.4 Schedule of Activities

This activity will build on the work that will havieeen done by the other aforementioned activities.
scope and objectives will be re-visited in a subseg phase of NEWCOM++, with the possible
inclusion/participation of some other WPR8 partners
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5 ACTION PLAN

The Action Plan for WPR8 was discussed and apprdyegarticipating institutions during a joint
WPR8-10-11 meeting held in Catania, Italy, on Mat8&hl14, 2008. According to the outcome of that
meeting, the objectives of WPR.8 and the list cAdRresented in Section 2 of this Deliverable, have
been defined. The scientific activities are theecjied and scheduled as follows.

The period of time ending at TO+6, when this Detaee is released, was devoted to:

— description of state of the art on scheduling audia resource assignment, as reported in Section
2;

— definition of the JRAs as reported in Section 4;

— harmonization of the activities planned within tHeAs, obtained through a thorough discussion
and agreement about objectives of the WP, commsit biafinitions, and an analysis of the most
promising tools and methods to design schedulimyradio resource assignment techniques (see
Sections 1 and 3).

Starting at TO+6, with end planned at TO+22, the fiRAs related to Tasks 1 and 2 (JRAla, 1b, 2a,
2b) will run in parallel. A meeting is scheduledT+11 to monitor the state of JRAs, and check
whether a deeper exchange of information among JRAgeded to harmonize the activities. Also,
the detailed scenarios defined within the four JRA$ be discussed, to find points of contact for
possible harmonization. DR8.2, due at TO+22, weifiart on the final scientific achievements of those
four JRAs.

At TO+18, JRA3a will start, with an end plannedrat-34, when DR8.3 will be released, based on the
results achieved. Possibly, other JRAs might bénddf as an evolution of JRAla, 1b, 2a or 2b
towards heterogeneous networks, after TO+22.

Each JRA is expected to act through integratiothefskills of the participating partners, providing
some among the following list of outcomes:

— exchange of knowledge / software modules / data;

— publication of joint papers;

— exchange of researchers for short or long ternsyisi

— joint supervision of PhD candidates;

— offers of joint tutorials;

— offers to edit journal special issues;

— offers to organize special sessions at conferences.

Besides the activities performed within the JRARR\B participants agreed on plans for providing
non-JRA related inputs to other NEWCOM++ WPs. Mgpecifically:

— WPR.9, 10 and 11 are the most closely related t&R\8HRherefore, strong interaction is expected.
In particular WPR.8, 10 and 11 will continue havjomt meetings. DR11.1 includes a section on
scheduling and radio resourse assignment for oppistic networks which is synchronized to this
Deliverable in terms of definitions, and concepesatibed. The three WPs will be in close
contact, through the action of the WP leaders. Metvscenarios and performance metrics are
expected to be shared. Also, similar assumptionserning link level should be set;

— inputs will be provided to Integration and Spregdaf Excellence WPs, according to the requests
of the respective plans, on a JRA basis.

Finally, it was decided that in 2009 a public wdrée will be organized jointly with other EC
projects; the detailed topic will be defined basedthe initial outcomes achieved by the four active
JRAs, at TO+11. In 2010, a joint WPR.8, 10 and btkshop will be organized, focussing on a topic
of common interest to the three WPs.
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CONCLUSIONS

In this first Deliverable of WPR.8, the State okthArt of the literature on scheduling and radio
resource assignment has been reported. In panidugly a survey on basic scheduling notions and
techniques has been presented. Starting from rissiigation and having noticed that a common
language on this topic is still missing in therteire, an effort has been put in the formalizatibthe
“scheduling” and “adaptive radio resource assigritheoncepts, and some commonly agreed
definitions have been introduced. Furthermore,taildel description of the main scheduling strategie
related to the three Tasks in which the WP is dmgah respectively devoted to multi-carrier and
space-division based systems, distributed wiretgséems and heterogeneous networks, has been
provided.

Then, the identification of the most used schedutioncepts has been employed to perform a detailed
analysis of them according to different points igw; such as their main characteristics, the taots
methods used for their design, their major advatagnd drawbacks. This analysis has been
performed in order to open a discussion aiminglaniifying what should be the criteria and methods
to be considered when designing new schedulingaalagitive radio resource assignment algorithms,
which are the most suitable and powerful tools @oubed, which characteristics are mandatory and
which approaches are recommendable.

Having set the requirements for the design of futscheduling and adaptive radio resource
assignment techniques, JRAs have been set up ¢br Bask, according to the background and the
declarations of interest that Partner involvedtie WP presented. In particular, for each JRA the
objectives, the background of the Institutions imed and their role within the JRA, a detailed
description of the activities to be performed, toels to be used in order to achieve the JRA
objectives, possible interaction with other NEWCOMWPSs, the expected outcomes and the
schedule of the activities, have been provided.rdplical synthesis of the JRAs to be performed
within WPR.8, with the relevant partners involvedldhe interactions with other NEWCOM++ WPs,
is reported in Figure 10.

WPRZ  wer9
. i
| NKUA™
" CNIT/BO.
WPR.10 & < A2 TJRA% \ &= WPR.11
WPR.2
U J

WPR.5 WPR.9

Figure 10: WPR.8 JRAs Organization

As a final remark, it is expected that, besides dbkievement of the main objectives of this WP,
namely the design of fast radio resource assignraedtscheduling techniques according to new
design paradigms, using a cross-layer implememtaiial considering both centralized and distributed
approaches, another important objective of this M/Rhe interaction with other research groups
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involved in these topics. First of all, natural Bange of ideas and tools with the other NEWCOM++
WPs belonging to the Network Cluster, namely WPRV®R.10 and WPR.11, is foreseen. Moreovetr,
interaction with other NEWCOM++ WPs is recommendabince they can provide useful inputs, like
WPR.2, and introduce innovative approaches, likeR/@Pwhich can be really valuable for this WP.
Nevertheless, interaction with other European Rtsjdevoted to the study of wireless systems @ als
expected, like with COST Action 2100 on “Pervadwebile & Ambient Wireless Communications”,
where topics ranging from physical to network lage investigated.
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LIST OF ACRONYMS

2G 2 Generation

3G 3° Generation

3GPP 3G Partnership Project

4G 4" Generation

AAA Authentication Authorization and Accounting
AC Admission Control

AMC Adaptive Modulation and Coding

AP Access Point

BER Bit Error Rate

BS Base Station

BSC Base Station Controller

BW Bandwidth

CDMA Code Division Multiple Access

Cil Carrier-to-Interference

CIF-Q Channel condition Independent Fair Queueing
CPU Central Processing Unit

CQl Channel Quality Indicator

CRRM Common Radio Resource Management
Csl Channel State Information

CSMA Carrier Sensing Multiple Access

CTS Clear to Send

EDF Earliest Deadline First

FDMA Frequency Division Multiple Access
FEC Forward Error Correction

GERAN GSM/GPRS/EDGE Radio Access Network
GSM Global System Mobile

HLR Home Location Register

HO Handover

HSPA High Speed Packet Access

IP Internet Protocol

IWFQ Idealized Wireless Fair Queuing

JRA Joint Research Activity

LA Link Adaptation

LCD Low Constraint Data

LDD Long Delay Data
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LP Linear Programming

LTE Long Term Evolution

MAC Medium Access Control

MC Multi Carrier

MC CDMA  Multi-Carrier Code Division Multiple Access
MIMO Multiple Input Multiple Output

MSR Maximum Sum Rate

NAV Network Allocation Vector

NoE Network of Excellence

NP-complete  Non-deterministic Polynomial-time coetg

NRT Non Real Time

OFDM Orthogonal Frequency Division Multiplexing
OFDMA Orthogonal Frequency Division Multiple Access
OMB Opportunistic Multi-Beamforming

OSA Opportunistic Spectrum Access

PC Power Control

PF Proportional Fair

PRC Proportional Rate Constraints

PS Packet Scheduling

PU Primary User

QoS Quality of Service

RA Resource Allocation

RAN Radio Access Network

RAT Radio Access Technology

RNC Radio Network Controller

ROC Region Of Convergence

RR Radio Resource

RRM Radio Resource Management

RSS Received Signal Strenght

RT Real Time

RTS Request to Send

RU Resource Unit

SBFA Server Based Fairness Approach
SDMA Space Division Multiple Access

SINR Signal-to-Interference-plus-Noise Ratio
SNR Signal-to-Noise Ratio

SoA State of the Art
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SuU Secondary User

T-CDMA Time-Code Division Multiple Access

TDD Time Division Duplex

TDMA Time Division Multiple Access

uDD Unconstrained Delay Data

UMTS Universal Mobile Telecommunication System
UTRAN UMTS Terrestrial Radio Access Network
UwB Ultra Wide Band

VHO Vertical Handover

WAF Wireless Adapted Fair

WES Wireless Fair Service

WiMAX Worldwide Interoperability for Microwave Acas
WLAN Wireless Local Area Network

WMN Wireless Mesh Network

WP Work Package

WSN Wireless Sensor Network
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