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Executive Summary

This deliverable presents a description of the Mla@er mechanisms and the cross-layer resourceaéitboc
algorithms that are proposed within WP3 to devedopide band (up to 100 MHz) transmission interftca
allows the coexistence and compatibility with theseng HomePlug AV system. It reviews the MAC
mechanisms in PLC context. The cross layer resaaitoeation (bits, carriers, codes, powers, et analyzed
in multi user context with filtered multitone ariddar precoded OFDM systems. These techniquesptirained
for application to in-home PLC systems. The charmeblel presented in Deliverable 3.2 is used toiobta

performance results.

This deliverable is organized as follows. After tihtroduction in Section 1, Section 2 gives an wiew of
different MAC mechanisms in PLC context. The HPANMe UPA DHS and the IEEE P1901 MAC mechanisms

are briefly described.

The MAC and the new inter-MAC interfaces are ddmmliin Section 3. A description of available infatian
that will be transmitted from the PLC MAC to thédnMAC and from the inter-MAC to the PLC MAC are

given.

The contributions on cross-layer resource allocatiomulti user context are given in Section 4. THosvnlink
multi user communication scenario is studied wilterf bank and LP-OFDMA systems. The multicast Isoa
developed for OFDM and LP-OFDM systems.

The conclusion follows in Section 5.
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1 Introduction

The objective envisioned by the OMEGA project isd&sign wireless and wired communication technel®gi
capable of reaching a physical (PHY) rate of 1 Shit in-home networks. Within the project, WP3uUses on
power line communications. This deliverable aimdedcribing the MAC layer mechanisms and the clagsr
resource allocation algorithms that have been dgeel within WP3. It presents the adaptation of AV
MAC layer to the OMEGA PHY enhancement. Here, thétinuser resource allocation schemes are analyred

downlink and multicast contexts.

This deliverable is organized as follows. After ith&roduction in Section 1, Section 2 gives an wiew of
different MAC mechanisms in PLC context. The MACdatihe new inter-MAC interfaces are described in
Section 3. The contributions on cross-layer reswailtocation in multi user context are given int®et4. The

conclusion follows in Section 5.
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2 Overview of MAC mechanisms for PLC

The basic task of a MAC layer is to control accessnultiple subscribers connected to a communioatio
network using a same, so-called “shared transnmisgiedium”, and organization of information flow ifno
different users applying various telecommunicatisasvices. Generally, functions of a MAC layer agblto

any telecommunications network can be divided ihofollowing three groups:
* Multiple access.
* Resource sharing
« Traffic control functions.

A multiple access scheme establishes a methodvafim the transmission resources into accessipiticns
[1], which can be used by network stations for s$raission of various information types. The choioe &
multiple access scheme depends on the appliedmissisn system within the physical layer and itstdiees.
Following the definition of a multiple access scleerthere is a need for specification of the stratfey the
resource-sharing MAC protocol. The task of a MAGtpcol is the access organization of multiple stibscs
using the same shared network resources, whichsigsred by management of the accessible sectiongdpb
by the multiple access schemes. Duplex mode isobrtiee functions of the MAC layer controlling theaffic

between downlink and uplink transmission directioAslditional traffic control functions, such as ffia

scheduling, admission control, and so on, can l@eimented in higher network layers, but also cobapjeor
partly within the MAC layer. In any case, to fulfifoS requirements of various telecommunicationsises,
MAC layer and its protocols have to be able to suppealization of different procedures for trafficheduling,

as well as to support implementation of a Connacfidmission Control (CAC) mechanig2].

2.1 PLC MAC requirements

A minimum of 20 Mbps average data rate as dateopalybn application layer is required and the systshall
provide the desired bit rate for 98% of all coniwtt [3], [4]. For connection in multi level houses additibna

repeaters are acceptable. For high data rate anmiof 70~Mbps is required for the scalability lo¢ tdata rate.

The specific MAC layer requirements are common \dgHEEE 802 features. The PLC MAC takes into antou
the links quality and the traffic loads to deterenthe best routes within in-home netwk The broadcast and
the repetition are supported. The MAC coordinasoused without user intervention and provides siolti free

mechanism.

2.2 Multiple access schemes

In order to efficiently share the available resesrbetween different users in a communication sysseveral
multiple access techniques can be used. The melmitpues commonly implemented are frequency-divisio

multiple access (FDMA), time-division multiple assg(TDMA) and code-division multiple access (CDMA).

FDMA consists in dividing the spectrum into indivil channels that will be allocated to the différasers.
FDMA technique can be easily implemented sincesusan be separated at the receiver using a sintigle f

However, one disadvantage is the maximum numbaserfs having to share a given band. In fact, irsingahe
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number of users leads to reducing the bandwidthefndividual bands allocated to each user, wiklabuld be

kept large enough in order to avoid strong sigttehaations.

TDMA allows several users to share the same fregjuehannel by dividing the signal into differenpsthtime
slots. The users transmit in rapid succession, after the other, each using its own time slot. TDN$A
generally more difficult to implement than FDMA e it requires perfect synchronization between all
transmitters and receivers. Systems adopting TDNAude the ' generation cellular systems (GSM) and the

digital enhanced cordless telecommunications (DEyE)ems.

With the CDMA technique, several users are ablkeaiesmit data simultaneously over the same frequbaad.
The users' signals are distinguished by differeNt ¢ddes that have to be known at the receiver. The
combination of direct-sequence principle and CDMekhnique is referred to as DS-CDMA. A judicious
selection of PN codes with good cross and autolative is necessary for DS-CDMA systems. In theeca
synchronous communications, optimal performancebeanbtained using orthogonal codes, such as arttadg
variable spreading factor (OVSF) codes, Walsh-Haatdmode$6], and the complementary series of Gdlay

For asynchronous communications, non-orthogonakgaaffering good cross and autocorrelation progerti
such as Gol@B], Kasami[9], and Zadoff-Chu codd40], can be used.

2.3 MAC protocols

2.3.1 Fixed access strategies

Fixed access assigns each user a predeterminecedrchannel capacity irrespective of whether theruneeds
to transmit data at that time. Fixed access stiedegre suitable for continuous traffic, but nat lharsty traffic

which is typical for data transfer provided in eC access networ§1].

2.3.2 Dynamic access strategies

Dynamic access schemes are adequate for data tsgimmand in some cases it is possible to ensure a

satisfactory transmission quality for delay-crititaffic [12], [13].

2.3.2.1Contention based protocq2]
2.3.2.1.1. ALOHA

Aloha, also called th@ure Aloha methadrefers to a simple communications scheme in wigiabh source
(transmitter) in a network sends data wheneverti®ia frame to send. If the frame successfulaches the
destination (receiver), the next frame is sentthéf frame fails to be received at the destinatiiis, sent again
after a randomly calculated waiting time. Thus, plaekets generated by two different network statidrand B

collide if they are transmitted at the same tim@& (Ppacket generation, Figure 1).
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Figure 1: Timing diagram for pure ALOHA protocol

According to network throughput and date rate, rdmedom nature of the ALOHA protocol causes a very |
network utilization (maximum 18%). Additionally, ADHA protocols are characterized by an instable ieha
with a resulting performance collapse (networkizdiion is almost zero) if the network is highlatted, which
makes the realization of QoS guarantees diffidedt. these reasons, it can be concluded that the AUOHA

protocol is not suitable for application in PLCwetks.

Performance of pure ALOHA protocol can be improbgdapplication of so-called “slotted ALOHA prototol
where the transmission channel is divided into tahaés, whose size equals the duration of a packesmission
T. The network stations can start transmission pheket only at the beginning of a time slot (PT acket
transmission, Figure 2). Thus, after generatioa packet (PG) station A has to wait for beginnifigiext time
slot to transmit the packet. Therefore, there iollision between second packets of stations ABnds was
the case in pure ALOHA protocol (Figure 1). In st ALOHA protocol, a collision occurs only if tway more
network stations transmit a packet in the same sloe(Figure 2), as is the case with third packétstations A
and B.

The slotted ALOHA achieves much better networkization (36%) than the pure ALOHA protocol. Howeve
the same instable performance behavior still remaimd two basic requirements on the MAC protocelrat

fulfilled by the slotted ALOHA as well (good netwoutilization, QoS guarantees for various services)
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Figure 2: Timing diagram for slotted ALOHA protocol
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2.3.2.1.2. CSMA

Carrier Sense Multiple Access (CSMA) is a probabdiMAC protocol in which a node verifies the ahse of
other traffic before transmitting on a shared trnaission medium, such as an electrical bus, or al ludrthe

electromagnetic spectrum.

"Carrier Sense" describes the fact that a tranemiigtens for a carrier wave before trying to sehlat is, it
tries to detect the presence of an encoded sigmal &nother station before attempting to transkiné.carrier is

sensed, the station waits for the transmissiomragness to finish before initiating its own transsion.

"Multiple Access" describes the fact that multigkations send and receive on the medium. Transmsdiy

one node are generally received by all other statising the medium.

2.3.2.1.2.1. Collision detection (CSMA/CD)

It senses the channel for a collision after trattamgi. When it senses a collision, it waits a ramdamount of
time before retransmitting again. But on power ditlee wide variation of the received signal andsadevels

make collision detection difficult and unreliable.

2.3.2.1.2.2.Collision avoidance (CSMA/CA)

As in the CSMA/CD method, each device listens t® g¢ignal level to determine when the channel is.idl
Unlike CSMA/CD, it then waits for a random amoufitime before trying to send a packet. Packet &siZeept
small due to the PLC'’s hostile channel characiessiThough this means more overhead, overall datais
improved since it means less retransmission. CSMASUsed in HomePlug Standards and we will taléuatit

in more detail in the next sections.

Dynamic protocols with contention can not ensurg gurarantees of QoS for time-critical services alsw full

network utilization can not be reached.

2.3.2.2Collision-free protocols

Collision-free dynamic protocols can be realizethgd oken Passing, Polling or reservation methods.

2.3.2.2.1. Token passing

In a network applying a token-passing protocol, tlegwork stations exchange so-called “token-mesSage
(tokens) in a particular order to specify accegbtrio the medium for every station in the netwdklstation that
just received a token has right to access the mediod transmit its data. After the transmissiondmpleted,
the token is sent to another station in the netwarkich can carry out its transmission. In this wagch
network station has an extra time period, deterchibg the token message, to send its data and iooBis
between multiple network stations are not possiblgch leads to a collision-free network operatidn.avoid a
situation where a network station transmits iteadat a longer time period and with it obstructiseststations to
transmit their data, a limit for an individual tsanission can be defined. This can be done by limiteof the

transmission time, or by specification of a maximamount of data to be transmitted within one token.

The most well-known token-passing protocol is Telkeng, developed for the application in LANs withiag
topology.
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2.3.2.2.2. polling methods

As opposed to the token-passing principle, polim@ centralized access method providing a maitiostao
control the multiple access to the shared medjlaj. The base station (e.g. base station of a Bt€ess
network) sends a so-called “polling message” toheaetwork station in accordance with the roundmobi
procedure or any other cyclic order. If a stati@eeives a polling message, it can transmit the @ata
predefined time period. In the case that a poliedicn does not have data to transmit, it sendsnd &f
acknowledgment to the base station to inform it thare is no data to send. Afterward, the bag@staolls the
next station in the cycle. The network station $raits also an acknowledgment after the end of &qtac
transmission, also informing the base station thattransmission is completed (e.g. before a limiteached)
and that the next station in the cycle can be golléne polling access procedure can be appliediyanatwork
topology. Independent of the physical network gticee (e.g. three, bus, ring, or a star network ih#&gpical for
wireless communications systems), the polling cyslearried out in accordance with a logical ordéithe

network stations.

Token passing and polling make possible realizadiosome QoS guarantees in the network. Howeveh an
increasing number of network stations the time ketwtwo sending rights for a stations (round-thipet of
tokens or polling messages) becomes longer, mdlatiy protocols not suitable for time-critical sees[12] ,
[13].

2.3.2.2.3. Reservation methods

In the case of reservation MAC protocols, a kindredgervation of the transmission capacity is dareaf
particular user or a service. For this purposeard @f the transmission resource is reserved @lizaion of the
reservation procedure, so-called “signaling”. Thimsa general case, a number of accessible seatibiise
transmission resources, provided by a multiple sscecheme, is allocated for signaling that includes
transmission of the user requests (demands) to rdratenetwork unit (e.g. PLC base station) and
acknowledgments/transmission rights from the btetéoss. After the reservation procedure is fingshthe base
station has already allocated necessary netwoduress for the requested transmission, ensurirantention-
free data transmission. For realization of reséwmaMAC protocol in a TDMA system, the time framase
divided into two intervals Figure 3; one provided the reservation procedure (R) and another ferctilision-
free data transmission (T). A reservation completétin the request phase of a time frame (e.getirame T -
1) can affect the same or the next time frame, s/lilee transmission is carried out within time frafme 2, or
the transmission can be carried out in any of thet trime frameqT - i). Thus, the base station has an
opportunity to schedule multiple requests receifrech different users for various services in acemake with
the required QoS, priorities, and so on. The lemgththe reservation and transmission periods withtime

frame can be fixed or they can be dynamically ckdngepending on the current load situation intevoue.

R T R 2 R T e

Figure 3: Principle of reservation MAC protocols
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2.4 Traffic control

Network traffic control is the process of managipgioritising, controlling or reducing the netwotfaffic,
particularly Internet bandwidth, used by networknamistrators, to reduce congestion, latency andkgtaloss.

The traffic control mechanisms can be divided mfililowing three groups:
« Duplex mode, as a part of the MAC layers, th@tmization can improve network utilization,

« Traffic scheduling, representing additional megisms to be implemented in the MAC layer to

improve QoS in the network, and

« Connection Admission Control mechanism, opegatihove the MAC layer to secure QoS level in the

network.

2.4.1 Duplex mode
The duplex mode defines the organization of traificdownlink and uplink transmission directionsatths,
transmission of data from a base station to netvetakions and in the opposite direction from théwvoek
stations to the base station, respectively. Far phirpose, the accessible sections of the traniemisssources,
provided by a multiple access scheme (Sec. 5.2),darided into two groups; one of them serving the
transmission in the downlink direction and the otfur the uplink transmission. The division of thetwork

resources between the downlink and the uplink @améade in two ways:
« FDD - Frequency Division Duplex, and
* TDD — Time Division Duplex.

In the first case, a frequency range is used feulink transmission and another range for thentiok. Thus,
if we consider an FDMA system, a number of the diergcy bands (transmission channels) are allocatethé

downlink, and the remaining bands are allocatedieruplink, building an FDMA/FDD transmission syst.

On the other hand, TDD provides different time fesmwhere the transmission is carried out by tunnthé
downlink, or in the uplink. So, in a TDMA systerhgte are two types of the time frames, downlink apiihk

frames, usually containing a number of the timésslouilding a TDMA/TDD transmission system.

Besides two combinations of the multiple acces®ws and the duplex modes presented above, an FDMA
system can be realized with TDD, as well as a TD8§atem can be combined with FDD. In the first caise,
transmission channels provided by the FDMA schemee used for both transmissions in the uplink and
downlink directions. However, there is a divisionthe time domain, ensuring extra time periods #natused

for the uplink and for the downlink transmissionn @he other hand, in case of a TDMA/FDD system, the
frequency spectrum is divided in the uplink andthe downlink parts. Thus, the corresponding uplamid

downlink time slots are accessed in these two raqu ranges.

2.4.2 Traffic scheduling
Mechanisms for the traffic scheduling in commurimad systems are responsible for management adrdiit
data flows transmitted through a network with respe the fulfilment of the required QoS guarantéas

particular telecommunications services. There alarge number of mechanisms for the traffic schiegul
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investigated for implementation in various telecommications technologies (ATM, modern IP networks,)e
This traffic scheduling can take into account thnity realization; QoS control mechanisms andrass

provision in the network. For more details, &

2.4.3 CAC mechanism

Since every telecommunication system provides igefinransmission capacity (a maximum available date),

a network can carry only a limited number of conimers simultaneously. Additionally, if the servicagth
higher data rate and QoS requirements are tramdfethe transmission limits can be quickly achieved
particularly in networks with limited data ratesch as recent PLC access networks. Therefore, comations
networks apply very often call/connection admissommtrol mechanisms (CAC), which limits the numloér
connections to be admitted in the network in acancg with current QoS level and data rates thatbean
ensured for individual connections, applying vasieelecommunications services. The limitation & tlumber
of admitted connections in a network is specifigdsb-called “admission policy”. Additionally, in tveorks
operating under unfavorable noise conditions, agPLC, the influence of disturbances on the chafidgke

available data rate in the network has to be paatity considered in an applied CAC mechanism df [
2.5 HomePlug MAC mechanisms

2.5.1 HomePlug 1.0 MACJ[11]
The HomePlug 1.0 Medium Access (MAC) protocol imadified CSMA/CA (Carrier Sense Multiple Access /
Collision Avoidance) protocol with priority signaij. HomePlug 1.0 devices operate in an ad hoc notlee
sense that devices communicate with each othetlyfregthout any centralized coordinatiof.he frame

structure and protocol of HomePlug 1.0 is depiabefigure 1.

3584us 3584us 35.84 us 3584usxn 313.5 ~ 14895 us 2fus T2us

Priority Priority P,
CIES Resolution O Fesoultion 1 Conention Data RIFS ACE
=TT — J,rff
el — /
Frame Frame Eud Of Frame Frams
Preamble - Frame Body BAD FC35 Frame Praamhle - R Preambla R
Control | Header - Gap Control Conmrol
2
25bits 17bytes  Warable Length Byies 1.5us 15birs RIFS
. o -

Figure 4: HomePlug 1.0 frame structure and protocol

The RIFS shown in the figure is “Response IntemtgaSpacing.” A frame control bit is used to indécéte
desire of a station to continue to send data, aligwpre-emption only by higher priority traffic. €hspacing

between the last frame and the incoming frame ESGContention Window Inter-Frame Spacing).

HomePlug 1.0 provides four priority classes - CA#)2, CAl and CAO from highest to lowest. Priority
resolution is done by asserting signal of the ftsidevel in the PRO and PR1 slots. For exampleseiod a CA2
packet, the PLC device should assert a 1 in PRGimg any node with CA1 traffic to defer, and nssext 1 in
PR1 as it would do otherwise. Nodes with CA3 datseet a 1 in both priority slots and CAO in neithEnis
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effectively resolves contention between differeribfity classes. Contention within the same priogtass is
resolved during the contention period. The contenperiod is a contention period. The contentioriogeis a
form of CSMA/CA with a priority dependent back effndow size schedule. For the lower two prioritasdes,
it is 8-16-32-64 slots, while it is 8-16-16-32 sldor the two higher priority classes. On collisidime range of
contention slots over which a transmission is sthi$ increased according to the schedule. Asina Btarting
with a smaller range (8 slots compared to 32 slethen a HomePlug 1.0 node defers (detects anatigs’s
transmission in an earlier slot), it uses this tinfation to back off, but less aggressively thathi@ case of a

collision. This technique serves to reduce cosillisions further.

2.5.2 HomePlug AV MAC [15]
HPAV provides connection-oriented Contention Fré€)(service to support the QoS requirements (gteedn
bandwidth, latency and jitter requirements) of dediag AV and IP applications. This Contention Fsegvice
is based on periodic Time Division Multiple AccgdDMA) allocations of adequate duration to suppbet

QoS requirements of a connection.

HPAV also provides a connectionless, prioritizednteation based service to support both best-effort
applications and applications that rely on prieetl QoS. This service is based on Collision SenatipNe
Access/Collision Avoidance (CSMA/CA) technology whiis applied to only traffic at the highest pengin
priority level after the pending traffic with loweariority levels has been eliminated during a biRefority

Resolution phase at the beginning of the contemtiioilow.

To efficiently provide both kinds of communicatiservice, HPAV implements a flexible, centrally-mged
architecture. The central manager is called a @efoordinator (CCo). The CCo establishes a Be#&=mind
and a schedule which accommodates both the ComteRitee allocations and the time allotted for Cofita-

based traffic. As shown in Figure 5, the Beacorid@es divided into 3 regions:
e Beacon Region
e CSMA Region
« Contention-Free Region

The CCo broadcasts a beacon at the beginning df Baacon Period; it uses the beacon to communibate
scheduling within the beacon period. The beacomegtremely robust and reliable. The schedulesrdided in
the Beacon are persistent i.e., the CCo promisesonthange the schedule for a number of Beacoivder
and the persistence is also advertised in the Imneaoothat the transmitting station for a connectoam
confidently transmit during its persistent allooal(s) even if it has missed several beacons wittléradvertised
persistence of the schedule. This provides additicontinuity even if a few beacons are missed. TBMA
periods are also persistent so that stations wgstonsend CSMA traffic can do so even if they mastew

beacons.

The MAC layer provides both Contention (CSMA) andn@ntion Free (CF) services through the respective
regions in the Beacon Period. The CCo-managed deemsiContention Free (PCF) Region enables HPAV to
provide a strict guarantee on Higher Layer Entiif £) QoS requirements. An HLE uses the Connection

Specification (CSPEC) to specify its QoS requiretsefihe Connection Manager (CM) in the station eatEs
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the CSPEC and, if appropriate, communicates thénpat requirements to the CCo and asks the CCa for

suitable Contention Free allocation. QoS featspegified in the CSPEC include:
*  Guaranteed bandwidth
* Quasi-Error free service
* Fixed Latency
« Jitter control

If the CCo is able to accommodate the connectiguest, it will ask the stations to “sound” the cheln This
allows the stations to perform the initial chanastimation (i.e., establish a Tone Map specifying dptimal
modulation on each OFDM tone). The Tone Map is comoated from the receiver to the transmitter; the
channel estimation is also communicated in abbtediform to the CCo to help it determine how muahet
should be allocated to the connection. Based oiC®REC and the channel sounding results, the C@adas
one or more persistent time allocations (Transnup@tunities (TXOPs)) for the connection within tREF

Region.

The PCF Region also contains time for non-perdistbocations good only in the current beacon pkrithese
non-persistent allocations are used to providetaadil short term bandwidth to connections thatexit (e.g.,
because of transient errors or changing channalittons) to meet their QoS requirements, providihat the
transmitting station hears the beacon at the beginof the Beacon Period. When this time is noduse non-
persistent CF allocations, in may be used for CStvéffic. Again, stations must hear the beacon ideorto

know whether the time is available for CSMA traffic

Messaging in HPAV is direct from station to statitmwever, the CCo monitors the messages. The hedide
each message contains information about how muthisigpending for transmission on the connectibthis
amount becomes large on a given connection, the @@y allocate additional non-persistent time to the

connection in the PCF Region.

The Persistent CSMA Region provides prioritizedteation-based communication. It is used whereetli@no
CSPEC and/or the traffic is of short duration. Wioperating in 1.0 Coexistence mode, or “Hybrid oAV

coordinates with HomePlug 1.0 devices and perémtto communicate during the CSMA period.

As shown in Figure 5, the Beacon Period is syndaeshto the AC line cycle. By synchronizing to thee

cycle, HPAV provides stability of the periodic alltions relative to the line cycle. This, in tupnovides better
channel adaptation to the synchronous (to the diywe) interference, resulting in improved throughprlhe
beacon provides announcements of where the beaitloocaeur over the next few beacon periods (i.eadon

persistence) to enable continued communicatiorstations that miss an occasional beacon.
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Figure 5: Example of Beacon Period Structure

2.5.2.1MAC Control Plane
The Medium Access Control (MAC) Layer contains ategrated Connection Manager (CM). HLEs provide a
Connection Specification (CSPEC) that details Qe§uirements for application data. For bridgedfitaf
CSPECs may be generated dynamically by the Auton&dion Service (ACS) or by a higher layer QoS
Manager that coordinates QoS over multiple netveediments; otherwise the traffic is transmitted rasritized

CSMA traffic.

The Control Plane provides a seamless interfatkeet@pplication layer. Application requirements egceived
at the H1 Control SAP in the CSPEC and are intéedrby the CM. The CM is responsible for evaluating
CSPEC and setting up the appropriate connectia@omunction with the CM in the station at the otlead of
the connection and with the CCao. It is the ConmecManager’s responsibility to ensure that the appate AV
mechanisms are engaged in order to provide thacagiph with the bandwidth it requires. It mustalsonitor
the level of service that the connection is recgj\@nd take remedial action if the guaranteed @a®i being
provided.

The MAC also maintains a clock that is tightly sramized to the CCo’s clock (the CCo includes aettamp

in the beacon). This means that the entire HPAWait shares a common network clock for use by Htttas

have tight timing constraints (e.g., to synchrorsmeround sound speakers).
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2.5.2.1MAC Data Plane
In the Data Plane, the MAC accepts MSDUs (e.g.efeidt packets) arriving from the Convergence Layet
encapsulates them with a header, optional ArrivaleTStamp (ATS) and Check Sum to create a MAC Frame
The MAC Frames are then enqueued into the apptegd&C Frame Stream. It is the MAC's responsibility
ensure that the MSDUs related to a given connection delivered to the PHY in a timely fashion for
transmission during the time allocated for the @amtion. For this purpose, it maintains individualeges for

each connection’s data, for each priority leveC&MA traffic and for each priority level of Contrblessages.

Each MAC frame stream is divided into 512 octetnsegts each of which is encrypted and encapsulatedai
serialized PHY Block (PB). As shown in Figure 6 tABs are packed into an MPDU which is delivereth&o
PHY. The PHY transmitter applies forward error ection and places the resulting PPDU onto the plaveeas
described in the PHY section above.

As the receiver reconstructs the MSDUSs, it seletyivacknowledges the PBs; those that are not pebiti
acknowledged are retransmitted during the next TXO# Selective Acknowledge (SACK) is an integraitp
of the TDMA allocation. When all the PBs composaimgMSDU have been received correctly, the segnaets

decrypted and the resulting MSDU is passed to thev€rgence Layer for delivery to the appropriateEHL
Control messages are processed in an analogousrfash

Since FEC and Selective Acknowledgment (SACK) adgomed on relatively small blocks of data, theCHE
more robust and retransmissions are minimized. tws features contribute to HPAV's ability to opter at

near channel capacity.

MPDUCnt = 2 MPDUCnt =1 MPDUCnNt=0

SOF SOF SOF SACK

Bit Map of
Bad Blocks

Figure 6: MAC Segmentation and MPDU Generation

2.6 UPA DHS MAC mechanisms

This section resumes the functioning of the medaseess method used by UPA DHS technology. Forlddtai

information sed16].

UPA DHS technology uses an advanced dynamic timsidhn MAC (ADTDM) mechanism. The ADTDM is a
contention free channel access method. It alloWthalnodes belonging to the network to occupydhannel

according to different QoS requirements.

The nodes of the network are classified in threigs:
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Access Paint; the Access Point (AP) is the master of the nétwlircontrols the channel access and it manages
the QoS required by each connection. More preciselged on the QoS required by each node requesheo
number of the network nodes, etc, the AP computegtime to allocate at each connection. The inféiona
regarding the channel assignment are distributeth&®yAP, using control packets called channel “tdkéo the

rest of devices in the network. Each “token” sgesithe node that can occupy the network and thatida for
which it can be hold. When a node ends the timigiasd for his data exchange, it gives back thketd to the

AP,

Repeater: the Repeater is a device that solves the prolemhme hidden nodes. The repeater relays packets

addressed to a node of the network that is hidden.

End-Points. an End-Point is a device that is not an AP neith®epeater. In an UPA DHS network there is
always only one AP. It's worth noting that two UPAIS network can communicate only if they have thme

network identifier. Devices with different netwoidentifier will only coexist.

Figure 7 shows an example of an ADTDM functioniAg.we can see, the nodeis the manager and the nodes

B andC are two end-points.
The communication can be summarized by the follgvgiteps:

NodeA starts the communication by sending a control agssnnouncing that the following packets are sent
from A. In this message are also sent information reggrtlie PHY layer (i.e. gain to be used at the vexei
and bit-loading information). After this phagesends a burst of data addresseB tnd another one addresses
to C. Finally, A sends a control message that releases the chtmi:l This message contains also the

information regarding the time allocatedBdchannel “token”) in which it can occupy the chahn

After receiving the channel “tokenB sends a message saying that the following paek#tse sent from itself.
Then,B sends data t8 andC. WhenB has finished the transmission, it gives back tiod&en” to A (network

manager).

Now, A is the channel owner and then it transmits thesamgss indicating that the following packets will sent

from A. Then, it sends packets@and finally it gives the channel “token” @

WhenC becomes the channel owner, it sends the messdigating that it is the channel owner. Nevertheless

C doesn’t have data to transmit, so it gives baek'tbken” toA.

Now nodeA is again the channel owner and the cycle canatartagain.
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Figure 7: Sample network (left side) and its ADTDMAC functioning (right side)
(figure taken fronj16])

UPA DHS uses three main types of MAC frames:
Data framesdata frames contain essentially payload.

Channel estimation frameshannel estimation frames are sent periodicajlyeach node of the network.

Therefore, each node can estimate the channel betitgelf and any other node of the network.

Access frameThe Access frames are sent by the AP and Repeaténvite new nodes to enjoy the network.
When a new node receives an Access frame, it catend the channel by using a back-off algorithmteAf
having won the contention, the new node startsnmection with the AP or the Repeater. In this catine the

QoS parameters and the PHY layer specifics aretiaego.

We want to underline that the network topologyearhed by the devices by using an optimized versfdhe

spanning tree protocol (IEEE 802.1dY].

2.7 |IEEE P1901 MAC mechanisms

The IEEE P1901 MAC is based on a TDMA/TDD MAC whikibrid resource sharing mechanisms built on top
of an OFDM PHY layer. Data are encapsulated inS&®M symbols[5], [18]. The control and data symbols

transmitted consecutively by a single node corstigutransmission frame.

The channel access is done through the use ofciabp#AC element called a token. Master nodes de ik

type of frame that their slave nodes are goingandamit next, based on the type of token includetthé current
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frame, or the kind of channel access the slave s10de perform. Tokens have several intended usegnding

on the type of token, and the actions to be unklentaipon its reception also depend on the typekat.

The master node manages the type of channel acoedention free access to the channel with a peeaéned
decision about which of its slaves will be allowtd transmit data, in what order, and for how long,a
contention based access of the slaves to the chalrese decisions will be published by the useliierent
types of tokens. In both schemes the final result hode holding a token. The holder of the tolemnthe right
to access the medium for a specific time and #figrtime it has to assign the token to the nestidation node.
By the control of the frequency of the token ocaupeand the length of the time the node is alloteetdold the

token, it is possible to guarantee the requestesl Qo
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3 MAC and inter-MAC interfaces

The Inter-MAC laye[19] is a new layer, technology-independent, thatld use the information received from
the underlying technologies to select the most@mate one fitting to services requirements. Titer-MAC is
located in each OMEGA device between the netwodtqmol layer and the medium access control laybe T
Inter-MAC layer establishes and manages the OME@Avork, assuring QoS to the end-user applications

acting as an intelligent bridge between PLC, Raalid HWO.

INTER-MAC LAYER i
TECHNOLOGY INDEPENDENT l Interface with Network Protocol layer I
Monitoring
QoS Path &
Control Selection Event
Manager
.
Interface with MAC layers I
RADIO PLC HWO
inter-MAC ADAPTER inter-MAC ADAPTER inter-MAC ADAPTER
RADIO POWER LINE HYBRID WIRELESS
MAC LAYER COMMUNICATION OPTICS
MAC LAYER MAC LAYER
TECHNOLOGY DEPENDENT TECHNOLOGY DEPENDENT TECHNOLOGY DEPENDENT

Figure 8: Inter-MAC overview

The goal of this section is to describe the intfaetween PLC MAC and inter-MAC. This descriptiill be

divided into three parts:
¢ Reporting from PLC-MAC to I-MAC: what kind of infaration will be sent from PLC MAC to I-MAC
e From I-MAC to PLC-MAC: I-MAC resource reservatiosiequired to PLC Mac layer

« Exchange format: what type of frames will be uséith what type of physical interfaces

3.1 From PLC-MAC to I-MAC

In this section, a description of available infotioa that will be transmitted from the PLC MAC toet Inter-
MAC will be made, with the goal to give to the IRAC a report about the PLC link. Main informatiased

will be:

» Bit Loading Estimate (BLE): this quantity represetiie number of data bits that can be carried theer

channel per microsecond. It takes into account BB Guard interval redundancy but does not take
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into account delimiter or protocol overhead. It @so take different values over a beacon period
(40ms @50Hz). BLE represent an interesting megiabise

o It aggregates most of channel characteristics hopee capacity.
o Abstract physical layer characteristics => can sedufor any technology
» Detection of legacy devices
» Beacon detection reliability
* Number of MSDU / octets / segments / PHY Blocksagraitted or received
» drops/ retries / failures
* Number of PHY frames / Number of bursts

e Latency statistics

3.2 From I-MAC to PLC-MAC

For resources reservation, I-MAC must ask to theC RBMAC what the needs are. The idea is to use the
Connection SPECification (CSPEC) (c.2.8.2) for the I-MAC to ask for its specific reqaiments. Main points

available are:
Many parameters can be specified to ask for nelwdirto negotiate QoS:
e Delay/Jitter bound
e Average / Maximum MSDU size
 Min/ Max / Average data rate (not including MACdaRHY overhead)
e Smallest tolerable average data rate
* Min/ Max time between 2 Tx opportunities
* MSDU error rate
< Exception policy / max inactivity time
Also include Connection Description:

* |P source/destination addresses and Protocol

Upon reception of a CSPEC, the bandwidth managesisonsible for resource allocation:
e Ifrequested CSPEC cannot be met, an alternate C8B& be proposed.

e Link quality is monitored and application should Wwarned if CSPEC is violated. In that case a new
CSPEC may be proposed by the CCO to reconfigureahaection.

The connection specifications provide a formatresource reservation that supports many scenasioknk

creation, negotiation, maintenance.

D3.5 — Optimized MAC algorithms and performanceorep Page 25 (53)



ICT-213311, OMEGA 27 April 2011

3.3 Exchange format and physical interface

For the data plane, the retained proposal is toGigabit Ethernet as physical interface between Rb@ I-
MAC platform.

For the control plane, the idea is to use Managéemssages (MM) over Ethernet to exchange inforomati
from I-MAC to PLC and from PLC to I-MAC. Main advtages of using such a format are:

« MM are Ethernet frame using a specific Ethertype

« Format proposition is available, can be detaileénvheeded
* No need for a second hardware link

« simplify prototyping and development,

MM can be bridged easily

The full description of frame format will be detdl later
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4 Cross layer resource allocation schemes in multi s context

4.1 Multi user scenarios

During the last years, the research activity relate resource-allocation algorithms for multi-usethogonal
frequency division multiplexing (OFDM) has beenlhg&xtensive. Still, it is a topic that currentgenerates
many scientific publications dedicated to solveaatwariety of related problems (OFDMA uplinks, Q&R
downlinks, both with overall power constraints, twitiser individual power constraints, or with aduifl
constraints or different optimization approacheBie resource-allocation problem in multi-user OFQivihow

to distribute the subcarriers or precoding sequeace how to allocate bits and power onto them beadefined

in many different ways according to the system iemoents. Basically, there are two main optimizatio
objectives that are pursued by most of the desmms that are usually combined with many secondary
constraints that depend on the specific applicatonused hardware. The first approach is the power
minimization based resource-allocation: a systesigtethat focuses on the reduction of the tranemjibwer

for a given bit ratd20]. The second approach is the bit rate maxirionabased resource allocation: a system
design where the optimization goal is the maxinmarabf the overall bit rate (or aggregated date,rat sum
capacity) [21], [22]. In our work, we focus on the bit rate maxiatibn problem. The proposed resource
allocation methods combine the OFDMA methods wilterf bank (FB) or linear precoding technique (LP).

Two multiuser contexts are studied: the acces®antink context and the multicast context.

4.2 Multi user Filter bank

In this section we address the problem of resoalogation in the multiuser context when deployagnulti

carrier (MC) filter bank modulation scheme.

The use of MC FB modulation schemes allow realizimg so called frequency division multiplexing asxe

(FDMA) that is characterized by the partitioningtbé sub-channels among the network users.

In multiuser context the resource allocation opation problem becomes the problem of allocatirigdzwer,
and sub-channels to the network users. Furtherntbeepptimization of the PHY layer parameters lmbe

accomplished taking into account the employed MAC.

In sub-sectior4.2.1 we show a procedure that allows optimizing tbsource allocation and the PHY layer
parameters in the multiuser context when deploy#PM and filtered multitone (FMT) modulations jdint
with FDMA. Then, in sub-sectio#.2.2 we introduce the problem of the optimal tishets design when time

division multiple access (TDMA) is used over pergadly time variant PLC channels.

4.2.1 Multicarrier FDMA
We assume a network where a central coordinaton)@{bcates resources by collecting informatiogareing
the network state, i.e., number of users, chanoetlitions of each user, quality of service requifiean each
user request, etc. Once the CCo has collectetiaiinformation needed, it dynamically allocates bsources

among the users. We focus on the downlink chamoai the CCo to theN,, users of the network. Multiplexing
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is accomplished by partitioning the sub-channelosx the users realizing orthogonal frequency idinis
multiplexing access (OFDMA) when OFDM is used ahiTFFDMA when FMT is used.

When deploying FMT or OFDM, the achievable ratetlom k —th sub-channel of usen can be computed as
[23]

» 1 SINR"¥ _
C( K (ﬂ) =W|092 [1"‘#] [b|t /S] , (1)
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and R (i), R (u) and B“¥ (u) are respectively the useful, the noise and trerfitence power terms

experienced by the-th user in the&k-th sub-channel. In (1), the teqmrepresents the overhead (OH) factor for
OFDM and FMT non-critically samplef@4]. When deploying OFDMu1 corresponds to the cyclic prefix (CP)

duration (in samples). FurthermofE represents the sampling time aktl is the number of sub-channels.

In order to allocate resources to the users, the@ralemanager can solve the following joint optiatinn
problem[23]:
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NUSEIS
st Y a“"¥=1 kO Koy ®3)

u=1

(u)
> it (g2 3 M (W) u= 1N,

kOKon 100,7 Kon

where a*¥ denotes the binary sub-channel coefficient thagisal to 1 if sub-channélis allocated to usat,
and zero otherwise, Whilep(“) denotes the percentage of the bit-rate thatuthdgh user has to achieve with

respect to the one that it would achieve in a singder scenario. Problem (3) can be solved usitegen

programming25] once u is fixed. To simplify the complexity we insteadeusnear programming. That is, for

each value ofu, the coefficients that give the sub-channels alion, are returned via linear programming
followed by rounding thea"¥ coefficients to nearest zero or one integer. TXieaestive search oz and
a“¥ yields the solution.

In practical implementations the number of bitsognded to an integer number to take into accchattd finite
set of M-QAM constellations are used. Thereforgat@ into account that only a finite set of colations can
be employed, the CCo has to solve a problem equ@)texcept for the fact that now the capacityl{@3 to be
replaced with the rate achievable after having daolathe bits associated to the nearest availablsteitation

similarly to the bit-loading algorithm for singlser OFDM presented {26].
Finally, we want to emphasize that the procedumvatexposed can be applied to both FMT and OFDM.
In the following we show numerical results for @®EDMA case only.

Numerical Results
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To report a numerical example we consider a netwdr® users with a weighted fair resource alloagtice.,
p" =33 for all users. Each user experiences a given @lafiihe used channels are the three channel

realizations of Figures 4-6 presented[27]. More precisely, the channel of class 2 demdte transmission
from the CCo to User 1, the channel of class 5 tdsnihe transmission from the CCo to User 2, aac:ttannel

of class 9 denotes the transmission from the CQdstr 3.

The signal is transmitted respecting the power tsgledensity mask (PSD) reported in Figure 9. Th&se is
additive white and Gaussian with a PSD of -110 dan/

PSD[dBm/Hz]
&
o1

20 40 60 80 100
fIMHzZ]

Figure 9: PSD mask for the transmitted signal.

Due to the presence of notches in the PSD of testnitted signal, as explained in Section 329, it is
convenient to use pulse shaped OFDM (PS-OFDM) ddlsté simple OFDM. In fact, PS-OFDM allows a better

spectral confinement w.r.t. OFDM, and thus it usésgher number of active tones still respectirgrtiask.

In the following, we use PS-OFDM with a raised ceswindow as MC modulation scheme. The overhead

equals =Gl +RO, where Gl and RO respectively denote the guard interval and théofél duration.

Furthermore, we set tHeO duration equal to th&l duration. The number of sub-channeld/is 4096 into the
frequency band 0-100 MHz. For a detailed treatnwér?S-OFDM, please refer {@7]. The corresponding
multiple access is accomplished via pulse shapdd\D&x(PS-OFDMA).

Regarding the bit-loading algorithm, we use the praposed irf26]. The constellations employed are 2-PAM,
4, 8, 16, 64, 256, 1024-QAM.

Figure 10 shows the aggregate bit-rate, and tleeactiievable by each user as a functiop.&s we can see, an
optimal OH (or equallyGl) for the multiuser PS-OFDMA scenario can be fouRis value corresponds to the
one that maximizes the aggregate rate. For thelaietinetwork the optimal OH equals 360 sampleswthe
aggregate rate is equal to 724 Mbit/s.

Usually the OH of OFDM is designed such that iuteslonger than the “worst case” channel impuksponse.
As it is well known, by doing this, the receivedrsl is not affected by interference (refef2@] Section 3).
Nevertheless, we notice that the use of an OH emuijus, that is a representative value for a “worst case”
indoor PLC channel duration, yields an aggregate o 678 Mbit/s. Thus, the gain given by the u$dhe

proposed optimization procedure w.r.t. the conwarai choice of an OH equal to the “worst case” clehn

length equals 6.7%.

D3.5 — Optimized MAC algorithms and performanceorep Page 29 (53)



ICT-213311, OMEGA 27 April 2011

Figure 11 shows the optimal sub-channels allonafim an overhead that is equal to A$ (this is the value

that maximizes the aggregate network rate).

Rate [Mhit/s]

Figure 10: Aggregate and Single User Rates funaifdhe overhead duration for the PS-OFDMA system.

CARRIER ALLOCATION WITH =365

15

o)

L g . . . " .
1000 1500 2000 2500 3000 3/00 4000
k

Figure 11: Sub-Channels Allocation for an overhgaldat equals the optimal one (3.6us).

4.2.2 TDMA: time slot design over PL time variant channes
State-of-the-art PLC devices make use of a hybrilGvimechanism to satisfy the high QoS required by
multimedia services, e.g., video streaming, netwgaining, etc.. As an example, in Sectibwe have seen that
HPAYV uses a persistent time division multiple asc€EDMA) scheme to satisfy the QoS based traffin.tle
contrary, the best effort traffic is served in anrqersistent scheduled region or is left for a entibn based

region.

In order to maximize the network performances,asgiayer design between the physical (PHY) andth€

layer has to be considered.[R8] we have proposed a cross layer design methagtimize the TDMA region
of an HPAV like system. For a PLC network whosergi®s are characterized by both cyclostationargenand
cyclic variations of the channel response, thenogititime slot duration in a multi-user scenario tegn

computed for various amounts of overhead requirgdhle PHY layer. The derived results can be used in
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practical systems to perform a fast real-time tista duration selection and scheduling as a functib the

number of active users.

4.3 Multi user LP-OFDMA

4.3.1 LP-OFDM system description
The LP technique consists in connecting a subssub€arriers with precoding sequences to mutuaptot
their capacities . In the following, we call thishset of subcarriers block and the subcarrier;ieldock are not
necessary adjacent. The number of blocks is the cdtthe total number of subcarrie®d to the precoding
sequence lengtih. . We assume the same precoding sequence ldngibr all blocks. If judiciously done, each
resulting block holds an equivalent signal-to-naesio (SNR) such that the total supported througligp greater
than the sum of the individual throughputs suppmbry each subcarrier taken separately. The follgwin
expressions for LP-OFDM modulation technique anévedd from[29], [30]. The optimum achieved bit rate of
the LP-OFDM system, under assumption of perfectissomization and channel estimation, writes

1 L E
= - - -
R, = Llog,(1 = 1 N,

A5 R

is the channel amplitude of usdr on subcarriem, E is the PSD constrainf, is the SNR gap,

), (4)

where‘hm

N, is the background noise leve§ is the subset of subcarriers within tieth block of sizeL. The

conventional OFDM system is obtained flar=1.

4.3.2 LP-OFDMA
In this section, we present the gain brought bydmprecoding technique in OFDMA scenarios. Under
satisfaction of the different QoS requirementsg(ratelay, error probability, etc.), bits, energiesl subcarriers
have to be allocated to different users in ordeoptimize the expected goal. Table | gives theeddht rate

maximization strategies in multi user contg&t], [20], [22]; R« is the data rate a user k gets.

Objective Advantage Disadvantage
Max sum capacity K No data rate
[Jang et al. 2003] maxz R Best sum capacity proportionality  among
= users

Max minimum user’'s _ Inflexible user data rates
capacity max n‘kllan Equal user data rates distribution
[Rhee et al. 2000]
Max  weighted  sum K Data rate fairness No guarantee for meeting
capacit adjustable by varying proportional user data

pasly maxz W R, WeJights g ™ rpateps
[Wong et al. 2004] k=1

Table 1: Bit rate maximization strategies in OFDNBA]

According to the strategy chosen, different resewakocation schemes have been proposed in thatiite. In
these different schemes, rather than choosing wineasrier according to the priority strategy, eashr chooses

a block of subcarrier for the LP-OFDM allocation.
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The maximum weighted sum capacity problem undek g@aerror constraint (BER) is considered for the
downlink in PLC systems. As in power constraintp@ak constraint is defined in opposition to average
constrain32]. The peak power constraint is the PSD constrnahere the power is limited for each subcarrier.
In the case of BER, this constraint is applied dohebit. In[21], each user receives a weight according to his
required bit rate. This weight does not take intooaint the user channel conditions and this mag teano
guarantee for meeting proportional user data tatg83], each user receives a number of subcarriatsishthe
ratio of its required bit rate to the number oshlibmputed with its average channel gain. The usensired bit

rate will be decreased when the power constraitataidow to meet users required bit rate.

We propose a new channel condition aware propatitairness (CCAPF) algorithm in multi user conteiis
algorithm tries first to satisfy users requiredrdite when it is possible and then tries to max@ntie overall bit
rate[31].

In multiuser context,B blocks of subcarriers are distributed among us&rproportional fairness resource
allocation scheme is considered where the oveitathte is maximized under satisfaction of useraimum bit

rate requirements

U U B
mSOaxZRJ = rr;oaxzzsﬁ,bx R
u=1

u=1b=1

whereR;D =Lxlog, BI‘E Ll (5)

° 2

nds, ‘Hu,n
ands,, =1ifu uses the block ,else 0
subject toR, = %

Due to PSD constraint in PLC systems, all useks lthe same peak power constralnt on each subcarrier.

2

For simplicity, it is assumed that all users uéline same precoding sequence lerlgthiThe minimum required

bit rate R is converted into a weight for each user

hW=x — (6)

In [21], a proportional fairness (PF) algorithm is posed to solve this problem where each user rexeve

weight ¢, =, according to his bit rate requirement. When exiegdPF algorithm to blocks, each user will

receive BL = |_¢u X B_| blocks of subcarriers. This allocated numberslo€ks do not take into account users
channel conditions. Namely, a usdr with bad channel conditions may need more blodksubcarriers than

ij or a userV with good channel conditions may need less bldlchsa B\i,. As a result, there is no guarantee

for meeting proportional user data rate. Our pregoalgorithm is applied in LP-OFDM context and sgser
channel conditions are taken into account whercaling blocks of subcarriers. Consequently, the uge
reaches his required bit rate will not receive iddal blocks and the unallocated blocks will bdis&ibuted

among unsatisfied users. Unlike, the max-min usgracity scheme (sg@2]), flexibility is introduced when
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redistributing the unallocated blocks. Thereforenaatisfied user who has very bad channel comditvaill not

receive additional blocks and the more capable wilereceive additional blocks. I1f83], it is assumed that

2
. Therefore, the

each user experiences the same channel lgaiover all subcarriers, anti, = mear;]‘Hu n

number of bits per bIockF\’Su can be estimated using for each user. Hence, atisitsd useru who has

achievedR, bit rate right now, needs about

8:=|(R-R)/ R ™
blocks to be satisfied. The following algorithneg to allocate blocks among users in order tcsfyatheir
required bit rate. In the initialization step, earder receives one block of subcarrierd2It, there is no priority

among users but in the proposed algorithm, a pyiasi introduced among users according to theimobé

capacities. The more the user channel capacityefiser its priority.

Initialize R, =0, B, =0, Q={1,2,---,U} while Q is not empty do

computeﬁ and Rg find U = argminuoR, /2

computeRg where S is its L best available

sort users according th,
subcarriers

for each sorted useit do .
) o _ R.=R +R,B., =B, +1,
computeRg where S is its L best available u u u u
subcarriers it B. =B. orR. < R. then
u u u u

R=R+R, B, =B+l

Q=Q-{d
ifB, = B, or E{, < R, then end if
Q=0-{4 end while
end if
end for

At this step, there ar8" = B—z::lﬁj unallocated blocks. These blocks are redistributleen it is possible

to unsatisfied users. For each unsatisfied us;erBf is computed and iva2 > B', userV will not receive

additional blocks. Else, usaf will receive the maximum number of blocks whicloals to satisfy its required

bit rate.

After this stage, if there are unallocated blodkg maximum sum capacity (table 1) algorithm isfqrened.

Thus, the best user on each block receives thikblo

4.3.2.1Simulation results
In this section, we present simulation resultstf@r proposed algorithms. The generated signalrigposed of
N =1160 subcarriers transmitted in the band 1--30 MHzfégrsynchronization and channel estimation are
assumed. A high background noise levetdf10 dBm/Hz is assumed and the signal is transmitted reispect

to a flat PSD of-50 dBm/Hz. The maximum number of bits per symbolrisited to 15. The multipath channel

models of the various in-home measured channel®f&@ given in[34] are used. 1434], PLC channels are
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classified into 9 classes according to their cdps;iand a model of transfer function is assodiséeeach class

(table 3). The higher the channel class numberhéhier its channel conditions.
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Figure 12: (a) Achieved overall bit rate for 9 wsand (b) Number of unsatisfied users for differantrage

channel gain

To maximize the overall bit rate under satisfactardifferent user bit rate requirements, the psmablinear

precoding based channel condition aware propotti@iraess algorithm is performed for 9 users. didition, it

is considered that all users have the same peak®@BRraint ofLl0™ and each user experiences one different

channel class and the required minimum bit rat20idMbit/s for all users. Figure 12a and Figure Hhes

respectively the comparisons of the achieved i aad the number of unsatisfied users. The CCABthads

give more overall bit rate than PF algorithm andues the number of unsatisfied users. This retgitvs the

performance of blocks redistribution. The jump posis in their curves show the effect of redisttibn of

blocks, where bit rate is reallocated to a user wdno satisfy his required bit rate. One jump posiis zoomed

out in Figure 12a, and there are gaps between @&PE algorithms. These gaps explain what is shawn i

Figure 12a where CCAPHL(= 8) algorithm gives lesser unsatisfied users than BEAL = 1) algorithm. The

PF algorithm gives more unsatisfied users becausgenbecome satisfied when his channel conditdiosy

him and there is no effort from best users to phelorst users.

4.4 Multi user multicast scenario

The purpose of OMEGA-PLC is to provide high-qualitmulti-stream, entertainment oriented

networking over existing AC wiring within the home will employ advanced PHY and MAC technologibatit

provide a 1 Gbit/s class powerline network for widaudio and data. OMEGA-PLC aims to be the netvadrk

choice for the distribution of data and multi-streantertainment including multiple simultaneous HDand/or

SDTV streams, audio, and streaming AV over IP aurnieroughout the home. Multicasting is interestimghis

context. Currently, existing PLC devices use sdwamnaast point-point links to transmit the saméad@ many

users. Multicasting is a network addressing metioodhe delivery of data to a group of users siamgously.

This technique offers a significant improvement paned to unicasting because it uses less netwesdurees.

Over the physical layer, resources have to be atibatin order to satisfy requirements of each wasdti user.
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Here, we address a PHY-MAC cross-layer resourteation for multicast OFDM systems in PLC
context. Over the PHY layer, resources have tolloeaded in order to satisfy requirements of eaaliticast
user. Yet, the difference in link conditions of issenakes it difficult to adapt the PHY layer (caglirate,
modulation index, etc.) to the link conditions afch user. The conventional resource allocation ogeih
multicast OFDM adapts the PHY layer to the worstrugk conditions. Consequently, all users recdive

same bit rate and this final multicast bit raténsted by the worst user channel conditid85].

To increase the total multicast bit rate and tdteefit the channel conditions, we study the
heterogeneous multicasting also called multiratéticasting[36]. The conventional multicast system refers to
unirate multicast system. In multirate multicase receivers of a multicast subgroup are offeredise at
different rates commensurate with their capabdlifie.g., channel capacities). Therefore, multisateemes have
a great advantage over unirate multicast in adgptrdiverse receiver requirements and heterogeneetwork
conditions[37]. One way of attaining multirate multicast ig lhierarchical encoding or layered streaming which
is particularly suitable for audio/video trafficn lthis approach, the sender provides data in seleyars
organized in a hierarchy. Receivers subscribe eéddiers cumulatively to provide progressive reafieat[38],
[39]. Over the MAC layer, multicast users are sefst into subgroups in frequency domggs], [38], or in
time domain[40]. In frequency domain, each subcarrier is as=igto a subgroup of users which receive the
same data symbols on this subcarrier. And the nuwbl®aded bits on each subcarrier is the lowest of all
the users sharing this subcarrier. In time domame, time slot is allocated for the transmissioomé data layer
to each multicast subgroup.

Here, we propose a new resource allocation algarfor multicast OFDM systems in order to increase
the bit ratgf41], [42]. The proposed algorithm jointly uses the linpeecoded OFDM (LP-OFDM) modulation
technique and the conventional resource alloca@reme in unirate multicast systems to exploitahannel
frequency selectivity experienced by each user. grbposed algorithm is used for unirate multicgstems as
well as for multirate multicast systems. First, waximize the bit rate for unirate multicast syste®econd, we
investigate a time domain multirate multicast (TDMMystem where users are gathered into subgroups
according to their channel conditions. One time &allocated to each subgroup and two modes afiging
multicast users are presented and analyzed. Tdmoged algorithm is used as resource allocatioorittgn
within each subgroup. In addition, for comparisempmses, we adapt the frequency domain multiratéicast
(FDMM) system, proposed {i85], [38], to PLC context.

4.4.1 Resource Allocation in Unirate Multicast OFDM Systens

4.4.1.1Multicast system description
In multicast Multicast delivers data to a groupusérs by a single transmission, which is parti¢ylaseful for
high-data-rate multimedia service due to its abiid save the network resources. Figure 13 illtstra simple

multicast case in PLC context where souBsEnds multimedia data to three receiRis R2andR3

D3.5 — Optimized MAC algorithms and performanceorep Page 35 (53)



ICT-213311, OMEGA 27 April 2011

Figure 13: Multicast data delivery scenario

The CCo, in PLC networks, controls the activitifstloe network, and periodically issues beacon frame
containing scheduling information that allocatesetito each connection. Since the PLC MAC is conoect
oriented, all data communications are carried degical "~ connections" identified uniquely by dolgal
connection ID and QoS specification. QoS requirdménclude the guaranteed bandwidth, quasi-erree fr
service, fixed latency and jitter contfd]. The sourceS communicates the pertinent requirements to the CCo
and asks the CCo for a suitable contention frexation for communication with statiofd, R2andRJ15]. If

the CCo is able to accommodate the connection stgitewill ask the stations to ““sound" the chelanThis

allows the stations to perform the initial chanesitimation. A feedback path from each user to ithesmitter

reports the channel amplitud#@;J .| on each subcarrier of each user to transmitteis Gannel estimation is

assumed to be perfect. Based on this channel esiimend the QoS requirements, the transmitterpsaform

the multicast resource allocation.

4.4.1.2Conventional multicast resource allocation

In multicast OFDM systems and in non-hierarchicaldcontext, the modulation should be adjustecteesall
users and especially the user with the worst cHacoraitions. The conventional method in multic@stDM,
LCG (low channel gain[35]), consists in allocating resources while dgiigy requirements of all users. This
method adapts the PHY layer to the worst userdditions and sets the number of loaded bits plecarier
with the lowest number of loaded bits over thiscautier, considering all the channels of users.ddethe total
loaded bits with LCG method in PLC context writes

R LCG R LCG

n

M=

1l
[y

n

N E
=UY"| min log,(1+—=—]h,,
n=1 u rNO

, (8)
)

We show that the capacity of the conventional et system is limited when the number of multicesers

increases. Actually, when assuming that users eqEr independent and identically distributeddj)iRayleigh

fading channels with parameter, , the expected value of the capacity on subcattiavrites

U UIN UIMN
E[R®]= - ex O E. | - 01 9
(Ro™1 log(2) p{ 2EJ§J '[ ZEU,ZJ ®)
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where
o eXpt
E (-h)=-] %()dt (10)

is the exponential integral and | is the parameter of the minimum amplitude of uséhe proof follows that

employed iN35]. Therefore, we have

1 2E0
. LCGT —
imE[R, "] = ———™ (11)
U_o log(2) TN,
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Figure 14: Comparison of analysis and simulatiorsults for the expected LCG method capacity
(E=1,N, =1 =landg,, =).

Figure 14 shows the comparison of analysis amailation results for the expected LCG method capac
Results confirm the fact that the conventional maklt system is limited when the number of multiazsers

increases.

4.4.2 Bit rate optimization problem in multicast LP-OFDM systems

Here, we jointly use LP-OFDM modulation techniguend LCG method to exploit the channel frequency

selectivity experienced by each user. We introdacB x N decision matrix D = (db’n) to the optimum

achieved bit rate (4)D determines the repartition of tHd subcarriers into thd8 blocks, andD satisfies the

following constraints

1ifnOS, B
= andn, . =1 12
>0 {0 else bZ:;‘q)’ (12)
Using (4) and (12), the optimum achieved bit thtn writes
1 L E
R, . =Lllog,(1+=—————). 13
on = HOg,(1+ = =) (13)

2,

2
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In multicast systems, when considering the LP-OF@btlulation technique, the loaded bits over the lbl&g

of subcarriers will be the lowest bit rate of usavsr this block. This number of loaded bits writes
R, = minR, . (14)
u

Due to the PSD constraint in PLC systems, allsibawe the same peak power constr&inbn each subcarrier.

Hence, there is no power allocation. For simplicityis assumed that all users utilize the sameqatieg

sequence lengtlh for all blocks. The optimization problem writes

B B
max ) R," = mai( min Ru,b)
D b=1 D b=\ U
1ifnOS,
subjectto d,, = ! 3 (C1
‘ 0 else,
5 (15)
On>'d,, =1 (C2)
b=1
N
andOb > d,, =L. (C3
n=1

This is a combinatorial resource allocation problevhich is NP-hard43]. We need to find the optimdD ,
which maximizes the multicast bit rate. Since ghisblem of repartition of subcarriers into blocleed not have

analytical solution, algorithmic solutions are pospd in the following.

4.4.3 Proposed solutions to the optimization problem

4.4.3.1 Optimal solution: combinatorial solution
The obvious and basic resolution for finding théirmpl matrix D is to consider all possibilities of definition of
D and then to choose the best case. Looking fapadsibilities is a combinatorial problem. For eactv of
D, we have to seL. columns to “*1" and others to 0" taking inta@unt the constraint¢3) in (15). As the

order of filling the different rows do not chandee ffinal result, the number of possibilities writes

(PPl e “
B! B( L)

where the total numbeN of subcarriers is a multiple of the numbkr of subcarriers per block. For a fix
precoding sequence length, this solution givesofitanum multicast bit rate, but becomes unfeasitdien the
number of subcarriers increases. The computatioe tf this solution can be reduced by using thealed
branch and bound algorithm. This algorithm considt& systematic enumeration of all candidate smhst
where large subsets of fruitless candidates aanisd by analyzing the properties of the probl8oftware
tools based on this algorithm can be used to sibligecombinatorial problem. Nevertheless, the cotatin

time remains high for larger number of subcarriers.

In this paper, we propose simplified resource aflimn algorithm for PLC scenarios. These algorithaistly
use LP-OFDM modulation techniques and LCG algoritkon exploit the channel frequency selectivity

experienced by each multicast user.

D3.5 — Optimized MAC algorithms and performanceorep Page 38 (53)



ICT-213311, OMEGA 27 April 2011

4.4.3.2Exploitation of the equivalent channel
Here, we define an equivalent channel, which & ¢bmbination of channel conditions of differenenss

Actually, for each index of subcarrier, the equardlamplitude of the channel is given by the amgét of the

worst user subcarrier. L

e =

Computing this equivalent multicast channel, thdticast resource allocation is the same as thelesiligk

(17)

resource allocation. Bit-loading algorithms, aspmeed in[44] for single user context, can then be applied t

this equivalent channel. The LCG method gives tegal the conventional OFDM bit loading algorithm

2
€q
hn

R =U Iogz(l+% ). (18)
0

To increase the bit rate of this LCG method, weppee to apply the LP-OFDM bit loading in single use
context on the equivalent channel and this methitidoe considered as linear precoding based LCGLO®)

method. Using (13), the corresponding bit rateasrit

L E) 19
dn : (19)

Rip-ice UZLlogz(l"' N
0

N
o~ Z
n=1

It has been shown that LP-OFDM outperformed cotiwaal OFDM in single link contexXi29], [30], and the

optimal decision matrixD is such that the distorsion is low for each bldEke blocks of subcarriers are then

composed of adjacent subcarriers after the sodjegation in descending order. LEX be the vector of sorted

2
indices of‘hneq‘ in descending order. The decision matrix is then

q, - {1 if nO{O|(b-1) L+1< j< b}, 20)

0 else.

Here is an example wittN =8, L=4, B=2andO=[518 7 4 3 2 €. We have

1000101
= , (21)
(01110103

4.4.3.3Proposed LBCG (Low Block Channel Gain) mefagl [42]
The LP-LCG method exploits the dimension of praéegdfor the equivalent channel but does not take
advantage of the diversity of users on the bloekish the LBCG method, we first define the differdabcks of
subcarriers using the equivalent channel. Thennthmeber of loaded bits is calculated with the cledrmi the

worst user on each block and not with the equivatbannel.

The proposed LBCG method gives better bit rate tth@nLP-LCG method. Actually, considering blocks of

subcarriers, we show, for afilJ § , for all b and for allu,
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minR,,, 2 LI0g,(1+ =5~ db .
2

3

n=1
and
2 L
Z(mlnRu b) > LZIogZ(1+ — ).
b=1 d

o3 b
=i
From (22), we derived that the bit rate offeredimry LBCG method is bounded. We aim at maximizheyleft-
hand side of inequality (22) according to (15). Maizxing the right-hand side of the inequality inases the

left-hand side. The definition dD , in (20), maximizes the right-hand side of (22).

The maximum of the right-hand side correspondéi¢oltP-LCG method. Then, we can derive that the gseg
LBCG method is not optimal, but gives better resthian the LP-LCG method. Using (13) and (14),biteate
offered by the LBCG method writes

B
1
Risce =U Z(min LIng(l"'F

L
b=1 U nz’i;‘:b

The following algorithm describes how to compute thulticast bit rate with the LBCG method. Restdisthe

E

—)). 23
: No)) (23)
2

conventional LCG method is obtained thr=1.
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2
Data: N,U, B, L andUu, n‘hLn R bit rate per user

Result R < 0 ;
begin
+ for all subcarriern, n[1; N]

he

2

0 compute from (17);

2
+ sort ‘hfq‘ in descending order; |€D be the set of sorted indices;

+ define D asin (20);
« forall block b, b[[1; B]

o forall useru, uJ[1;U]

= computeR,  from (13);
o Ry < minRyy:

o R« R+R";

End
Table 2: LBCG method algorithm

4.4.3.4Comparison of the different methods

g
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= 40+
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Number of multicast users
Figure 15: Total loaded bits per user accordinthéonumber of multicast users

Here, we address the comparison of the diffenairate multicast methods. To compute the optisedltion,
i.i.d. Rayleigh fading channels with lower numbérsobcarrier are used. The total number of subsatris
N =12 and the precoding sequence lengtiLis 4. Figure 15 shows the multicast bit rate in bit @E&DM
symbol. As expected, the optimal solution outperferthe others and the LP component improves the
conventional multicast OFDM system (LCG). The LB@&&thod gives better results than LP-LCG and LCG
methods. This LBCG method offers performance ctosthe optimal one which does an exhaustive sefach

optimal repartition of subcarriers.

Compared to the conventional LCG method, the amtthli complexity brought by the LP-LCG method is the

utilization of the precoding matrix which is compdsof Hadamard orthogonal matrices. In additiortht®
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utilization of th precoding matrix, the LBCG methoeljuires the computation of the differel"?[u’b for each

user on each block. Nevertheless, the additiormalpdexity is marginal compared to the initial comptg.

4.4.3.5Analysis of multicast bit rate between two PLC cleltlasses
In this part, we analyze by simulation the uninai@ticast bit rate (in bit per OFDM symbol) betwd®rm users,
where each user experiences one different clasharfinel within the 9 class¢42]. The LBCG method is
considered as the resource allocation scheme leeitagises the best bit rate in unirate multicamttext. Figure
16 shows the comparison of multicast bit ratesafbcouples of channel classes. These resultsreonfie fact
that the multicast bit rate is limited by the leaapable user in unirate multicast context. In toldj these

results suggest that multicast users must be depasa that the worst user does not alter the caditibit rate.

The bit saturation explains the lower gaps of makt bit rates among class 7, 8 and 9. Actudlly,bits are

assigned to each subcarrier, the highest allowetidoilomePlug AV standard.

10000
8000
6000
4000
2000

Multicast bit rate (bit/OFDM symb.)
o

Figure 16: Comparison of multicast bit rate, inder OFDM symbol, between two channel classes.

4.4.4 Multirate multicast system

Assuming that the multicast data are encodedlayters and any combination of the layers can lwedied at
the receiver, the multicast bit rate can be in@dasy separating users according to their chanmedlitons.
Under this assumption, the sender provides daszveral layers organized in a hierarchy. Receisabscribe
to the layers cumulatively to provide progressieBnement35], [39], [40]. If only the first layer is received by
the user with the lowest data rate, the decodatym®s the worst quality version. As more layersraceived by
more capable users, the decoder combines the layepsoduce improved quality. Multicast users can b
separated into subgroups in frequency dorfi, [38], or in time domai40].
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Figure 17 shows the PHY-MAC cross-layer modulestha transmitter for the multirate multicast data
transmission. The channel state information of ivere is used by the multicast scheduler, the wadt
subgroup management and the resource controller.nitiiticast subgroup manager gathers the multicsests
into subgroups and subgroups are determined aitfezquency domain (on each subcarrier) or in tdoenain
(on each time slot). Moreover, the multicast subgronanager offers information to the multicast siier
module such as the bit rate. Multicast scheduleduteo determines the quantity of data in every fraiiee
resource controller assigns time slots and sulararrand determines the modulation order on eagotastier.
Video source encoder module encodes the streandeg data with the determined data rate and coditeg A
sufficiently large size of buffer to store the rtiate data is assumed. In the message frame, thsage is made
from the combination of encoded video and multicasers management informatidqB7]. Then, after

processing in the PHY interface module, the mudtidaX bits are transmitted to the multicast users.

Video streaming bits

Multicast Multicast Multicast
v
usiar 1 us?r 2 us?r U
Buffer
E Multicast scheduler
>_
ﬂ v ,[ ¥ f
g Video source Multicast group management
= encoder
G @R - (oo
v
Message + t
frame Resource controller
i
> h 4 1
< Channel [
; bandwidth, subcarriers, time slots, etc. State
o Information
| |

r %
Tx'bits Feec! back

Figure 17: PHY-MAC cross-layer modules in the traitter side.

4.4.4.1 Frequency domain multirate multicast (FDMM) &yss
To increase the total multicast bit rate, usees sgparated in frequency domd8b], [38]. Actually, each
subcarrier is assigned to a subgroup of users wieickive the same data symbols on this subcaAret.then,
the number of loaded bits on each subcarrier isrdebed considering the lowest one among the channe
amplitudes of all the users allocated to this stimra This FDMM method significantly increases ttwdal

multicast bit rate compared to the conventional L8&hod in wireless communicatiof35], [38].

For power spectral density constrained systemis, BEC, the optimization problem [85], [38], reduces to

“ - f(b)). (24)

U
maxb, > H(h,,
n u=1

Actually, due to PSD constraint, the decision afduation order is independent for each subcartir.is the
Heaviside step function, defined by
0 ifx<0

H =
) {1 ifx=0 29

and
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f(h) = (2 -1 oo (26)
E
The bit rate offered by the FDMM method then vgite
Reomm = Z(maxb]zH( bn| © f( Q))j (27)
n=1 n
and it is obvious to show that
&DMM 2 RCG' (28)
Actually, for each subcarrign , we have
< 2
2 B, > H(hJ - ()
u=1
=U
2 mein (29)

andUb . =U (mmlog2 (F——

j =R LCG ]

Since the considered Heaviside step functibnis not continuous at zero, we cannot find a lesakimum by
using the first derivative test or second derivatiest. An algorithmic solution for this optimizati problem

writes
LECRI LT

u = = argmax log, (1+ ‘

) (30)

E
andb. =log, (#+——|h. )
, =log, ( N, )

u,n

4.4.4.1.1. Proportional fairness FDMM

The FDMM method does not consider the fairnessrgmasers. To enforce the fairness performance while
minimizing throughput degradation, it has been pemul subcarrier/bit allocation scheme for propaotio
fairness (PF)35]. This method will be considered as FDMM-PF hogt.

Let R,(t) be the bit rate of thelth user andd, be the number of bits that are assigned tothesubcarrier at

time t. For a low computational complexity, a simplified algorithm is developed by employing the average

data rate, which is given §§7]

R,(1) = (1——)Fw 1)+—ZtaH (h

Wnl

(31)

where T, indicates the average window size. For power spledensity constrained systems, an algorithmic

solution of the optimization problem for the subiear n, derived fron{35], writes

u = argmax log, (T =~

? ‘ v=1 R/(t_l)

subject to giverr, t(— 1)y is user index, (32)
2

).

E
=log,(1+——1h.
gz( rNO u,n

D3.5 — Optimized MAC algorithms and performanceorep Page 44 (53)



ICT-213311, OMEGA 27 April 2011

4.4.4.2 Time domain multirate multicast (TDMM) systems
In this paper, we propose to separate multicastsus time domain in order to reduce the impaahefworst
user channel conditions. Hence, we gather multigasts into subgroups according to their channetliions
(classes). In contrast to unirate multicast meti{e@%5, LP-LCG and LBCG) where all multicast usenare the
same time slots, we allocate each time slot tobgyrswp of multicast users and each user is paonbf one
subgroup. Within each multicast subgroup, the LB@&hod is used for the resource allocation procéss.

define the bit rate of the system as the mearatBtaover the time slots used by all subgroups,

18 Gy
RTDMM = EZ‘GQ‘ RLBCG J (33)
g=1

where|.| is the cardinal function(5 is the total number of multicast subgroups &Eg is the g th multicast

subgroup. We have

G, = JiclassC, to clasC,,, - 1}={1,2;- ¢
g g (34)

G
andZ‘Gg‘ =U .
g=1
The unirate multicast system is obtained @r= 1. The optimization problem in TDMM systems writes

13 G
max RTDMM = max— z ‘Gg‘ RLB%G . (35)
Gq 6, G

This optimization aims at finding the optimal nuentof multicast subgroups and the optimal repartitf users
in each subgroup. As there is no direct relatignsletween the multicast subgroups and the achievablticast
bit rate, this problem does not have analyticautsmhs. Based on the analysis of Figure 16, we @sep
empirical repartition of users taking into accotimt gaps among the multicast bit rates betweenctvemnel

classes. Two modes of grouping users are considered

* Mode 2: 2 subgroups of multicast users use 2 tiots.sSubgroup 1 (G21) is composed of class 1, 2,
3 and 4 channels; and subgroup 2 (G22) is compafseldss 5, 6, 7, 8 and 9 channels.

e Mode 3: 3 subgroups of multicast users use 3 tiots.sSubgroup 1 (G31) is composed of class 1, 2,
3 and 4 channels; subgroup 2 (G32) is composethe$ & and 6 channels; and subgroup 3 (G33) is

composed of class 7, 8 and 9 channels.

Table 3 gives the repartition of the different subgroupsnalticast users over 6 time slots according ®uked

modes.

Time slots 1 2 3 4 5 6
Unirate G1 G1 G1 G1 G1 G1
TDMM Mode 2 | G21 G22 G21 G22 G21 G22
TDMM Mode 3 | G31 G32 G33 G31 G32 G33

Table 3: Utilization of time slots by subgroupsmifilticast users according to the unirate case hadDMM
mode 2 and 3.
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4.4.5 Simulation results
Simulation results for the proposed LP methodsiagdb multicast systems are provided. The perfowea of
the different algorithms are compared with the @niwnal multicast approach LCG. The generatedasign
composed of N=4096 subcarriers transmitted in €help0] MHz band. Perfect synchronization and clednn
estimation are assumed. Through this work, we choé@®mploy a PSD mask up to 30 MHz similar todhe
employed in HPAV[15]. Furthermore, in order to be compliant withatro magnetic compatibility issues (see
deliverable D3.345]), we fix the power spectral density (PSD) lo¢ transmitted signal in the frequency band
30-87.5 MHz equal to -80 dBm/Hz. We consider a Whaussian Noise with PSD of -140 dBm/Hz.

Furthermore, in order to compute the achievable odthe system, we set a fixed target SERLOF without

channel coding and the maximum number of bits perbel is limited to 14.

4.4.5.1Study of a 9-user multicast system

In the first step, we consider a multicast systeith V@ users and each user experiences one differerst ofas

channel within theD classes. Figure 18 shows the cumulative distadlbutiinction of the average and minimum
bit rate of multicast users as functions of achidedit rate. Results confirm the fact that thegmsed LBCG
method outperforms the conventional multicast appino(LCG method) considering both the minimum and
average bit rates. This LBCG method gives bettsultehan the multirate multicast methods wheresisee
separated in time domain. However, the frequemeyain multirate multicast method gives the bestagye bit
rate compared to other methods. But, in this camsid 9-user multicast system where channels o§ aservery
different, the FDMM method yields a good averagerdie without assigning any subcarrier to a giuser. As

a result, the QoS requirements of users are noretiand the fairness among users is degradedddhtiag the
bit rates of multicast users at each time slot ating to previous allocated bit rates, the FDMM-REthod
reduces the bit rate offered by the FDMM method,tha minimum user bit rate is improved. As a reghis
FDMM-PF leads to better fairness index (Figure Fgure 18 also shows that the unirate multicasthous
give better minimum bit rates. Since all users hidneesame bit rate in unirate context, the minimhitrrate is
the same as the average bit rate. These uniratécastilmethods equally distribute the resources, inuthe
considered 9-user multicast systems where chamielsers are very different, it is justifiable tovey more

resources to some users than others.
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Figure 18: Cumulative distribution function (CDH)the average and minimum bit rate of multicastrsiseach
user experiences one different channel class aB@.L=

As a performance metric, we use the fairness intdixed in[48]

Q- R.(1)?

FI = —A———.
UQ R (D)

Figure 19 shows the cumulative distribution funetiof the fairness index of multicast users. As expe the

(36)

unirate multicast methods give the best fairnegexn(FI=1). In multirate context, the TDMM methodive

better fairness index than the FDMM method. The RIDMF method enforces the fairness performance ef th

FDMM method.
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Figure 19: Cumulative distribution function of tferness index of multicast users; each user egpees one
different channel class and L=32.
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Besides the comparison of the performance in tesfbit rate and fairness index, the required domkli
signaling overheads are compared. In unirate nagttisystems, only the modulation order on eachastibc
needs to be signaled to users. In addition to méion on the order of modulation on each subaartie
multirate multicast systems need to transmit infation about the subgroups of users. In FDMM mettibd,
subgroups are not the same for each subcarries Waucan state that, the downlink signaling ovethefathe
FDMM (or the FDMM-PF) method is higher than the exthmethods due to the subcarrier/bit allocation
information. Furthermore, under the assumption #mt combination of layers consisting of multicdata can
be decoded at the receiver, an intelligent mappiggrithm for efficiently recovering the originahth from

different layers is needdd5]. This may bring additional signaling overhead.
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Figure 20: Cumulative distribution function of tagerage and minimum bit rate of multicast usershasser

experiences one class 5 channel and L=32.

In the second step, we consider a multirate nadtisystem witf users and each user experiences the
same class 5 channel. This considered case shevetformances of the different multirate multicastthods
when multicast users experience similar channelsthis context, the TDMM methods are not performed
because they give the same results as the LBCGonhefligure 20 shows the cumulative distributionction of
the average and minimum bit rate of multicast us&nsl, Figure 21 shows the cumulative distributianction
of the fairness index of multicast users. In thossidered case, the LBCG method is the most seitaigithod
for multicast systems considering both the bit & the fairness index. Actually, this method gitlee best
average and minimum bit rates compared to othehodst However, the FDMM methods remain better than
the conventional LCG method in terms of bit ratevBrtheless, it is worth using the unirate multicastems
with the LBCG method when the multicast users erpee similar channels.
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class 5 channel and L=32.

4.4.5.2Evolution of multicast bit rate according to themloer of users

In this part, we study the achievable multicastrates when the number of users increases. Eadr isis

assumed to randomnly experiences a channel foom class taking into account the measured pegett
channels (cf. Table 6 if#5]). Figure 22 shows the total bit rates, in fiér OFDM symbol, obtained with the
proposed methods. The comments made for the 9syse¥m are valid when the number of users increéises

fact, the comparison results are the same for bigriand fixed number of users.
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Figure 22: Total multicast bit rate vs. number séns for L=32.
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5 Conclusions

This deliverable has presented the adaptationeoRfRAV MAC layer to the OMEGA PHY enhancement.dsh
also analyzed the multi user resource allocatiotiomnlink and multicast contexts. The guard intehas been
optimized for the multiuser OFDMA scenario. Theioj@ value corresponds to the one that maximizes th
aggregate rate. With LP-OFDMA systems, the propessdurce allocation algorithms improve the satisfiey

of the bit rate requirements of users. In multicastnarios, results have been given with hieraattsind non
hierarchical data encoding. In non hierarchicabcasbit rate gain up to 25% is reached. In hiéiead case, the

proposed resource allocation algorithms improvedireess among users in the case of OFDM systems.
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