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Executive summary

In order to understand and derive the requiremenfléxible but yet robust architecture inext-
generation wireless networks platform, FLAVIA suggeand examines the limitation of exist
platforms to support innovative solutions which noye the performance over wirele
communicationIn this report we summarize the first year maireegch activities on designing ar
evaluating novel approaches to enhance the perfarenaf existing schedul-based OFDMA
systems. Since, these research activities indu¢d_8WIA architecture and design, and serve a
ongoing assessment for the developechitecture, this document also presents FLAV
architectural support for each suggested solt

After a brief introduction, which provides an oview of the topics tacked in this document,
report is split into four different research arezes;l corresponding to a Section or an Apper

(1) Section 1 focuses on radio resource allocatiomhith we study both intra cell resout
allocation, i.e., how resources should be distaduwithin a cell (between the MSs)
well as intereell resource allcation, i.e., how resources should be distributettdvben
the cells (between the BSs), and a mixture ofwee(foint inter/intra cell allocatior

(i) Cellular architecture and scenarios is the topiSection 2, in which we examine ni
paradigms fororganizing cellular systems which benefit from theéure cellular
deployments.

(i)  Powersave schemes are addressed in Section 3, in wieded on a comprehens
measurement study of the power consumption of reiffe operational modes (e.
transmissionmode, IDLE mode) on widely deployed WiIMAX networlards, we
analyze the performance and tradeoffs betweenwspowe-save modes, examine t
limitations of existing devices and suggest protwemd algorithms to reduce the pov
consumption of rabile cevices and base stations.

(iv)  Eventually,we report in Appendix about a schec-based solution for contenti-based
technologies, which suggest enhancements that gupgtedul-based operations over
contentionbased technologie

Deliverable D5.2 Version: 1.1 Page 5 of 104



(@€Y)

FLAVIA
FLexible Architecture
for Virtualizable wireless future Internet Access

Grant Agreement: FP7 - 257263

Introduction

Work Packagé (WP5) focuses on the design of novel approaahenhance the performance
schedule based OFDMA systems, regardless of thdogatp technology. The suggested nc
solutions should exploit FLAVIA'’s architecture, aptbve its flexibility.

As detailedin Deliverable D3..1 [59], FLAVIA’s high level MAC architecturefor scheduled
systemss composed of modules, each representing a sethate scheduled accetechnology is
expected to provide. Services can have commonibang;ti.e., a function can be reused by mult
services. The higkevel FLAVIA functionalities for scheduled accesgstems (e.g., 802.16 ai
LTE) are depicted in Figure In particular, the figure below shows the mairnvees needed fc
the implementation of scheduled acct

| Convergence Protocol ‘ | CN management ‘
i o o QoS Strategy - |nter-Ce||
1 o — . .
. 128 |55 IF= Mobility coordination
1 chedulin .
= €5 || c 8 Stategy Support s cooperation
o | B © ©
0 2 | << Q Scrn:::}?ller
Q ° =
£ 4|8 - 5 Supportfor
i £ 5 SON
S . :
S ! Link Cell selection
. | Adaptation | [@nd tracking
i <>' """" Physical transport channels ~~=~=========== <> """""""""""""""
E ] Data transport Physical control Random Access
- channel Channel Channel

Figure 1. FLAVIA scheduled MAC functional architecture.

The figure describes a generic architecture foredale access entity (e.g., base station, 1
stations and mobile stations) and its interfacdse modules can be differently implemented
different entities (e.g., the bastation implementation is not necessarily the sasi¢he mobil¢
station implementation), furthermore some of thelel® can even be degenerate for some eni
A detailed description of each service and the agaasition of each such service into on more
functions can be found in D311[59]. Throughout this document we will highlight tFLAVIA

services that support each suggested soli

In particular, wedivide the first year research results into fodfedent aspects of schedule acc

technology, namely (i) radio resource allocatiomn,cellular architecture and scenarios, (iii) pa-
save schemes, (iv) scheduled solutions for come-based technology.
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0] Radio Resource Allocation (Sectioll),

Resource allocation plays a significant role in owmication networks and particularly in mod
wireless cellular networks. While the traffic iradiitional cellular networks (i.e., voi) is mostly
homogeneous emerging cellular networks are expdctezirry a highly heterogeneous payl
mixing voice, video, internet browsing, file traesfand more, with variable service requireme
Still, current scheduling schemes are optimizedupport a single set of service preferenc
Under this research field we study both intra oetlource allocation, i.e., how resources shoul
distributed within a cell (between the MSs), i-cell resource allocation, i.e., how resources gh
be dstributed between the cells (between the E and a mixture of the two (joint inter/intra c
allocation). In particular we have three ongoingigts

Flexible auction-based framework for heterogeneous traffic schedulig in wireless networks
(Subsection 1.}

We present a novel framework for wireless schedutlivat supports multiple service requireme
Our framework is based on auctions, wheach user bids for the wireless resources base
service requirements and channel state. We shawthtegproposed framework allocates resou
based on each user's private set of preferencese wiaintaining a notion of fairness a
efficiency. The famework flexibility to schedule users' packets doason various sets
considerations opens new possibilities that aresatly unavailable with state of the art schedu
schemes. Using simulations we show that the prapéseanework matches the permance of
existing state of the art schemes for the simpladgenous service type scenarios for which -
were designed. On the other hand, our scheme doter alternative schemes with heterogene
services and maintains good spectral efficiencyre the other schemes fail to wc

Joint scheduling and power control with noise riseonstraints (Subsectiorl.2)
Frequencybivision Multiple Access (FDMA) based schemes, suab Orthogon-FDMA
(OFDMA) and Singlecarrier FDMA (S(-FDMA) have been endorsed in most emer
broadband wireless standardslsas IEEE 802.16e/m and LTE (Long Term Evolutidg®@source
allocation in such systems is quite challengingpanticular the uplink power allocation due to
diverse transmission power of the subscriber stat{8S). In this study we consider thent uplink
scheduling and power allocation problem. Commoihnegies for the uplink resource allocat
adopt the classic power control schemes in whithusdrs are received with the same Signe
Interference-pludNoise Ratio (SINR). Nonetheless, th techniques are less appropriate
OFDMA based channel access that suffers mostly frotai-cell interference. Our approa
suggests a novel scheduling approach in which éase station (BS) besides distributing
ordinary resources (time and freqcy band) according to some fairness criterion ananoel
condition, also manages its uplink power budgethdiat the aggregate noise rise caused t
subscribers at its neighboring cells is boundedndJa comprehensive set of simulations, we s
that the suggested approach increases dramatitalpverall throughput achieved in each ¢
while maintaining a high level of fairne

Traffic- Centric modeling methodology for studying connectio admission control (CAC) and
scheduling synergy in WIMAX/LTE systems (Subsection 0)

Deliverable D5.2 Version: 1.1 Page 7 of 104
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Much work has been and is still being done on saliregl and connection admission control (C#£
in WIMAX/LTE system.However, these are typically studied independemthyithout considering
a strong interrelationship between these functiBysallowing both scheduler and CAC to consi
the current quality of service (Qo0S) status in rileéwvork, it would be ideal to ploit the synergy
that is evidentThe initial problem with developing a joint scheidgl and CAC mechanism
having a reasonablgerformance modelir methodology The resource requirement and intricas
and complexities of the exercise and the systespectively,demands a different more efficie
approach. We describe our novel performance magletiethodology and the generalizing
framework to be used to develop hybrid ana-simulation performance models. Resulting hyl
models will aid the devepment of such joint QoS management mechanismseaatliation o
different system scenarios in a highly extensiloleé eredible manner

(i) Cellular Architecture and Scenarios (Sectior2)

Currently deployed cellular networks still rely anmacr+ and microeellular architecture withot
advanced cooperation and coordination possibilitisvever, this changes with the developn
and deployment of nexgeneration mobile communication systems such a€ IBE2.16m ani
3GPP LTEA. These systems rely on the support of relay nofestc-cells, as well as mu-cell

cooperation. Furthermore, future deployments walidharacterized by a tremendoucreased cell
density. This requires new approaches to organetelar systems in order to benefit from 1
future cellular deployments. These approaches kelvily rely on novel MAC protocols at
coordination techniques supporting the operationcellular networks. Among others, thc
protocols will allow for more int-BS coordination and informatioexchange. Furthermore, th
provide more flexibility which is a p-requisite to implement futungroof algorithms. Thi
FLAVIA framework shows one way provide the means to implement scalable and fle:
algorithm for future cellular networks. This sectipresents algorithms that exploit FLAVIA
flexibility and provide significant benefits in fute cellular network

A flexible assignment of the ufink and downlink of mobile stations to base statios
(Subsection 2.1)

Energy costs became a major part of operationarekpure of mobile operails. At the same time,
wireless broadband services require increasingugimout. In this section, we present and eval
a novel asymmetric user assignment scheme, whidwslfor major energy savings wh
guaranteeing a minimum quakbf-service. Thisscheme separates the association of users tc
stations in uplink and downlink, such that in oagrteployments parts of the radio access net
can be switched off. Systelavel simulations show that the novel scheme essadergy savinc
of up to 5% and 60% over typical macro and micro cell deplemts, respectively. All numeric
results are obtained in accordance with the gudsland requirements of IMAdvanced systems
and based on the system definitions of IEEE 802.

Dynamic assignmentof UL/DL sub-frames in TDD systems in order to increase syste
capacity (Subsection 2.2)

A prerequisite to obtain full spatial reuse is sncel « mitigate inter-cellinterference, which is
limiting the cell throughput. In order to derivewetrategies for cellular interferer-mitigation,
this section analyzes achievable up-downlink data rates for different in-cell interference

Deliverable D5.2 Version: 1.1 Page 8 of 104
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scenariosAmong others, this section discusses an asymmetatocol exploiting cros-uplink-
downlink interference, i.e. two adjacent cells dit aperate simultaneously in uplink or downl
but only one of both is active in uplink and onedgive in downlink. sing analytical results, it
shown that under specific conditions this approaavides performance gains over conventic
approaches and close to muéal MIMO. Although this approach is not able toprave the
performance under all channel concns, it provides a new degree of freedom which migh
exploited if intereell interference significantly impairs the perf@ante

Reliable multicast (Subsectior2.3)

IEEE 802.16 considers multicast as unreliable serwivhich is inappropriate for many multime

applications making strict QoS demands. We proposkstudy new reliable multici mechanism
to support multimedia QoS his mechanism based on the concept of multiple A-leaders, that
is, multicast recipients responsible for acknowledgdat: packets.Specifically, we propos

assigning some recipients as A-leaders by allocating ACK slots in the A-CH part of the
uplink sub-framdor the recipients. We develop a mathematical nettbcselect ACl-leaders for a
given multicast stream so that specific QoS requémts can be met and consumed bandwid

minimized.

(i)  Power-save schemegSection3)

One of the biggest advantages of next generatitnlaretechnology (3.5G going on 4G) is th
ability to provide widespread coverage providingoectivity all over. Users in ch networks are
expected to be mobile. The mobility of the deviresuch cellular network implies not only limit
accessibility to power but also portability (smatd light with small batteries), hence, po-
saving mechanisms are crucial for consng the power of the mobile terminals. Former cal
technology (e.g. 2G and 3G) utilized po-save mechanisms. However, unlike these technol
which were mainly designed for voice applicatioft, generation cellular technology will integr:
voice and data, supporting a variety of applications wimetraditional telephony will only play
secondary role. Accordingly, next generation p«-save mechanisms are expected to be 1|
challenging as more applications need to stay tuegdlarly (periodially or nor-periodically). In
this study we examine analytically the performaacel tradeoffs between various po-save
modes. We also measure the power consumption aéthéar operational mode and the IDLE
SLEEP modes, and suggest protocols &lgorithms to improve the power consumption of
mobile devices. In particular in this document vesaibe two studie

Experimental assessment of pow-save behavior of commercial IEEE 802.16e network ods
(Subsection 3.1)

IEEE 802.16e (WIMAX) network cards are widely usedtoday's pr-4G cellular networks
worldwide. These devices, either embedded as d¢arlests such as laptops and sI phones or
USB dongles, provide mobile wireless broadband sgde users within the cellular netwe
coverage area. In this study we provide a compsaherset of measurements of five lead
commercial WIMAX network cards, a comparison betwége power ccsumption of the regule
operational mode and the IDLE and SLEEP modes. ¥védr identify the power consumpti
distribution of the different operational modegy(edata reception and transmission, map recef
HARQ, CQI, passive listening, etc.) win the common working mode. We show that even thc

Deliverable D5.2 Version: 1.1 Page 9 of 104
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theoretically power consumption can be dramaticadjuced by employing an efficient algoritl
which alternates between pov-save and operational modes, lack of cross layerdauation
between the apipgations, the operating system and the network paevents efficient power sa
implementation. Accordingly pow-save protocols which are defined by the IEEE 803taGdarc
are rarely applied, and when applied they are itiefftly implemented. We esent a different
approach for powesave operation termed Intra Frame Power Save (|IRiA8¢h is supported b
the standard and does not require any cross la@dination. We evaluate IFPS on two of
examined devices and show that IFPS operatione can save 90% of the power saved by
standard IDLE mode even when the device is comletdée. We further show how IFPS c
dramatically reduce the power consumption even ewttie device is in operational mode, i
suggest ways for further reducipower consumption by taking into consideration M@orting
IFPS mode while performing the schedule by the kteatgon (BS'

Power save analysis for base stations and mobilestlvcontinuous connectivity (Subsection
3.2)

In this study, we analyze the power save and ifmrhon web traffic performance when custon
adopt the continuous connectivity paradigm. To thim, we provide a model for pacl
transmission and cost. We model each mobile useffic with a realstic web traffic profile, an
study the aggregate behavior of the users attacchadase station by means of a proceshared
gueueing system. In particular, we evaluate useesac delay, download time and expet
economy of energy in the cell. Theodel is validated through packetrel simulations. Our mod
shows that dramatic energy savings can be achigyédth mobile users and base stations, e.(
much as 70% of the energy cost due to packet tigsgm at the base stati

(iv)  Scheduledsolutions for contentior-based technology (Appendix A

Scheduled MAC approaches cannot only provide qualfitservice guarantees but potentially
also provide better physical resource utilizatiorerotraditional contentic-based technologies,
especilly under heavy traffic loads. Such better chanaglization is attained by efficientl
distributing resources such as time, frequency poder, between the users, in a manner
avoids transmission conflicts (i.e., “collisionsihd channel idle peods. Nonetheless, in order
attain such high utilization, in contrast to conten-based access schemes which are decentre
schedulebased MAC schemes usually require a central cdetraind no-negligible signaling
overhead for acquiring compl information about the demand of the users and #tevork
conditions. Furthermore, in contrast to conter-based access schemes such as 802.11 WL
traditional schedulé&ased protocols such as 802.16 or LTE are typiaaddlgloyed in license
spectral bands, hence involve significant deployment coststhis study we suggest hybi
solutions that combine the best features of come-based and schedu-based schemes. We
assess how such contentivee MAC protocol can be implemented in the contef FLAVIA
architecture.Even though scheduled solutions for conter-based technology relate to 1
contention based architecture, we bring it as parthe scheduled based research, as it
discussed and was examined by the schedule acogssgvgrcup.
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1. Radio resource allocation

1.1 Flexible auction based framework for heterogeneous traffic scheduling
in wireless networks

Radio resource scheduling is one of the most impbrparts in modern cellular networks. T
scheduler is required to carefully bale betweenthe network operator’s desire to maxim
revenueand the user’s demand for satisfactQuality of ServicdQoS or Quality of Experience
(QoE). To maximize their revenue, operators seek tomiae the resources allocated to a sir
user andd maximize the number of supported users. Usersh@mther hand, strive to receiv
satisfactory service level.

In early generations of cellular networks the megnof satisfactory level of service was qt
simple as all users got basically the s service, namely, voice. However, as technology\es
voice traffic no longer dominates the cellular netke and the data traffic volume constal
increases. Indeed4generation cellular standards like LTE and WiM focus on delivering a
more efficient data transmissic

Unlike homogenous voice tveorks, cellular data networlare heterogeneous in nature, servir
multitude of applications like web browsing, vidstveaming, Voice over IP (VolIP), file sharir
gaming, and more.

The diversity of applications translates into dsrgr in users’ requirements from the netwc
While a user that downloads a large file is intev@sn the sustained throughput, a user playin
interactive game would focus mostly on system’s latency when passing sin-out packets.
Furthermore, we need also consider the diversithannel conditions among users, and the ch
of these conditions over time.

The importance of radio resource scheduling hasvmnauch industry and ademic attention.
Most of these works focused on balancing two renments, namely, fairness and resol
efficiency. Although receiving much attention, madtthe work done did not capture the t
diversity of the problem, giving a single dimensisoution. The commonly proposed solutic
include, (i) rate fairness maximizing the equality of rate between users, s the cost o
overall efficiency, (ii)Proportional Fairnes (PF) - focusing on efficient allocation of resourc
based on currenthannel conditions, considering fairness in resaimstead of rat[1], and (iii)
Earliest Deadline Du€EDD) — prioritizing packets based on their due deadligmdy to efficiently
meet the deadlingot considering fairness at all. Little work hasbealone to consider all traft
types (e.g., [2], [3] where the dominant approach waimpose strict priority between the serv
types. That is, schedule according to the EDD (disa@ to support delay requirements, then em|
the GPS (Generalized Processor Sharing) discipiirseipport rate fairness, and finally use the
scheme to syport best effort traffic. However, such an approhandly explores the potential us
diversity gain of the wireless channels (which @ained here solely for the best effort traffi
Some limited approach for supporting best effoaffic together wth delay sensitive traffic he
been proposed in [4However, a comprehensive framework for the effitiwireless scheduling
heterogeneous traffic is an open challe

The problem of maximizinghe satisfaction of a varied set of users, witliedént motivations an
goals, is not unique to the world of radio resowgcleeduling. A similar problem is one of the b
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problems of economics, where one aimr distributing goods (i.e., resources)tween different
people/companies (i.e., users). The value of tleelgonay change from user to user. A mechal
to define the way to distribute the goods to thersisvhile maximizing thwsocial welfareis called
for.

This work exploits results in gameeory to solve the abowaentioned economic challeng
Specifically, it defines a novel economic framewoftr radio resource allocation wi
heterogeneous service requirements. The economicefvork includes: (i) monetary resour
(money) management, Xiallocation of goods in exchange to monetary resgs) user selectic
and price setting 2 price auction), (i) A system to record the amoohtnoney each user has
its disposal, keeping account of both payments pagkchange for goods and mo allocated.
While auction mechanism was already suggested aseans for radio resource allocat
([5,6,7,8,9,10,11] it was mostly considered as an alternative &msnscheme, termed ‘competi
fairness' in [5]. Careful examination may reveal that proportiofal scheduling could b
formulated as a®iprice auction, while the novelty of the introductiof ‘competitive fairnes:
based on ¥ price aiction is limited. None of the above works consideheterogeneous scenar|
or paid real attention to the importance of the etary systen

The novelty of this work, in contrast to prior wodlkne on auction based scheduling, is twol
The first majo novelty is the usage of the auction mechanismcamtept of money to mix diver:
valuation functions representing different setscohsiderations and requirements. The set
difference is the definition of the supporting mtarg system, implementinfairness, service
differentiation, priority and Quality of Service ¢Q) considerations through monetary alloca
functions.

We further show that the differences highlightes\ab make the heterogeneous auction b
scheduling scheme unique in its eties to implement efficiently mixed scheduling setes. The
scheme flexibility to support each packet of eashruvith a different set of considerations (i
priority, deadline, and/or budget) opens new palés#s to the way scheduling and applicais are
interacting.

To further demonstrate the advantages of the peapframework, we compare via simulations
performance of the heterogeneous scheduling scheethat of the classic scheduling schemes.
consider scenarios with various levels raffic heterogeneity. The simulation results shdwat
while the proposed scheduling scheme matches thrpance of traditional schemes
homogenous scenarios, it efficiently allocates weses at heterogeneous cases, where
schemes fail to meéte minimal requiremen

1.1.1 Problem formulation

We consider the resource allocation problem innglsibase station connected to a set of
through time and frequency varying wireless chas

We assume that the base station controls the mealgeshby assigning subsets of its -carriers
to users, such as in OFDMA systems. In other wdtds transmission resource is partitioned
frequency over time rectangles, termed resourcekblor slots. We shall use the terms reso
blocks and slots ietchangeably. We assume that a resource blockecasda by a single user. \
index the slots in an increasing order and derw@endex of thet-th slot witht.
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We consider a communication channel between eaahamsl the base station that may \vin time

and frequency. The communication channels of tfferdnt users are independently distribu

Let r;(t) denote the instantaneous channel rate in termsumbar of bits that thi-th user can
transmit over the-th resource block

We model the channel of usems a random process, and the channel ratR;(t) at slot index,
as a random variable with a generalized probaldégsity function (which may inclu the Dirac
delta function)p(r) = fz,)(r)

b(r) = frio @) = 3 Frao = 3 PrIRi(8) < 7). (1.1.1)

We assume the user has information about its chaate distribution at each slot. We furtt
assume that the user knows its channel rate at — t. Given its channel rate at slt — t wasr*
(i.e.,R;(t — ) = r*). We denote this conditional distribution wb(r/r*, T):

b(r/r*,T) = fr,0)/r;t-o(T/Ri(t —T) =717). (1.1.2)

For ease of presentation, we shall omit the uskxi.
1.1.2 Proposed framework

1.1.2.1 Overview

Our auctionbased framework is constructed on three pillajsaction based resource arbitrat
mechanism, (ii) bidding agents representing thesupeeferences, d (iii) monetary system (s
Figure 2).

The first building block, i.e., the auction, is pessible for the actual scheduling. That is, sedec
of the user to win the allocation and the price paide Bluction mechanism allows all users
compete over all allocations. The allocation pred@gitself is very simple, and fair, i.e., allaoat
the resources based solely on the bid placed bydbes

The second part of the scheduling mechanism isgkebidding agent. The bidding agent goal |
convert the user value for an allocation to a manyevalue used for bidding. This translat
considers both the usage the user is intendinghiallo@tion and the monetary resources at
user’s disposal.

As an output from the bidding agent we get the uaération of the resource block. The valuat
is derived in a way that will maximize the user @ggted value taking into account the roles e
game and the user’s private knowle.

The third part of the scheme is the monetary sysidm monetary system controls the long t
behavior of the scheduling mechanism. As part ef mfionetary system, each user has a '
account'. In the bank acaauwe record all allocation of monetary resouraeshie user, and &
payments for won resources. The monetary systemimflagnce the user biddi-agent bid, using
a regulation function based on the user bank addmalance
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The auction A
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( account ) ( )
Account
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Monetary allocation function , -
(( QoS, fairness, priority) Bidding agent

K Monetary System / \ Resource Valuation )

Figure 2: Structure of auctior-based heterogeneous scheduler.

Logically, the scheduling functionality is presented as disted between three entities,
auction representing the resource owner (the-station), the bidding agent representing trer,
and the monetary system that may represent a teettanetwork entity. In practici
implementation we may either exploit this logicalitsto implement a distributed scheduler,
select to implement a unified scheduler, implenmanéll elements the bas-station.

1.1.2.1.1 The auction

In our framework, users compete for resources sy for an infinite number of resour
blocks.Each user is assumed to have a certain amount méynd his money can only be used
bidding for resources and has ralue outside the allocation mechanidfor each resource blo
users have their private valuation of the resoustach is translated into a “bic

These characteristics give rise to an auction. \Wfesider the secor-price auction, where use
submit a Id and the scheduler allocates the resource blodke user that made the highest
The price of the resource block is determine the second highest bid. This price is deducted
the winning user’s bank account.

We note that our auction mechanism is a modifiediga of a game cN players with independe
private vdues and incomplete informati [12].

The second price auction mechanism is adopteddince its incentive compatibility feature (a.k
truth telling) make the strategic problem confrogtbidders in secor-price auctions very simpl
The user’s optimal strategy is to bid the true gafurther allowing a distributed implementatior
the mechanism [9]The fact that the second price auction maximibesocial welfar (aggregated
value) makes it the optimal mechanism to maximieeusers’ aggregated vall
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1.1.2.1.2 Resource valuation

We assume that 'the user' holds a truthful valaaticthe allocation unit for auction. This valuati
is private and is based on its (private) knowledf&s channel conditionr(t) and other private
information like the amount of information neede be sent, QoS considerations, and the am
of monetary resources held.

As the money granted can only be used to pay for aactions, it is desirable for each use
spend all money on hand.

Let Y denote the highest valuation all other usThe profability density function oY is given by

¢() = 1= Fy(y) = 3 Pr[max;.;v; < y]. (1.1.3)

We will generally assume thdi(y) represents a steady state that takes into accherhitlding
strategy of the user.

In practice, we can first calculate the user’s bigdstrategy using(y) that represents the ste—

state without our user, and then recalculate tmetfor ¢(y) with the impact of the new use
After this we iteratively calculate the user's néwdding strategy and the neg(y) reflecting
changes in strategies.

It can be shown that this process is monotonicnasaich iteration the difference between

aggregated usdiudget and the money paid for auctions decreaagesult of the users’ increasi

their bids. The proof of the above is omitted fpase consideratior

We additionally assume that while the user knR(t) just before the auction, the probabil
density functions(r) orb(r/r*, t) is also known

1.1.2.1.3 The Monetary system and fairness mechanisms

While the arbitration mechanism for resource aliora has received much attention in
literature, the monetary system that supportsstiie®en hardly exored. In this section, we provic
the basic definitions of the monetary system agdttafoundations. The monetary system is fur
explored in Section 1.1.2.3.

The auction mechanism manages the short term 'ddimgefairness, allowing all users
compete on each allocation. Nevertheless, thea@uwia singled out event in time, with no not
of long term fairness. Providing a whole solutidhe monetey system copes with long ter
fairness as well as with service differentiatiomr Fhis purpose, each user has a virtual “t
account”. The bank account keeps the monetary ressiallocated to the user balanced with
money spent on won bids.

The uer's bank account balance at tit may impose limitations on the user bid for it-th
auction. This is obtained via a monetary regulafunctionf,,. We have,

U= f(v,w(®)); (1.1.4)

wherev denotes the actual bid used in the auction meamawv denotes the real valuation of t
slot, f,, is @ monetary regulation function, aw(t) is the bank account balance at tiit. For
example, the regulation function can take the f
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fm(v,w(®) = min(v,w(t)). (1.1.5)

Here, the user’s bid is limited by the money theruss at its disposal, or in other worno credit
is allowedfor the user. Another form of a mctary limitation function may be

fm(v,w(®)) = min(v,w(t) + C). (1.1.6)

Here,C denotes the credit the auction mechanism is grgutiie user

In the auction mechanism, the money goes only adirection, from the user bank account to
auction managy. Now, a mechanism that allocates money backth#auser bank account shoi
be defined. In our framework, this functionalitynanaged by the monetary allocation func

The monetary allocation function can take variausns. We shall refer to t simplest form as the
constanpaycheckThe constanpaychec function is defined as follows:

wit) =w((t-1D") +M,, (1.1.7)

The notationgt — 1)*and¢~, denote that the user bank account is grantechstanat amount ¢
money after the — 1 auction and just before tlt-th auction.

Based on this simple monetary allocation mechamisthon a regulation function (g, (1.1.5), the
auction mechanism can enforce the average amoumboéy limitation used in the derivation
the resource valuation functions.

By setting different values of .4 to different users, wean simply differentiate the servi
provided to various users.

One shortcoming of the above definition arises wtiealing with the case where the user tran
qgueue is not always full. In this case, user tlzt thata to send only a small fractionime, may
block other users, each time they have data to.

One way to reduce the blocking effect is to modlifg pay-checkiunction to include limitations o
the amount of saving allowed. The modified functiothis case will b

w(t) = min(w((t — DY) + M,,, SL); (1.1.8)
whereSL denotes the saving limit allowe

Other monetary allocation functions may be basedlata queue state, the amount of data t
sent, priority, strictness of deadlines, «

1.1.2.2 Resource valuation

In this section we discuss the user valuation oédssurce block according to its required sen
Typically, a user is interested either in throughfrate) or in delay (deadlines). In both cases
derive the user valuation of a resourceed on (i) the user knowledge of the channel, fig
distribution of the highest bid of other users, @njithe available “money” at the user’s dispa
We focus on rate and delay demands, which are caoym@quired by most applicatior
However, thevaluation of other service demands, such as jiiegle allocation every few slot:
could be derived using a similar methodology. Gleavith valuation at hand, these services cal
easily incorporated to our framewc
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1.1.2.2.1 Throughput maximization

Consder users with best effort traffic, such as webwsing, file transfer and emails. In this ce
the user will optimize the experience when the ltargh throughput is maximized. The user is ¢
interested in maximizing the throughput and hagaia flom any other requirements such as d
guarantees.

Next we devise the user valuation of an allocationt (resource block) that maximizes
throughput. Although, we obtain a closed form foe tesource valuation, its computation coulc
prohibitivdy complex. Accordingly, we devise a practical golegfor approximating the valuatit
As discussed above, we assume that the user cad speaveragev,,, money units, and gal
nothing from spending less. The user valuatiorhefresource unit, as in real market is base
two things, namely, (i) the market view or how athsers evaluate the good ('street price'), aj
the private value of the godd the user. The private value depends on the ubageser designat
for the good. In our case, the user seeks to maeitroughput; therefore, the user valuation
be based on the transmission rate (or number $)f étvier the resource blo

Theuser seeks to maximize throughput; accordingly,user is motivated to buy bits at the low
price possible. Assuming an offline allocation, tieer would buy bits in ascending price or
until budget was consumed. Assume that budgetriswzued whetthe pice per bit reaches a val
of q™®*. For a lower price per bit, the user would be lgith some money. Clearly the us
valuation of a bit should follow a similar approadthat is, the price per bit for which the use
left out of money (on thaverage). We note that there might not be a precdip for which the use
exactly consumes the budget. In that case, thevadeation per bit should be thg™** for some
auctions and a bit less for others, such that tiieesbudget is consume

The following proposition devises the user resoueation for maximizing its throughp

Proposition 1Given the user instantaneous transmission rateregeurce bloclt - r(t), the user
resource valuation for maximizing its long termatinghput isgiven by

v(t) =r(t) - 9%, (1.1.9)

where
q™® = argmin, (P*8(q) = M*'8) — h - 6,

Pe(q) = [ b(r) [} 'y - p(y) dy dr.
6 is a constant as small as we wish, h = {0,1} is a dithering function.

Proof: Assume that the user is biding with a price perdbig, and letP be a random variable
denoting the price paid by the user for a slot. V denote the user bid, attY denote a random
variable that is the maximal bid of other usershvét probabilit density functiong(y). The user
channel rat® is a random variable with probability density fuootb ().

Given the slot rate-, we have tha

{Y ifr-q>Y;

P =
0 otherwise.

(1.1.10)
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Accordingly, the mean prigeer slot is given b
E[P/R=71]= [ "y ¢(y)dy. (1.1.12)
Averaging over all possible valuesr, we have
P(q) = [°b(r) [y 1y - ¢(y) dydr. (1.1.12)
Now, the user would bid for a price per q as low as possible but such ttP*8(q) > M*8,
accordingly:
q™ = argming(P?%(q) = M%) — h - §. (1.1.13)

Here, we set a random varialdle= {0,1} with probabilities such that

D e C o o
E[h] o Pavg(qmax)—pavg(qmax—g) * (1114)

O

We note that our resultftiers from that o [5] since we do not assume continudistribution of
other users’ bids and continuous distribution @& tihannel rate. This allows working in real
conditions (e.g. quantized channel rate), and wmitked user scenarios (e.g. with and without d
requirements).
Since the evaluation dhe price per bit according to Proposition 1 is swaightforward, in th
following we propose a more practical blind adagttcheme for the approximationg™?*.
EveryN auctions derive a new approximationg™®* according to:

qnar =g + A - sign(w(t) —w(t — 1) + aw(t)), (1.1.15)

whereA is the adaptation step aa is a constanta( < 1).
The above approximation is designed with two olpjest (i) estimatingg™*, and (ii) deriving a
long term budget balance 0 (and therefore the smtuof thecomponenttw(t)).

1.1.2.2.2 Delay guarantees

Next, we consider users with real time traffic sashvoice, gaming, video streaming, etc. Tt
applications require some delay gintees to maintain a satisfactory user experie

Each packet is associated with a deadline and $be aim at transmitting the packet within
deadline. The traffic sensitivity to a packet dazelviolaion is quantified by a pena pyenaity-
For simplicity, we assume that at any time instaocky one packet is pending for transmiss
This model can be extended to include queues withiple packets. It is omitted here due to sp
constraints.

To derive the truthful valuation of a resce block for delay sensitive traffic, we followée steps
First, we consider the resource valuation of alsirsipt packet over a fixed channel. Next,
consider packets that span multiple slots ovexedfichannel. Finally, we obtain the valuatof
multiple slots packets over a time varying chatr
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Packets with deadline over a fixed channel

Here, we analyze the valuation of a resource btock user that is required to pass a single p«
before its deadline expires. We assume that a pspans exactly one resource bl

Denote a packet deadline By Consider the use valuationv;(6) of the resource block allocati
at time indexy, = D — 6.

Denote byp?8(08) the average price the user is expected to payudimgy possible penal
payments, when facing the auction on 4. Bidding for that allocation, the user may win
auction, transmit its packet, and pay the secogtdsit price. Alternatively, the user may lose
auction. In that case, the user is left wg — 1 auctiors to retry and transmit the packet within
deadline. The expected price thep?'8(6 — 1).

Proposition 2Given a single allocation packet withdeadlineD, the user valuation of resource
blockty = D — 0 is given by:

v;(0) =p*9(6 — 1), (1.1.16)

where

p*9(6-1) ©

pavo(9) = f Y d()dy +p@9(6 — 1) f sy,
0 paI(6-1)

and p*9(-1) = Ppenalty-

Proof: Bidding for resource blocty the user may win the auction, transmit its packek pay the
auction second price. Alternatively, the user naselthe auction. In that case, the user is left
6 auctions to retry and transmit the packet meetmgeadline. If the user loses rauction, then its
new expected price iB*¥9(6 — 1). On the other hand, if the user wins the aucthm frice is
bounded by the user bid#). By settingv(6) = p*®9(6 — 1), the user can insure that the sec
alternative will be selected only if the e of winning the auction is lower than the expegigde
of the alternative. For negative value<f, since the deadline expired, the expected priegusl tc

ppenalty-
O

Multiple slots packets

Consider the case where more than one res block is required to transmit a single packet. H
we assume that,.,q;:, is paid if the whole packet was not transmittedbefts deadline expirec

To find the valuation in this case, we adopt thiébofaing concept, evaluating the attreveness of
an investment, one should disregard money alrepdptsand should evaluate only future ct
with future gains.

We assume that the channel is fixed. Thus, the pumwiresources required to transmit a pack
known. Lets denote the numbef resource allocations left to send the paclv,(8) the valuation,
andp, (0) the expected cost at time indt.

Proposition 3Given a packet with a deadlirD and withs resource blocks left to transmit t
packet, the uservaluation of resource bloitg = D — 0 is given by:
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v5(0) =pg?(0—1)—pri(6-1), (1.1.17)

S
where, forf < s — 1:
Ps 2(0) = Ppenaity; (1.1.18)
otherwise,

pi0) = [;° (y + P20 - 1) - ¢y + pI(0 — 1) [, ddy. (1.1.19)

Proof: The proof of Proposition 3 goes along similar lit@$he proof of Proposition :
O

Packets with Deadlines over a time varying channel

We proceed with the case that the channel conmetiienuser to the be-station is varying in time
Now, we don’t have exact information on the numtieslots needed, we only know the numbe
bits left to be sent.

Proposition 4Given a packet with a deadliiD and withl bits left to transmit, at timty = D —
6,, with channel rate®, the user valuation of the resource blit, can be derived iteratively :
follows:

Foro = —1:
pavg(_ll L 1‘) _ {Ppenalty 1> 0;. (1.1.20)
0 otherwise.
Foré =0
v(0,l,r) =h(0,l,r) —h(6,l—1,1). (1.1.21)

In the two above expressions we t:
h@,Lr) = ["p™9(6 ~ 1,1, 9) b(g/r, 1)dg;

p@9(6,1,1) = f(;;w,z.r)(y +h(6,1—7,1)p0Ndy + h(6,L1) [, OGNy

Proof: The proof of Proposition 4 goes along similar lib@she proof of Propositic 2.
O

The above set of equations should be recalculair everyslot. To reduce thcomplexity, we
outline alower complexity heuristic. The heuristic is compdf two steps: (i) estimati of the
expected number of requiredlocatior §, and (ii) calculation of resource valuation functiv,(6)
according toa simpler form of propositior
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Consider the estimation of For large values 8,, the expected average rate is approximatel
expected average rate withahe knowledge ofrfe, denoted here bg?®9. Therefore

§=1/R™9. (1.1.22)

For small values d,(in the order os) the expected average rate approar®.
Hence,

§=1/r0%,. (1.1.23)

Since$§ may take a noimteger value, whilP,""? (§)was developed (in the previous section)
integer values of, we shall utilize linear interpolatic That is, defineP,"”?(8) for non-integer
values ofs as a linear interpolation betweP[‘S‘]” 9(0) andPl‘S‘]”g (0), where[s] stands for the nearest
integer which is not less thanand|s| stands for the nearest integer which is not grehtats.

1.1.2.3 Fairness, QoS, and the monetary system

In the following section we show that, similarlyttee world of economics, the monetary systel
an esential part of the auction based heterogeneofii tsaheduling mechanism. We demonsti
that, while its basic functionality is to maintafairness and stability in traffic heterogene
scenarios, it also allows the flexibility to cortemd redefie the notion of fairness. Furthermore
allows the operator to measure the effort requitedomply with the user's SLA (Service Le\
Agreement).

In previous sectionwe presented the monetary system as a fairnesscergfonechanism. As tr
valuationfunctions were developed to meet the average moomestraint, one can ask if enforci
the constraint is really needed. A closer lookhat aluation function derivation will quickly shc
that it is essential.

Deriving the valuation functions we assud that the users know the channel statics, theirimd
statistics of all other users, and, lastly, thefgrences of the user at future time (e.g. to maza
rate with no limitation on latency). In practidéjs is not the caséue to the dynamic nére of
mobile wireless. The channel conditions constanidyy in time and, additionally, the us
preferences may also vary with changes in its @all€onsequently the user bidding statistics
vary. Under this set of conditions, the valuatiandtior may seek to keep its budget balanced,
possibly it cannot ensure it. Accordingly, the miang system can serve not only as an enfor
mechanism, but also as a tool to derive practidaptive valuation functions similar to the cas
(1.1.15). Basedn the bank account balance, the user further adaparget rates, packet drop r:
and latency constraints to meet its monetary but

While the above functionality expresses the useedom to use its allocated budget in orde
optimize ts satisfaction, the monetary system serves ampartant tool for the operator. Wh
proportional fairness may seem quite logical todperator, users will seldom perceive it as a
service. The user would prefer, for instance, teirnee a miniral rate to be able to get an accept:
level of service. In this section we shall demaatstrhow the monetary system can be use
implement such a requirement, while maintainingcefhcy. In this example, we translate

preference in resource bloekocation to weak users (with low transmissioreydb preference i
monetary resource allocation. Preference in thecafion of monetary resources may also be
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results of different packages sold to the useiftdrdnt prices. In both cases thperator is given a
mean to measure the relative effort to support esgr. Such a measure is beneficial when
operator seeks to maximize return on as:

1.1.2.3.1 Minimal rate guarantee

In the following discussion, we assume that the @8&S contract inclies: (i) a constant p-check
of at leastM,;,, and (ii) a minimal throughput (R,;,, assuming thaR ,;,is lower tharr,,.,, with
R...x being the user throughput if granted all allocadi

According to the above contract, we assume thatritveetary sstem allocates salary Mmoney
units to the user such that its minimal throughgernand is provided. The following propositi
states some property of the system behe

Proposition 5:

a. The user’s achievable throughjR is monotonically increasing iM, as long SR < Ry, ..

b. If the user bids the true valuation function of 8®tIV.A, it is given M, ;. money units such that
its throughput is exactl®,,;,, and all users’ aggregated valuation is the malkpoasible ove
all allocations that grant the usR;,.

Proof. Consider the first part of the propositi Assume that the user bids with average mc
constraint ofM; if we increase its budget Wy the user will increase its per bit valuag™** and
therefore its bid prices (upR&'¢) are increased by. We note that, for the second price auction
price paid for a won auction does not change asualtrof increasing the bic Therefore, increasing
the spent money can only be the result of winningranauctions, and thus increasing
throughput.
Consider, now, the second part of the propositiasgh on the first part, we can conclude M,
is the minimal (and only) value that allows a tlgbput ofR,,;,. As the price the user pays i™
price auction M, in our case) is the loss of ve to the other users, by minimizing the price
we minimize the loss to the other users and thezefoaximize thesocial welfar (aggregated
valuation).
O
Next we present a simple heuristic for the impletaton of an efficient minimal rate mecism.
Consider the auction mechanism that allocatesgiessiot at a time. Divide the sequential aucti
into observation periods adf consecutive auctions. With the construction of ¢hebservatiot
periods at hand, denote Bl the i-th observatio period. For each observation periT;
measureR (i), which denotes the actual rate the user achievesthe observation pericT;. To
meet the minimal rate guarantee, exploiting the ebamy of the throughput as a functionM, we
use thdollowing adaptive scheme to search for the optivadilie ofM:
Initialization (i = 0):
M(0) = Mp;p.
For following time intervals:
m= M@{—1)+d-sign(Ruin — R();
M (i) = max(min(m, Myax) , Migin)-
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In the above algorithm)M (i)denotes the avera constant paycheck for the time periT;, and
M.« the maximal pagheck the mechanism is willing to allocate, befioigives up trying to mee
the QoS contract, andlis the search ste

1.1.3 Simulation results

In this section, we investigate the perfance of the auction based heterogeneous schel
framework, at scenarios with various levels of ficaheterogeneity. The simulation basel
includes a single bas#ation connected to ten users through a single Rayleigh fading channe
with users’average SNR varied from 2 to 18dB. In the simutafi Mhz bandwidth was assum
We simulated the following scenari
» Scenario | rate maximization with no latency requirements. Adlers use same aver:
money constraint.

» Scenario Il — ratemaximization with minimal rate guarantee. Like ffiscenario with th
addition of minimal rate guarant

» Scenario Il -rate maximization and packet with deadline mixgkrpriority. Users divide
into two groups first five users with no latencynstiaint, other five user need to trans
packets with deadline using the same prio

» Scenario IV —rate maximization and packet with deadline of twaonty levels. Like
Scenario Il with one more user (of the first grpgpren deadline and higher prity than the
other users.

* Scenario V —rate maximization with minimal rate guarantee aadket with deadline mi
multiple priorities. Like Scenario IV with each tfe users with deadlines given differ
priority (six in total) and the addition of nimal rate requirement for the four user with
latency constraints.

We set the packet drop rate goal of packets wittdliiee to lower than 1%. For the highest prio
level we assume a target packet drop rate of O@sifzation of the delay sensie packets was
implemented via differentiating the packet drop giges. The minimum rate provisioning w
obtained using the method presented in se\V.

We compared the performance of our framework Wit of a strict priority (between traffic tyf)
scheduling scheme. In this scheme, resources rateafiocated to delay sensitive packets. Tt
packets are selected according to their priorind &hen according to the EDD scheme, wt
differentiates between packets of the same prideigl. Resource not assigned in the first ph
are allocated to the remaining users (referred asrew priority users). In cases where a mini
rate is specified resources are initially allocatedusers to satisfy their minimal rate. Fina
remaining resonces are allocated to the lowest priority useretas the proportional fair schen
Figure 3depicts the aggregated throughput in bits per alion. The figure presents both, t
aggregated throughput of all users as well asglesgated throughput of the low priority use
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Figure 3: Total and low priority users aggregated throught.

Consider the first (homogenousjenario, here, no deadline or minimal rates ayaired, one ca
see that both the proportional fair scheduling #nredauction based scheme perform simila
Considering the more complex scenarios, we cathsg@ur auction based scheme outpers the
strict priority scheduling scheme in all parameténrghe simple, minimal rate scenario, one can
that the traditional scheduling scheme fails tacefhtly deliver the minimal rate, causing
reduction of the aggregated throughput by more 50%. The auction based scheduling sche
on the other hand, succeeds to deliver a minintal s 350Kb/sec with only 10% degradatior
the aggregated throughput, and a minimal rate @K#lsec with less than 20% degradati
Overall, the proposed same allowed a minimal rate higher than the referesddeeme bymore
than 70%

In the third and fourth scenarios, we investigatied performance of the two schemes in
presence of delay sensitive packets, with one amdgriority levels. The results ithese two
scenarios reveals that, while the heterogeneousdstihg scheme achieves-30% higher total
aggregated throughput than the reference scheraeg¢dhtribution to the low priority users
dramatic, i.e., more thaoubling the capaci allocated to these users.

Yet another important performance indicator ispheket drop rate due to missed deadlines. It
first, single priority level, scenario, both schédg schemes meet the packet drop goal of
easily. However, in the"scenario, the results of the reference schemeidiettr. In this case, tt
reference scheme fails to meet the target paclag date for the " priority users, achieving
packet drop rate of approximately 4%. This highkeadrop rate may be unsdactory for some
applications. On the other hand, the heterogensohbeduling scheme met the packet drop
quite easily.

The result of the highly heterogeneous 5th scenadntinue on the same lines with the propc
heterogeneous scheduling schecontinuing to perform well, with an aggregated tigbput of 3.
Mb/sec (only 25% less than the peak performanse@hario 1), minimal rate of 2 Kb/sec, and a
packet drop rate that easily exceeds the set gb#@seover, scenario V turned out to be
complex for the reference scheduling scheme. Nt thrat the strict priority scheduling schel
delivered 27% less aggregated throughput and 72% dapacity for the low priority users,
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completely failed to deliver acceptable packet drates for fur out of the six users with del
sensitive packets, reaching packet drop ratesgiisas 30%

1.1.4 FLAVIA architecture support

The proposed auction based scheduler carrealizedby two main services namely (i) Q
scheduler and (ii) scheduling strategyeseservices implements the following algorith

Algorithm 1: QoS scheduler

1) At the beginning of each time interval (parame
a) Allocate tokens to eacactive connection according its QoS requirements
and

Algorithm 2: scheduling strategy

1) For eachresourc block
a) Compute the connection resource valuation (“b—based on (i) th
connection QoS requirements, (ii) channel ratg,quiailable toker
b) Allocate the resource block to the connon with the highst bid
c) Deduct tokens from connection “bank” accordinghte second highest t

We can see that these servioem be easily mapped into FLAVIA’s architecture dadined in
D3.1.1 (depicted in the following figu.

Convergence Protocol CN management

1
1
. QoS Strategy
g
1
[ Scheduling
Strategy
12 ‘
1<
Q » o
SNk e
> 15
s ]
a
1
1
1
1
1
1
1
1
1
g
| 1 1 I
o C:D' """" Physical transport chanpels —— -~ ~"~-------- C:D """"" <:II-—-> """"""""""""""""
E *L Data transport Physical control Random Access
channel Channel Channel

Figure 4: FLAVIA architecture support for auction based selduling.
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1.2 Joint scheduling and power control with noise rise constraints

The desire to provide integrated broadband serwdaie maintaining quality of service (Qo
guarantees dstows growing interest in schedule access techsiqused in multip-access
protocols for future broadband radio systems. Hefloceexample, IEEE 802.16e/m (WIMA>
adopted Orthogonal Frequenbyvision Multiple Access (OFDMA) as the access nmatbm, an

3GPP Long Term Evolution (LTE) choose OFDMA anddgi-Carrier FDMA (S(-FDMA) as the
downlink and uplink channel access methods respygtiThe design of scheduling algorithms

mobile communication networks which supports thghhbandwidth demandshile maintaining
some type of fairness is challenging due to thé kayiability in link-quality.

In this research we consider the joint uplink sctied and power allocation problem for OFDN
and SCFDMA wireless access networks. Two common appraadioe the uplink resourc
allocation are either to assign transmission paadhe Mobile Stations (/Ss) such that all users
are received at the Base Station (BS) with the saigeal to Interferen«-plus-Noise Ratio (SINR),
or to allow users to transmit at their maximal &algle power while distributing the resources (ti
and bandwidth) according toe fairness notion. Although the orthogonality betwedifferent
frequency bands (suthannels) in OFDMA as well as in -FDMA, removes the int-cell
interference and the nefar problem typical of the CDM-based systems (i.e., the transmissiol
one subehannel will not contribute to the SINR receivedabdifferent su-channel), both of thes
techniques optimize the user/cell throughput neglgcthe interference injected to neighbor
cells. However, since the system is still sensitivante-cell interference, the interference frc
neighboring cells can dramatically decrease theRSticeived at the BS hence reduce the
throughput. As a result, the role of the Power @intPC) becomes decisive in providing -
required SINR while controlling the same time the interference caused to neighiposfis. This
is challenging as on the one hand MS near BS igagd to have high quality link hence h
throughput even when transmitting in low power wldistant MS needs to transmit in much hi
power to attain the same throughput, and on theratland as far as in-cell interference is
concerned, MSs near BS can transmit in high powsesthey are not in the proximity of otr
BSs, while distant MSs which can be in the proxymaf other B should not transmit in hig
power as they can interfere with other (neighboriBgs

In order to limit the interference to neighboringlls, 3GPP has recently approved the us
Fractional Power Control (FPC). This new proposakes users with a fher patl-loss operate at a
lower SINR requirement so that they will more ljkajenerate less interference to neighbo
cells. According to this approach to preserve fsmproperties most of the resources shoul
allocated to famway MSs. The 3GPLTE standard suggests a different approach for-cell
interference handling termed Ir-cell interference coordination (ICIC). ICIC prov&léools for
dynamic inter-celinterference coordination of the scheduling in hewying cells such that c-
edge users in different cells are preferably schediuh complementary parts of the spectrum w
required. However, ICIC requires coordination betweneighboring cells both in terms
exchanging information regarding subscribers at oek and their iterference level on oth
neighboring cells, as well as coordination in thsaurce allocation which further complicates
scheduling process. Furthermore ICIC requires symihation between neighboring ce
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In this research we suggest a differnovel scheduling approach which controls the -cell
interference and does not require any cross demaymommunication or coordination. Based
this approach the uplink intercell interferencettieach BS is allowed to contribute with
neighborirg cells is limited. Accordingly, the average ineggnce level sensed by each BS du
transmissions on its neighboring cells is boundedich sequentially enables the transmis:
reception at each BS with higher SINR, hence higfmerughput

First, we introduce the noisese level concept for which each cell should bevetd to contribute

limited amount of interference (noise) with its gidoring cells. Accordingly each BS distribu
the ordinary resources (time frequency band) awegrtb sime fairness criterion and chani
condition and in addition under the constraint ttiz@ average noise it allows on its upl
transmissions into the neighboring cells is belognen limit. Obviously, the noise rise caused
each MS relates to its laman with respect to neighboring cells and the sraission powe
assigned to it by the BS. Nexte formalize the scheduling problem under thes@oise constrair
as a convepptimization problem and suggea simple heuristics to solve it. Specifici, instead of
bounding the average noise rise over all the cHaralwing some st-channels to contribui
more noise rise at the expense of further limiting noise rise on other channels, our heur
bounds the noise rise on each-channel to the exact same value.

1.2.1 Problem formulation

We consider the problem of scheduling and resoahloeation for the uplink of an OFDM ce
where a seM = {1, ..., M}of users transmit to the same base station. Tla freqjuency band |
divided into a selv’ = {1, ..., N} of subchannels (e.g., frequency bands).

We shall assume thatpermutation scheme is employed, which is the mmsimonly implemente
scheme in WIMAX (i.e., PUSC zone). With permutaiprsul-carriers from all the syste
bandwidth are grouped to logi sub-channels. Since each logical shilannel is composed of ¢
carriers of all frequencies, we can assume thatctienel conditions over all the logical -
channel are identically distributt

Let x; be the fraction of the resources (i.e., all thannels) allocated to usi, where the total
allocation across all users should be no larger fha.e

ZieMxi <1 (121)
In practical systems (considering a single user KR)l\x; is constrained to a fraon of the number
of subchannels, i.e., a single user could transnatsubchannel. Initially, we ignore this consitg

and consider a system in which users can sharénanbels, or alternatively a system with a v
large number of subchannels.

Deliverable D5.2 Version: 1.1 Page 27 of 104



(@€Y)

FLAVIA
FLexible Architecture
for Virtualizable wireless future Internet Access

Grant Agreement: FP7 - 257263

Denote byp;the transmission power of usi overall subchannels, which is subject to a-user
power constraintp; < P. Let L; be the pathloss from usérto the base station. La; be the
instantaneous uplink rate of usi. We assume that is the achievable rate of usi in a Gaussian
Multiple Access Chamel using tim-sharing. That is:
= Pi_Li
r, =x;log, (1 + " (1+1v0)) . (1.2.2)
The rate of a user depends on the subchannelcadditions ad the power allocatior

In common scenarios users have limited choicesagfutation and coding schemes with a maxi
rate value.

Since we consider a permutation zone, it is redderta assume that both the average interfer
per subchannel, as well as the average pathloL;, are independent of the subchannel inj.
Accordingly, the interference per subchannel isaherage interference caused by all other M¢
the deployment, according to their power and subicékallocation

k*
LioPik)
Xig)

* 1
I¥ = = Ykeneighboring cells Litk)em®) (1.2.3)

The first summation i(1.2.3)is over all neighboring cells except the servinly) k*, and the second
summation is over all users in neighboring k.

The optimal joint scheduling and power control editton is a complicad task since the
interference depends on thehavio of all neighboring cells. In other words, the opinuplink
resource allocation requires full coordination a@sréhe deployment. However, it is desired
resource allocation would be performed cell without taking account of the allocation
neighboring cells. To that end, we introduce thecept of limited noise rise resource allocatiol
explained next.

1.2.1.1 Limited Noise Rise concept

We shall exploit two reasonable assumpti

0] all base statiohimplement the same resource allocation schend

(i) the deployment is homogenc
Accordingly, on the average all base statioperatewith the same intercell interference lel. Let
N, denote the noise rise above the thermal noise dabgethe intrcell interference, that |
I=N,-N,.
By symmetry, we argue that on the average theferice the entire deployment injects to a |
station equals to the interference injected bybinee station to the entire deploym
That is:
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ok ) ( ) (1.2.4)

Let [; denote the amount a usi uplink transmission increases the noise rise imeighboring
cells. More formally:
| = Z Lk (1.2.5)

kzK

Accordingly, all base stations should keep the emoise they cause neighbo cells limited. More
formally, the power control and scheduling in ebele station should ke:

PN |
1y v Powio o (1.2.6)
N ik)IM (k) i(k)  R(w)iK)

where,I is the interference budget for each base statidhdrfollowing, we propose a method
estimatel; from the downlink SNR measurements, which are slpiaeported by the use The
downlink SNR measured by a user is give

SNR., = Z Lk

ek (1.2.7)

whereP;, is the base station downlink transmission powemtarferenc-limited scenarios, whic
are typical in cellular networks, the thermal notsen be neglected relatively to the interferel
Accordingly, we have:

Lk*
SNF, = 5 Lk

=T (1.2.8)

Therefore,

(1.2.9)
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1.2.1.2 Gradient-based scheduling framework

Our scheduling approach is based on the gre-based scheduling framew: [13,14,15], Each
useri is assigned a utility functioUl-(Wl-,t, Qi,t)depending on their average throughW; . up to
time t and their queue-lengt); .at time. This is used to quantify fairness and ensureilgiabf
the queues. At the beginning of each time t, the scheduler chooses an allocathat maximizes
a weighted sum of the user's re where the weights are determined by the gradienh®fsunr
utility across all users, i.e., it sol\

max_ (O U(W,,Q)-0,U(W, !
r‘DR(SINR)( w ( Q) a (W Q)) r, (2.2.10)

whereu (W, Q)=Y" u(w,, Q).

Further assuming that for each ui, U, (W,,Q,) = u(w) —i( Q)’, ther(1.210) is equivalent to
p

it

ou; (W, 4
rtDI;er(lglzj(Fg)iZ[ 6—\(/\/” ) +di (Qt )p J f:
' . (1.2.11)

where,ui(Wi,t)is a increasing concave function used to represiastic data applicationd; = 0
is a QoS weight for usars queue length, anp > 1lis a fairness parameter associated with
queue length.

The broad class of policies {h.2.11) can be tuned to yield good operating points byog@r choice
of parameters. Ifd; = 0 for all i € M, the resulting policy has been shown to yieldityt
maximizing solutions (see [114,15]). If u;(:) = 0 with d; > 0 for all i € M, then the policy has
been shown to be stabilizing in a variety of sgdinThe wights can also be adapted so a
maximize sum utility subject to stability or (felakd) minimum throughput constrair

More generally, the optimization (1.2.11)can be written as

nljg(]glzl(ﬁ)iza{triI (1212)

wherew;, = 0 is a timevarying weight assigned to tli-th user at time. Our focus is on solvin
such a problem for an uplink ODFMA (and -FDMA) system, i.e., wheR(SINR;) is given by
(1.2.2) Note that(1.2.12)must be r-solved at each scheduling instant because of ckangeoth
the subchannel state as well as the wei

1.2.1.3 The Optimization Problem

Next, we formulate the resource allocation problemmder the noiserise constraint as &
optimization problem. The decision the schedul&esaat the beginning of each frame is twof:
namely: (i) match a subset of the backlogged usétsthe available subchnnels, and (ii) assic
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rate (transmission poweto each scheduled user. The scheduling challeng@and is to allocat
the resources (subchannels and rates) to the wEpMHig at maximizing the achievable rate
maintaining a fair share of the bandwidth over tifhased on a predefined fairnesetric) and
under the restriction that the overall interferemegh neighboring cells will not exceed t
threshold. In other words, the scheduler needelersthe backlogged users that are eligible t
scheduled based on the fairness criterion, dstribute the power between them based on the
each one is entitled to and the interference itseauo the neighbor cells. Note the t-off
between rate and contribution to the oveNoise Risewhen assigning transmission powers
users. Furthenore, usually user that are far from the BS areired to transmit in a high power
order to maintain a reasonable rate, yet theses @sercloser to other cells, hence are required
to decrease their transmission power in order t@mize the iiterference to tr neighboring cells.
Our suggested scheduling decision employed at B&helies on the gradie-based scheduling
framework as previously suggeste([13,14,15].Specifically, at the beginning of each frakthe
scheduler picks a rate vectotk) = (1,15, ...,1y) that is compliant with the power constrai
induced by the noisgse limitation, and thi maximizes the time&arying weight assigned to ea
user at the beginning of tlketh frame, i.e

max, (er i1 0; (K1}, (1.2.13)

wherew; (k) > 0is the timevarying weight assigned to tli-th user at the beginning of ttk-th
allocation. These weights are the gradient of tleeelasing concave utility function of each u:
We shall concentrate on utility functions that degp®n the average throughput attained by «

user up to thé&-th frame, and capture some fairness notation (w; = % whereT; (k) is the

average throughput at fratkewhich captures proportional fairne:

Taking r; as indicated in1.2.2) we can formulate the joint uplink power control ascheduling
optimization problem as follow

maxy, {Z’i'il w;(k)x;log (1 + p;—f‘)} (1.2.14)
subject to
O0<x;=1; (1.2.15)
0<p; <P; (1.2.16)
Hix; <1 (1.2.17)
YEilpi < 1. (1.2.18)

Notice that the above optimization aim at findiralbthe fraction of channel allocated to each
denoted by = {x;, x;, ..., x)r}, as well as the set of powers assigned to eaahamsedenoted |
p= {p,p2, ..., pu}.Obviously the total fractionf the channel (frequency band) distributed am
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the users cannot exceed one (he(1.2.17). Finally, inequality(1.2.18) denotes the noise ri:
constraint.

The derived optimization problem is a convex optiion problem (can be easily shown throi
the calculation of the Hessian), and tlan optimal solution exists.

To solve the jointscheduling and power allocation optimization prableve shall exploit th
Lagrange multiplier method.

Associating(1.2.17)and(1.2.18)with the Lagrange multiplieidandu respectivel, we can write the
Lagrangian as:

£(xpAn) = {Zh w(0x log (1+22)} + A1 - B2, x) + p(1 - T lpy), (1:2.29)

and solve:
Vipank (E P4y, u) =0; (1.2.20)
which gives:
oL _ pe) _ o1 ope) a0 vi
ox; <“"’ log (1 T ) @; 2L , ) A=0, Vi (1.2.21)
0L _ wieixi .4 _ .
9% = xipe, i =06 (1.2.22)
—=1-3Mix =0 (1.2.23)
aA
0L
o= 1~ LZilipi = 0. (1.2.24)

While the above equations provide the optimal soyta closed form solution cannot be obtair
Accordingly, in the following sL-section we shall provide a heuristic that providelow
complexity sub-optimal solutiofof closed form).

1.2.2 Proposed scheme

To devise a closed form suptimal solution we shall narrowing the solutiorasp such that tr
assigned rate is configured independently of th@gpand frequency allocations. More precis
instead of cortsaining the total noise rise over all the bandWjdive shall assume a constrai
noise rise densityln that case, the power and rate are determiryethd constrained noise ri
density. More formally, we shall assume

I ’;— <1, Vi. (1.2.25)
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Clearly, resource allocatiofp;, x;} that complies with(1.2.25) will not exceed the noise ris
constraint in(1.2.18) Accordingly, the optimization problem can be ritten as follows

maxy, {Z’i'il w;(k)x;log (1 + p;—f‘)} (1.2.26)
subject to
0<x;<1; (1.2.27)
0<p,<P; (1.2.28)
Lix; <1, (1.2.29)
I ’;— <1, Vi. (1.2.30)

We are now ready to present the joint schedulirhpower control schen

Algorithm 3: joint scheduling and power allocation

1) setx; =0, Vi,y = {}
2) repeat until all queues are empty}¥, x; = 1 (all frequency band was allocat
a) leti* = arg max;g,, {wi(k) log (1 + Ilﬁ)}

. ;P o ek

b) setx; = {mln (T’l) ifi=i
0 otherwise

C) setp; = Ili ri+ = x; log (1 + p;i)

B y={n} |
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1.3 Traffic-Centric Modelling methodology for studying CAC and Scheduling
Synergy in WiMAX/LTE systems

Performance quality management of the more contplicdG technologies, such as IEEE 802.:
and 3GPP LTEdvanced, depends much on the Connection AdmisSiamtrol (CAC) anc
scheduling mechanisms used to control conne- and packetevel activities within the networl
respectively. By allowing both mechanisms to coesithe variable quality of servi (QoS)
delivered by tk system, a synergy is evid [16]. Much work is still to be done on this wc

In a collaboration between FLAVIA partners CNIT aB&sU, a preliminary investigation t
statstical CAC confirmed that simulation through theasolidation of connectic- and packet-level
activities is extremely difficult, particularly due the many orders of magnitude different in tign
of events and amount of physical resource requi@atk ypically needs tcgeneralize or make
oversimplified assumptions ofd@tbehavir of either of the levels involved.

We therefore set out to develojmodelingmethodology that would allow us to study this sgye
with a model that performs reasonably wThe technique is called Traf-Centric Modeling
(TCM). We have verified that the approach works &fes-complex system, by corroborati
results with that of widelyccepted models. Also, we showed that the modelisnsible fol
different scenariosral system assumptio

A 4G modelingframework was developed that we intend to use teelde hybrid analyti-
simulation models of various scenarios. This wilow the evaluation of algorithm feature
particularly studying CAC and scheduler synergyfore committing them to FLAVI/
implementation and deployment.

1.3.1 Traffic-centric modeling

Traffic-Centric modeling(TCM) is a modeling paradigm different from traditionamodeling
paradigms. Even though both paradigms include tbekklovad model (WLM) and machine moc
(MM) components, TCM shifts the focus of the exeecto that which requires service from t
which serves. As evident in the following figurbgigeneralizing trdfc abstraction, called the-
unit, becomes the core of the system m

System
Workload Model Model Workload Model
/ (WLM) (WLM)
I
I
Results
: % Generated traffic affect \L
T = observe i
IS MM-WLM interface [T Fanr 2 tunit<———
l& )
I affect’t\ =3
| '3
l ; traffic . =
~ — Machine Model (MM) Machine Model (MM)
collection
Traditional System Modeling Traffic-Centric Modeling

Figure 5. Comparison of traditional and traffi-centric modelingapproache.
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In the TCM approach, we have both WLM and MM affée -unit directly, whre feedback is
applied to the unit, as oppostexdthe traditional case where the WLM feeds trafito the MM anc
feedback must be explicitly communicated directbn the MM to the WLV

Traditionally, traffic elements served by the MMeatollected insome trace file that is p«-
processed to obtain performance estimates. Ondhiacy, in TCM, the-unit stores experienc
such as transmission failures, within the strucuused to represent itself, making experience
contained. Thereafter, mathatical formulation allows direct conversion fronxperience tc
desired performance metrics.

A particular methodology for developing TCM modsésves as a guideline. The resulting mod
hybrid, borrowing the useful features from analygd simulatio approaches but does not exclt
the possibility of incorporating othmodelingtechniques such as hardware experimentation.
we specify 4 steps for developing the hybrid mc

mxe cute

% T- unit Definition Execution Algorithm Specification
1 Attributes and Actions 5 Lt M'M-and‘WLM Aspects
analytic simulation

arameters
paramelers

. T R "
solved Performance. Formulation~

Experience-tp Performance

Figure 6. The 4 steps of the TCM methodology guideline.

The first step is to outline theunit as some mathematical structure. So far, we hdentified ¢
semiMarkov Process (SMP) and chain (SMC) as the amasttuctures for the systems studi
This was convenient and effective since tossble and permissible behars of the traffic can be
seen as aome state machine. The formulation of transitiod sojourn parameters of the SMC
left undefined in this definition.

Thereafter, the WLM and MM are incorporated asacation algorithmi.e., an iterave process
that is executed tdetermine the parameter values of t-unit structure. Step 2 therefore invol
defining the algorithm.

In the third step, the execution algorithm is exedwuntil parameter values are converged u
The ®onvergence condition depends on modeler The parameter values therefore represen
actual experience of a generalri belonging to some category of traf

Finally, the experience needs to be translated jpedormance measures. A formulatiof the
performance indices required from analytic paransedee therefore the forth ste
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1.3.2 Preliminary proof-of-concept work

As proof of concept, we appli€ldlCM to ¢ wireless local area network [1%Ve found that we wel
able to obtain performance statistics. Furthermaeve verified our hybrid model’'s results to thc
of a widelyaccepted analytic model. We were also able to show easily other performan:
statistics, such as channel efficiy, we obtained. The basic model was also easilgreldd by
changing an assumption on the workload of the systée following figures are reproduced fr
the work already reported: To the left we have normalizedmean throughput reported for
systemoperating in basic access mode of the distributealdination functio (DCF) under 1
saturated and @nsaturated traffic conditions. To the right wewthbe mean channel efficiency 1
the same configuration. In both figures, we valgy/tlimber of partipating nodes in the systel

T T 1
Saturated traffic conditions, Bianchi (2000) —e— - Saturated traffic —m—
[ Saturated traffic conditions, SMP —m— SN Unsaturated traffic - intensity 1 —8—
0.82 Unsaturated traffic - intensity 1, SMP —g— - \ Unsaturated traffic - intensity 2 —s—
Unsaturated traffic - intensity 2, SMP —s—

0.95

54
©

o
I
o

Normalized mean throughput
o
3
N
Mean channel efficiency

0.8

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Contending nodes Contending nodes

Figure 7: IEEE 802.11 DCF basic access mode verificationdaextensibility results for a varying number «
contending nodes showing the mean normalized thrbpgt (left) andmean channel efficienc (right).

Consequently, we have shown how effective TCM candven though we believe that thert
much work to be done to understand the paradigterbdthe resulting model is very credible a
since it is highly extensible and has a low resetumtensity requirement, it is highly usef

1.3.3 Generic modeling framework for 4G scenarios

We have presented a genanodelin¢ framework [18]to develop 4G performance models that
shall use in FLAVIAwhen developing CAC and scheduling algorithms. ffamework involves i
hierarchical analytic structure, one level for pa-level activity and another for connect-level
activity.

The packetevel activity, as shown in the following figurenviolves success of transmissi
activities, failure of transmission activities, cisding of traffic due to whichever reason actes
and idle activities. This structure is per conr@mttand therefore each device in a system could
zero or more of these structures.
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Figure 8: Packetlevel pe-connection structure for the TCM 4G framewoa.

The connectionevel structure is different from the pac-level one. It is a T-dimensional SMC,
where there are TC types of service catess available in the system. Each device has onleesk
structures and there is a limitrc for each type of service per device. Transitiongoive

connections admitted by the CAC, connections refuse the CAC and no connection reque

made, i.e., idleases. These transitions are furthermore per secaitegon

Figure 9: Connectionlevel pe-user device chain structure for the TCM 4G framevk.

The framework also specifies the execution algoriths a set of systefunctions. In doing so, w
make the framework highly modular, allowing quickdaeasy modification to the model. \
should therefore be able to change the scenam@as/aluate different system configuratic

1.3.4 Future work

Ultimately, as already mention, we aim to develop the 4G models to develop j@®C and
Scheduler resource and connection management (Ra@dhever, in order tochieve our goal,
we shalldevelop a baseline model using the framework. ltulddhen be safe to include mc
complicatedsystem functions, i.e., more realistic channel, itgp etc., descriptions. A mor
accurate workload definition should also be definad included. The WLM must account for b
connection- and packétvel activity
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2 Novel cellular architectures and scenarios

2.1 A flexible assignment of the uplink and downlink of mobile stations to
base stations

Mobile communication systems face the challengereafucing the ener-consumption while
guaranteeing the required Que-of-Service of applications. In order &ichieve this, we exploit tt
fact that traffic patterns and link budget areetént for UL and DL such that depending on the
case, either DL traffic (e.g. web traffic) or Ulaffic (e.g. M2M metering services) dominat
Furthermore, constrainta the UEs, e.g. limited transmit power, imply tkta¢ UL determines th
coverage area. The common approach to save ergetgyturn off BSs, which, however, affe
both UL and DL coverage. In order to avoid usempdrand insufficient QoS though, BSsy not
be turned off as otherwise either UL or DL may bet able to provide the required QoS. -
section evaluates the energgving potential of existing cellular networks @adl conditions belo\
the maximum capacity while guaranteeing a minimuns

2.1.1 System model

The analysis discussed in this section appliegtidelines of the IT-R, which were developed
requirements and baseline assumptions for-Advanced systems. We investigate two scena
which are typical for metropolitan areas: UMa arMi. The UMa scenario assumes that BSs
mounted well above rooftop level in order to pr@/mbntinuous coverage in rather large cells.
UMi scenario focuses on provisioning high throughipuareas with high user densities. Cell s|
are small suckthat the spatial reuse is increased and the nuofhesers per cell is reduced. Mi-
BSs are assumed to be installed below rooftopdease the isolation between c

Coverage provided
by macro cell

\

\

"

~~s '
. b
Lo

1]

]

i
.
oL

High throughput,
QoS in micro cells

Figure 10: UMa/UMi overlay deployment concept.

In orde to guarantee both continuous coverage and hitdtdeoughput, operators may choos:
deploy macro- and micro-B&s & hierarchical or overlay manner as illustrateFigure 10.
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2.1.2 Asymmetric traffic routing

This sectiondiscusses the approach of asymmetric traffic rgutincellular networks. It selective
turns off UL and DL at BSs in order to guaranteenimimum Qo¢ in both UL and DL. Ou
evaluation focuses on the application of this apphoto M2M communication, which has differe
requirements than traditional communication towaldlSs with an interactive interface. F
instance, M2M communication is likely to irlve a higher density of terminals wiinfrequent,
very short bursts. However, tlapproach an also be applied to scenarios with asymmetritidr
demands such as hotspots where a high spatial oéHeresources is required and the UL mai
carries signalingnd controlling informatiol

An advantage of overlay deployments is the possilitd switch off micr-BSs for the purpose «
energy saving in situations with low or no traffead. However, many terminals, e.g. M:
devices, are deployed indsoand therefore experience high |-loss towards mac-BSs and
therefore may experienced significantly worse QbO8s implies that in order to ensure a minim
QoS also to indoor users, midB®s cannot be completely switched

One solution to thisneblem is to assign a UE to different BSs in UL @&id This solution relie:
on the assumption th&8Ss are inte-connected for instance through X2 in 3GPP LTE. Hiliews
micro-BSs to turn off their DL module in order to saveegy. The Ul-bottleneck i a network
using only macrdSs can be avoided while the enesaving benefits are still preserved.
addition, also the energyensumption at the UEs is reduced as their trangower is lower and th
active timeperiod is shorter than in a system ig only macroBSs. We refer to this netwo
operation assymmetric UL/DL assignme.

2.1.3 Implementation aspects

In order to implement an asymmetric UL/DL assignmeve need to distinguish between logi
and physical BSs. Conventional cellular networksnagg each physical BS as an own logi
entity, while in the asymmetric assignment a logga assigned to a UE might consist of differ
physical BSs, e.g., one for UL and one for |

An implementation of the asymmetric assignment ive® changes on the physical and mec-
access layer. However, most of these changes ctrarnsparent to UEs and be applied only to
BS and inteBS communication. Regarding the site selectiongs, let each U-BS (which refers
to the uplinkserving BS) be assigned to a-BS (downlinkserving BS) in order to form a logic
BS. Each ULBS forwards the received connection requests asasaghe CQI to the assigned -
BS, which then selects the -BS serving each UE. This implies that we can implemtet
proposed asymmetric assignment by only forwarssignalingand controlling information betwes
UL-BSs and DLBSs. Alternatively, U-BSs could quantize their received signal and fodwato
the DL-BS.However, this implementation requires significanthpre backhaul while offering &
additional array gain in the case of m-cell MIMO detection. Finally, the power control dEs is
affected as micr@®Ss usually have a lower path loss towards eicular UE than the mac-BS.
Hence, using a distributed power control by sendi@ values from U-BSs to DI-BSs, we can
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obtain further energgaving benefits at the terminal side. Most of thiesplementation change
require a flexible and adaptive MA(mplementation in order to forward and process UER
correctly.

2.1.4 Test scenarios

The benefits of the introduced deployment and assignment approaches are demonstrate
two different traffic models, each reflecting a different appiica scenaric The first model
represents a scenario where each terminal hasimgle §ile, which neec to be delivered. Such
scenario might appear in metering applications,re/mddes regularly exect measurement tasks
and aggregate information over a long perio time. We model these scenarios usili Poisson
arrival process of nodes which aim on transmittng single file to the assigned BS. The Poi
arrival process reflects the casfesporadically active terminals, which do not ntain a permaner
contextwith the assigned BS over a long period of timednly request a connection once eno
data has been aggregated and the data buffer leams filed. Each UE delivers a single f
originating from a typical FTP stream such that ¢$ie of each file isdistributed according to
truncated logiormal distribution with meam = 0.9385 andstandard deviatiors = 2.0899.
Furthermore, the filesize is lowe-bounded by 500 bytes and upfrerinded by 5C kBytes.

In contrast to the previous use case, the et arrival traffic model represents scenarios wil
terminals regularly need to deliver informationaiigh a mobile network. A relevant exam
would be, for instance, a health care data momigpsiystem for elderly people in order to iden
any signifcant degradation of health status at an earlyestAgother example is regular road st
informationabout traffic density in order to avoid traffic jal

We model the second scenario using a Poisson bmigaess for each UE.A fixed pac-size is
considered since most of these applications regulaansmit the same amount of informati
More specifically, we assume that 210 users aréoumiy distributed over the system area s
that exactly 10 users are connected to each B®idncase of UM: as defined by the IM-
Advanced guidelines, and at most 10 users are reskitp each BS in the case of UMi ¢
asymmetric assignmenthe packet size taken as representative for sontieeofise cases is 10
bytes.

2.1.5 Evaluation setup

This section discussesumerical results for the previously introducednmasyetric assignment ¢
well as for networks deploying either ma-BSs or microBSs. Our evaluation focuses on show
how the system is capable to maintain the requ¥re8 under different system lo

Our results are obtained using a SLS, which has bakiorated against the channel models def
by IMT-Advanced. In the case olmawe deploy one central site with one tier of m-BSs using
wrap-around and intesite distance is yma= 500m. In the casof UMi we deploy three tiers 1
micro-BS with one central site and in-site distance g ymi = 200min order to simulate the sa
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area in both cases. For the asymmetric assignmeipply an overlay of both deployments wt
only micro-BSs serve thelUand only macr-BSs serve the DL.

The assignment of UEs to BSs is done based onathi-loss. Depending on the assigned BSs
whether it is a macr&S or micr-BS, the UMa or UMichannel model according to IN
Advanced is applied. The frame structis implemented according to the IEEE 802.16m ¢
standard operating in TDD and using 10 MHz bandwive further employ a proportional fi
scheduler operating at frequency reuse 3 wherasdheduling utility is chosen as the ratio of
expected throghput on a resource block and the previous avetagaghput achieved so far. B
use four antennas and UEs use one antenna whniexatnum two UEs are served on one reso
block.

2.1.6 Evaluation results

At first we discuss the performance for the presly introduced highrate user arrival mode
where each UE transmits one single file. Numeriesallts were obtained after a simulation of 1
super frames, i.e., overall 20s.

In order to evaluate the ability of the individwasignment approaches tcndle the required loa
we show in Figure 11he actually achieved normalized cell data re.e (dashed lines) as well
the required normalizecett data rate i, (solid lines) according to Little's lawFigure 11(a) shows
the results for UL and illustrates that for 80, the macr-only assigment does not suffice -
satisfy the demand of UEs a<.i<Rmin. By contrast, both the asymmetric assignment e
micro-only assignment provide sufficiently high data sate satisfy the demands. This pict
slightly changes for the DL ifigure 11(b) where all three approaches provide sufficieihiiyh
data rates in order to serve all UEs. Howevernthaerc-only assignment outperforms the ottwo
approaches in terms ot&fdue to the higher mu-user diversity. This demonstrates that in the
of using only macrd3Ss, we primarily face a serious bottleneck in lthe which can be avoide
using the asymmetric UL/DL assignme
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Figure 12 Average throughpu#® in uplink (solid lines) and DL (dshed lines) depending on the required aver:
load per usep.
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Figure 12shows the achieved average throughput in UL (shids) and DL (dashed line
depending on the packet arrival rate[25, ... 100](packets/s). The results are shown dependir
the requied average load per user given by the product of packet arrivée ki and packet size
(1024 bytey In order to guarantee a stable sy: the achieved average throughput per user
not be lower than the required average load per, uspresented | a bisecting line. We ce
immediately see that the maavaty mode is not able to cope with the requiredlloathe UL, anc
in the DL only for loads below 0.6MBit/s. By constato UMa, a micr-only and the asymmetr
assignment achieve sufficient UL rs for up top~0.6Mbit/s and in the case of mi~only
assignment alsthe DL rates suffice for the simulated packet alrnates. This shows that for hi
UL and moderate DL loadhe asymmetric assignment achieves sufficient padoace figure:
compared to the macmnly assignment, which is unable to support swghtiUL rates. The be
performance is provided by the mi-only assignment at the cost of higher energy copsiom as
shown in the next part.

200
S
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Figure 13: Energyconsumption relative to the proposed asymmetridgeent in the uplink (dotted lines
downlink (dashed lines), and the sum of both (sdliiges).

The energysaving potential is emphasized with an exemplagrgyn budget based on the mo
given in [19] where an energy model has been proposed. Thigyenedel separates the flexit
energyeonsumption depending on the tran-power and the static energgnsumption dependir
on sign& processing, power loss, battery backup and oftetors. We apply the mac-BS and
micro-BS model of [19]using the UMTS1 configuration) and assume thatro-BSs require air
conditioning due to the high transi-power of 41dBm. Based on these specificatiFigure 13
shows the required energy in a network using oritra-BSs andusing only macr-BSs relative to
the energyeonsumption of a network using our proposed asymonasignmen

For very short intesite distances, the ma-cellular deployment is more ene-efficient as the

high number of BSs and the static energyUL/DL dominate in the case of miccellular
deployments. However, the asymmetric assignmesadyr outperforms the mar-cellular model
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for about ¢ ,m>170m. By contrast, the mic-cellular assignment only provides ene-saving
benefits for about igm>240m. Only for very large values of ir-site distance of abol
disum>280m a micro-onlyassignment is more ene-efficient than the asymmetric assignm
However, for higher intesite distance the performance also drops and thealé for high dta
rates cannot be satisfied anymore. In the casis ,m=200m, which is the suggested value by -
Advanced, the asymmetric assignment is about 15%& merg-efficient than the mac-cellular
assignment and about 60% more en-efficient than the micr@ellular assignmer

2.2 Dynamic assignment of UL/DL subframes in TDD systems in order to
increase system capacity

2.2.1 Multi-cell MIMO

The majority of existing work on mu-cell MIMO assumes perfect compound Channel ¢
Information (CSI) and unlimited int-site connections for which higépeed low-latency backhaul
solutions are mandatory. There is the need to reitmprove existing backhaul technolog
allowing for multicell MIMO implementations, or to introduce more g¢feal approache
providing simila gains but avoiding the stringent requirementsatfti-cell MIMO.

Conventional mobile communication systems alignnkp{UL) and downlink (DL transmission,
i.e., adjacent BSs simultaneously transmit or recdrurthermore, mu-cell MIMO is realized by
exchanging eithequantized signals (after modulation) or-/decoded data (before modulatio
Exchanging quantized signals offers divel-gains but requires significant backr-resources. By
contrast, exchanging €decoded data is more backl-efficient but suffers from errc
propagation. Furthermore, CSI must be acquiredematianged among BSs, which requires-

latency backhaul to avoid odated CS These requirements render m-cell MIMO across
different sites as a less feasible anchly resource-consumptive method.

2.2.2 Aredesigned cell-layout

We introduce a setup in which BSs do not alignrthdli and DL but intentionally create
asymmetric operation. An asymmetric UL/DL operatiatroduces inte-BS interference, whic
can be alleviated by successive interference clatiosl (SIC) based oCSI acquired from pilot
(without quantization error) and encoded data emghd via backhau

Figure 14a) illustrates a typical interference stion, where two UEs are located close to the s
cell border. In this case, the model of the inteniee channel can be applied such that thrway
communication is a cascade of the same interferenaanel in UL and DL (but with differe
transmit pavers). By contrast, considFigure 14b) where the left BS operates in DL and the r
BS receives data in the UL. This asymmetric UL/Oderation hanges the interference situat
such that one BS receives interference from therd®8, and both UEs may interf with each
other. Hence, the twaray communication consists of two different integfece channels ea
involving one BS and one UT asnsmitters.
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Figure 14: Comparison of symmetric and asymmetric UL/DL framfes two UEs connected to different cel

This additional degree of freedom can be used design cells or to more efficiently oper:
existing cellula networks. Instead of applying complex m-cell MIMO methods, we avoi
interference using an asymmetric UL/DL operat

2.2.3 The two-way Interference channel
Cs,4

h il
1 e 1
| o e
f B \:

Figure 15: The two-way interference channel.

2

In order to obtainanalytical results, we consider the -way interference channel. It is ful
connected ancconsists of four haduplex nodes with i.i.d. zenmean circularly symmetri
Gaussian channel inputs and AWGN. The channduistifited inFigure 15 It shows the intecell
interference quantified by as well as the int-terminal/node interference quantified By Our
model further assumes that both BSsinter-connected and may coordinate their transmissior
detection. By contrast, we do not assume any digceatmunication between both UEs. In

following, denote the rate with which terminal nnomunicates with terminal n” as R(n, n’). Thu
we constain all results in this work such that a givenaati= R(3,1)/R(1,3) = R(4,2)/R(2,4) of D
to UL rates is satisfied. This ratio is of partemulmportance in mobile communication network:
very high DL-datarates require a minimum l-data-rate for signaling.
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Our initial analysis assumes that the system igldd/into two phases using fractiorand -t of
the available resources for UL and DL, respectivéljithout loss of generality, the followir
discussion relates to a TDD syst

2.2.4 Protocols for the two-way interference channel

In the following, we describe protocols that ar@lagable to the tw-way channel. Our descriptic
relies on existing literature on the ~way interference channel for which a variety of rmaghes
has been published. $ar, the best known inner bound for the weak imterice chann divides
each transmitter's message in a private part antmow part which are jointly decoded. T
common part, however, is decoded at both recemwdrte the private part is only decoc at the
intended receiver. We omit a detailed descriptibthe achievable rates for the sake brevity
refer the interested reader to [20]

If both transmitters are connected with unlimited backhaulink, the resulting channel can
understood as a broadcast char Costa showed in [21fhat by using the dirty paper codi
technique one of both nodes can ree its transmission as \tas without interferenc Similarly,
both BSs can exchange received signals with a alesrtitity such that the capacity region for f
UL with unlimited receiver cooperation is given ttye multiple access channel capacity. Baases
are the standard scenarios considered by -BS MIMO.

e L1  Cgq 1

1

S

(a) Aligned UL/DL (b) Asymmetric UL/DL

Figure 16: Two cases of the two-way interference channel.

In the twoway interference channel we can extend the preljialiscussed symmetric scenario.
a scenariovith asymmetric UL/DL operation, one BS may be sraiiting while another UE ¢
another cell is transmittingzigure 16 illustrates this scenario. In an aligned UL/DL cgtérn, BSs
3 and 4 are both either in DL or UL at the same.cBgtrast, in an asymmetric UL/DL operati
BS 3 and UE 2 or BS 4 and UE 1 are transmittingeoeiving at the same tin

In the case of gsnmetric UL/DL operation and without coordinatioetlyeen BSs we obtain
different interference channel with cr-channel amplitude$ instead ofa. This reflects the
additional degree of freedom, eeither BSs olUEs may be well separatefi<a) which avoids
interference at all or thegxperience a (very) strong interference chanpw>1), which allows fol
simple interference cancellation. Her the achievable rates may be increased as theargade
situation withp is preferable oveu.
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Finally, we consider the case that both BSs receive ovebdhkhaul the transn-message of the
other BS in addition to their own trans-message. Then, under the assumption of CSI ¢
receiver (which can be acquired using pilots indted backhaul) we carapply a perfect
interference cancellation at both BSs no matter bwang the interference is. By contrast, the o
UE still has to cope with the in-terminal interference. IntddE interference may, however,
avoided by an intricate scheduler dn and assigning UEs to orthogonal gtdmes.

2.2.5 Results

—6ps/2
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® ®
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Figure 17: Setup of an exemplary interference channel used &alytical result.

This part discusses preliminary analytical restdtsthe previously described scenario. use an
exemplary interference channel with unlimited baakhwhich is illustrated iFigure 17. Both BSs
are placed at distancggk= 500m from eac other and each UE is located at distanyg from its
assigned BS. As indicated kagure17, we apply an exponential pdtdss model wittbyt = 3 (for
BS-UT and UT-UT links) anélgs = 2.5. Throughouthis section we assume a ~edge SNR at gt
= 250m of |l 3P =|hs.1*P,= 0dB iand similar for the second communication p
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Figure 18: Achievable rate region forg = 230m.

Figure 18shows the results if both UEs are located closthéocel-edge, i.e. yg = 230m which
corresponds tax=0.8 in the standard interference channel anc-UL-ratio n=5/3 which is
commonly usedn IEEE 802.16m. In this scenal the asymmetric UIDL assignment creates tv
interference channels with strong interference betwboth paths. If we do not allow for |
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cooperation, the asymmetric case clearly outpedothe symmetric cas Due to the strong
interference between both UTs and both B$s>(), both asymmetric cas provide the same
performance. However, one might expect the ratenetp be rectangular but it is a pentagon
to the asymmetric ratigg = 5/3. All protocols are outperfoed by symmetric assignment &
perfect BS cooperation (muktell MIMO) which, however, is much more complex aa(
theoretical outer bound for the symmetric ¢

200 <+ Sym, no BS-coop
<~ Sym, perfect BS-coop
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o 1504- <~ Asym, with BS-coop |- /’”-\——ﬁ ‘
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Figure 19: Achievable commoa-rate for varying user distances.

Consider Figure 1@hich shows the performance for varying valuesyg, n = 1, and rates relati
to the symmetric, noneoperative case (the ste-quo as of today). Symmetric, perfect
cooperation (multeell MIMO) outperforms all other protocols due te ability to cancel int-cell
interference and to exploit multell diversity. Since the intéBS interference is too strong enot
to be ignoed and must be alleviated, the asymmetric, codiperarotocol applies SIC and her
outperforms the asymmetric r-cooperative case. An asymmetric assignment of Ud Bih
improves the rates by up to 50% at the-edge while thgperformance drops belcthe symmetric
non-cooperative case towards the -centre. However, asymmetric assignment is much
complex than multeell MIMO and therefore provides a better tr-off of complexity anc
performance for large @ while towards the ce-centre non-coperative symmetric assignme
provides the best trad#f. This makes a mixed approach attractive wheseurces are assignec
both symmetric and asymmetric assignment. UTs atctil centre would then be served in
symmetric part while those ate cell edge would be served in tageymmetric part. Such
approach provides performance close to r-cell MIMO while being much less compls

2.2.6 Future work

The next steps within WP5 will include a detailethlysis of implementation aspects in a cell
network, an analysis of the affected MAC functiared how they may be designed to sup
asymmetric UL/DL assignment, and a system leveéstigation onhe benefits of this approac
Further details on this analysis are givel[22].
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2.3 Reliable multicast

2.3.1 Multicast in IEEE 802.16

Multicast is a very popular bandwi-conserving technolgg exploited in many multimedi
applicationssuch as TV, gaming, videoconferencing, corporataraanications, distance learnir
news, etcThe technology reduces traffic by delivering theneadata stream to multiple recipie
simultaneously. In IEEE 80P6 networks, Subscriber Stations (SSs) interestedeceiving ¢
multicast data stream are included into the relatetticast group and are referred to as multi
group members. At MAC layer, a multicast groupderitified by a multicast MAC addresseing
the multicast stream sender, the Base Station $B&Js the packets with the Connection ID (C
related to the particular data stream with the icagt MAC addres

Most of multicast based applications impose strigal@y of Service (QoS) reqiements in terms
of minimal throughput, maximal Packet Loss RatiaRIP and latencyHaving a centralized poi-
to-multipoint architecture, WiMAX provides efficientiQuality of Service (QoS) differentiation f
unicast transmission. As to multicast trarssions, IEEE 802.16 protocol does not support ¢
QoS requirements because conventional Automatice®eRequest (ARQ) schemes used
unicast are not applicable to multicast connectidt®wvever, the protocol has potential tools
implement multicast RQ schemes. For instance, one can increase tlabili&yi, retransmitting
every data frame several times and thus decret®#ngLR, using specific ARQ polic

By now, there is no any reliable MAC layer multicaslution for IEEE 802.16 networks. It kes
us to focus on existing AR@ased IEEE 802.11 multicast proposals, which aimac¢bieve
multicast reliability and which ideas can be exehdnd/or adapted to IEEE 802.16 MAC. J. k
and S. K. Kasera [28scribed the Leac-Based Protocol (LBP), where only one leader iscsett
from all the multicast recipients. The leader isp@nsible for sending acknowledgements (AC
in reply to data frames. The question how to sdleeteader was not anered ir [23]. H. C. Chao,
S. W. Chang and J. L. Chen |2droposed the Random Leader Technique, accordimghich the
leader is selected randomly among all recipientsh weiqual probabilities. LG Electronics a
INRIA used the idea of LBP in their propc [25] to IEEE 802.11v working group. According

the proposal [25]the recipient operating in worst channel condgids selected as a leac
Obviously, the only leader may be not enough toiple reiable multicast and thus, to meet C
requirements for all multicast recipients. Batch ddoMulticast MAC protocol (BMMM [26],

Broadcast Support Multiple Access (BSM[27] and Broadcast Medium Window (BMW) protoc
[28] represent an alternative approach, according tatwhil recipients are requested to s
ACKSs. (Further, we refer to this aroach as the BMMM one.)

The LBP and BMMM approaches can be easily adaptéEE 802.16 in the following way. IEE
802.16 network has a point-toultipoint architecture and consists of one BS amdtiple SS¢
managed by the BS. IEEE 802.16 network ojion time is divided into fixsized frames by meal
of time division duplexing (TDD) operation mode.frame consists of a downlink (DL) subfrat
for transmission from the BS to SSs and an uplik) (subframe for transmissions in the reve
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direction. IEEE 802.16 frame structure is showr Figure 20 In the downlink subframe tt
Downlink MAP (DL-MAP) and Uplink MAP (Ul-MAP) messages are transmitted by the
which comprise bandwidth allocations for data traission in downlink and ugnk directions,
respectively. The ARQ is provided by allocatingpgdal ACK-Channel (ACHCH) in the UL for
the SSs. The bandwidth allocated for this chanepkedds on how marstations reply with ACk
and canot be very large because the UL subframef is tightly bounded and there are a lot
other data transmissions in it.

OFDMA symbol number >t
k | kt1 | k43 | k+5 | kAT 1 k+9 | k1L | k131 k+1S k+17 | k+201 k+23 | k+26 k4291 k+301k+32
Lot ] . Ranging subchannel
52 A ACK- UL burst #1
7 <2C DL burst #3 CH
] ¥ Q ikl B
— =
_ S o UL burst #2
] 8<
é ] A DL burst #4
2 ] 2 g L )
51 (= | 2 E |
| o g[S UL burst #3 8 |5
- = DL burst #5 [-> R
g | O A A
(% —
S ]
g ] DL burst #2 DL burst #6 UL burst #4
- Multicast
] UL burst #5
B+l —
- DL =\ UL PTG

Figure 20: IEEE 802.16 frame structure.

Forming the DL- and ULMAP, BS allocates a necessary bandwidth to tranammtulticast dat
burst (a set of dateackets related to a given multicast stream ansinited within one frame) i
the DL subframe and to receive the ACK(s) in the &libframe. In case of LBP, it is enougf
include one ACK slot in UL ACICH for the multicast stream. In contrast, BMMNquires N
ACK slots, whereN is the number of multicast recipients in the cogerarea. On receiving tl
DL- and UL-MAP, a recipient becomes aware when the multicasiths going to be transmitt
and if an ACK arrival is expected from the recigidBy the ACK, the BS finds out which of bui
packets were corrupted and should be retransn

Obviously, LBP and BMMM in IEEE 802.16 have the sadrawbacks as in IEEE 802.11. L
provides insufficient reliability, while BMMM is t@ble, but has a huge /Q overhead consisting
in a lot of ACKs in every frame.

To overcome these drawbacks, we develop new reliatllticast scheme for IEEE 802.16 us
the LBP and BMMM approaches as base points. Thénadetve propose takes into account
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trade-off betweeneliability and protocol overhead and can supporE(@pecifically, to reduce tt
BMMM overhead, we propose to allocate ACK slots twall multicast recipients, but only tc
part of them. That is, we propose to use sevesedders replying with ACK. Fither, we refer to
them as ACKleaders and call our proposal the Enhanced LeaasedProtocol (ELBF

The ELBP works as follows. After a recurrent datiash transmission, the multicast sender, i.e.

prepares multicast packets for the burst transon in the next frame, including both new pacl

and packets not acknowledged previously by all ~leaders and which life times have |

expired. BS allocates a bandwidth in-MAP for retransmitted packets, first, and then,tfeg new

packets. Then thBS allocates the necessary number of ACK slotsiéenACK-CH part of the UL
subframe and indicates this allocation in the-MAP. Upon receiving a U-MAP, each recipient
becomes aware whether it should reply with an AGKhe multicast burst transmissiin the

current frame or not. According to IEEE 802.16 demd, ACK message includes a bitmap wit

positive or negative feedback on every packet trditsd in the related burst. If the BS receive

negative feedback on a packet from at least or&GK-leaders, the sender retransmits this pa

in the next frame.

This new functionality can be easily added to tkistang IEEE 802.16 software, using the no
modular architecture approach developed in the FlIAAMoject.

2.3.2 Enhanced leader based protocol adaptation to QoS requirements

In the ELBP, there are two interconnected questtonanswer. The first question is how m:
ACK-leaders should be selected. The second questshich recipients are the best candidate
be ACK-leaders or, intbher words, how to select the required nunJ of ACK-leaders from alN
recipients. We may select them randomly with eguababilities for every new frame, as [24].
However, it seems that thexjuiprobable leader selection is not the best wagupport reliability
and to meet Qo0S requirements, because the schezsendbtake recipients’ PLR, throughput :
latency into account. Generally, A(-leader selection scheme may be a function of
requirements, reliability and performance indices,vadl as some other metrics, for exam|
Packet Error Rate (PER).

Usually, multicast based multimedia applicationpase the following requiremer

* PLRsy; among should be not greater than the maxirPLR 77, for all N recipients;

* The latency defined as the time interval spentrémamit a packet, including possil
retransmissions, should not exceed the maximummdgtT .. . The requirement may |

met by setting the MAC layer maximal lifetime opacketo T, .
+ Throughput S; of recipientj defined as the average number of the considereticast

stream payload bits successfully received by tlegient per time unit should not be le
than the minimum throughp S, for all N recipients.
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Since measures aimheat improving reliability and performance are ogp® some trac-off
between PLR, latency and throughput must be foondéet all QoS requirements. To achieve
tradeoff, we can tune 3 parameters of the ELBP prot

» the burst siz®, i.e. the nurber of multicast data packets transmitted in att
» the periodicityT, with which the considered multicast stream iscdted with bandwidtt
that is, the interval between starts of consecutivests; it should be multiple of 802.

frame duratiort, ., thatis, T = M
» the numbed of ACK-leaders for every data burst transmis:

framet frame?

In the next subsections, we develop an analyticgthod that allows to estimate reliability &
throughput indices, to look for an admitted regwnELBP parameters values, in ich QoS
requirements are met for all recipients, and tleeogdtimize the values, remaining in the admi
region, to minimize the bandwidth allocated forigeg multicast stream. The optimization criter
is:

Bn,+Jn,
M.t ’

frame~ frame

min{ﬁ = Torom
2.3.1)

where n, and n,, are the numbers of OFDM symbols per packet and\@X, respectively, an

torom IS OFDM symbol duration. Here and further, we assanfixed packet lengiL.

Leader selection scheme is another ELBP powertll We consider two kinds of schemes. On
them is to fixJ recipients, based on the experienced PER, anddamdiem as AC-leaders for
every burst transmission. Specifically, we proptusselect th recipients with higher PER and 1
them as ACKleaders. Further, we refer to this A-leader selection scheme as ELBP with Fi
ACK-leaders or just Fixed ELB

Another scheme is to select recipients as ~leaders randomly according to some PER depe
weight function. Every round of multicast transnogss multicast originator selecJ ACK-leaders
out of all N recipients according to weights assigned to evecyprent by some weight funcn
W(). Further, we refer to this AC-leader selection schenas ELBP with Weighted AC-leaders
or Weighted ELBP for short. Obviously, the equible leader selection is a special case o
Weighted ELBP, when all recipients are assignedéme weight

2.3.3 Analytical study

To develop analytical models of themulticast schemes, we need to make some definitaoik
assumptions, first. The BS transmitting the mufticetream is assumed to work in saturation.
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P; be the PER for theth recipient. We enumerate the recipients in tlieoof decreasing PEFR

i.e. the first recipient has the highest P p, and firstJ recipients serve as A(-leaders. Since

ACK messages, DL- and UMAP in IEEE 802.16 are relatively short and arealigutransmittec
with highest coding gain, we neglect their erralgabilities.

As mentioned above, it is reasonable to set the MA@rlanaximal lifetime of a packet ‘T, to

meet the QoS requirement on the maximum latenayceSthere may be the only attempt
transmission of a given packet during an interT, the maximum numbeK of transmission
attempts of a given packet is:

K= Toa/T] (2.3.2)

Where|_ —| is a ceiling function. QoS requirement on maximuatehcy is met if the maxim

number of transmission attempts does not exK defined by(2.3.2) Further, we us K=1....,K
as the transmission attempt num

Obviously,
S[Tm/t

mﬂm

[Tred/ T
= e , (2.3.3)

is the necessary condition for reliable multicastleed, if the right inequality i(2.3.3) does not
hold, the QoS carot be supported by the ELBP. In thase, we recommend to decre P, to the
necessary value by decreasing the packet lengtloramansmission rat

ELBP with Fixed ACKleaders Analytical model of the scheme can be representéld the
following theorems which proofs are giver [29]. The first theorem allows to estimate reliabi
and throughput indices.

Theorem 1PLRs for an ACKleader and nc-ACK-leader are:

~

-1

pi=pk, j=1...3,0""=p, -(1-p) X (7 H),

1

=~
1l

where

7 =1 (- 9})

is the probability that all ACHeaders have received a given packet exactly k attempts, i.e.
exactlyk attempts appear to be needed to transmit the paakeessfully. Throughput for recipie
jis:
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8LB
S :m(l‘ﬂj ),

ACK nACK
where/]; equal to/]; ~ for an ACK-leader and7; for non-ACK-eader
K-1
Ve =147,
k=1

is the average number of transmission attemptspaiciet with the limitatiolk on their maximum
number.

Theorem 2To meet the requirement on the maximal PLR, renigigvhich PERs are less tl

2
_(1=pY w1
pbound \/( 2 pl j + pl 2 pl ’

should not be selected as AQdéades.

Theorem 3:To meet the requirement on the minimal throughphs, following inequality shoul

hold:
1 T(A*+p)Sw || TS
B2B(T)= 8L(1- p?) _{SL(l— pl)—"

Thus, in the ELBP parameter optimization we needdasider B> B,(T) and J < J; only,
where J, is the least recipient number which PER is lesa P, defined b' Theorem 2.

ELBP with Weighted ACKleaders For the ELBP with weighted ACkeadersJ ACK-leaders are
reselected every frame. The selection is perforfn@t the whole set of recipients, according

their weightsw , i =1,...N . Let us partition all recipients inM sets. In sem=1,...,M, there are

N,, recipients, which PER is nearly the same and et p,,. Obviously, we assign the sai

weights w,, to all N, recipients of sem that makes optimization of the weight distributieasiel
in the case of a large number of recipients. Of cqubse partition is not reasonable with a sn
number of recipients. In this case, we justM =N and N, =1.

As J ACK-leaders are to be selected, the selection procedgwaried out irJ steps. At step, a
recipient from seh is selected with probabili

$h.j :(Nh_uh,j—l)V\ﬁ mZ:l( N, — um,j—l) W,

, (2.3.4)
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where u . =1...,N, is the number of recipients selected to be +leaders in sem at j-th

m

selection step. That igJ, :H“m,iH’ m=1,...,M, is a selection vector indicating which recipie

have been selected affesteps. ObviouslyU, = 0 and vectorU O UJ indicates all current AC-

leaders responsible for acknowledging the current data burst tnission. The BS st
transmittng a packet when all current A«-leaders acknowledge the packet and thus, recees
packet successfully.

Taking (2.3.4) into account, the probability distributio¢(U)D ¢(UJ) of U can be found
recursively:

¢(Ul) = Ni UpiSma, ¢(Uj) = z_li(um’j —qn’j_l)fm’jglﬁ(ljj_l), i=2,..J

m:
Wherer‘l :{A: A< Uj,‘UJ - A:]} is the set of possible selection vectors at j-1 with fixed

U,. Here and further, for an)X =|x| andY =y, we assumeX <Y if x <y for all i and

X[=2x.

To find 77, in Theorem 1, we consider a process of a given packet trarsion. Let us introduce

success vectov, = v, |, m=1...,M, wherev,, =1,..,N, is the number of AC-leaders in set

m, which successively receive a packet ak transmission attempts. ObviouslV, =0 and

V., £V, . The probaility of the success vector change frV,_, toV, afterk-th attempt, given that
(k-1)-th attempt failed for at least one of recipients which were current-leaders, i

R(% %) =[] oy (1 )

Let 77 (\7k) be the probability that aftek attempts K<K) the packet transmission process does

complete successfully and the success vec\,. 7, (\7k) is calculated recursivel

1 (0)= RGO -o(Y], ()= 3 () Y- o(Y)] k2,

Vs Vs Vi
where

o(0)= % o(0)[] (et /cx)

is the probability that aftek attempts the packet transmission process competssessfully witt
given V. Hence, the probability that not all recipients segvas current AC-leaders have
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received the data packet afteattempts, i
= 27V,
Vi

Using probabilitiedz, , we find ;. in Theorem 1.

To find PLR for a fixed recipient from sh, we introduce the probabilitR;(Vk,\Z(_l) that the

success vector changes frofp, to V, so that the given recipient does not receive thugiaby the
end ofk-th attempt:

RV W)= [ G (1 ) B

where 9,,, is the Kronecker symb

Thus, the probabllltyn;k( ) that after thek-th attempt , the packet transmission process doe

stop, the given recipient from sh does not receive the packet and the success viecV,, is
obtained recursively for aW, such thav,, < N,:

)= S () R )10 ()] () = R (%0 1-0(%)].

Vic-1: Vi-15Vks Vi, 1< N
Now, we can find expressions for probabilit o, , thatk atempts have been carried out to trans

the packet and the given recipient from h has not received the packet in any of these attel
We have:

Pni= z RA(\Z’_O)J(\Z), Phx = Z i Z i n’h,k—l(\7k—1) Rh(\7k’ vk—l)o-(vk)u

Vit Vi 1< Ny Vit Vi kS Np Vier: Viea= e

whenk=2,...k - 1, and

Prk = Pn Z ﬁh,K—l(VK—l)-

Vik-1° Y, k-1< Ny

Thus, the PLR for a recipient from ¢h is:

K
= th,k .
k=1

Throughput for any recipient from <h is given by (8), where we substituge for 7, .
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2.3.4 Numerical results

In this section, we use our analytical models t@gtigate and to optimize ELBP multicast sche
in different usecases. As we don't apply any siifications and assumptions about original EL
multicast schemes, our mathematical models areratecand there is no need to validate themr
simulation. Although we use some simulation to obthe input data (the dependence of recipie
PER on disance) for our analytical mode

ELBP with Fixed ACKteaders.An IEEE 802.16 Base Station (BS) usually coversrgd are:
with huge number of Subscriber Stations (SSs). Aareiase the network capacity and (
provisioning, a BS is equipped with sectntenna. Each sector of this antenna covers a de|
area with a part of all SSs in it, achieving spatigersity. In fact, we can consider each secta
individual IEEE 802.16 wireless network with its mBS, coverage area and set of SSs. Scher
results will concern one of such sect

Let us assume that the BS is a multicast sendemaslticast data are transmitted in every fra
that is, Mrame=1l. We also assume that the BS transmits a datst lmonsisted of multica
multimedia data packets with=512 Bytes payload at a maximal PHY data rR =3/4, 64-QAM)
using ELBP mechanism with Fixed A(-leaders. With this PHY, one 512 Bytes packet t
ns;=16 OFDM symbols, while an acknowledgment tans:=2 OFDM symbols. The 802.16 frar
duration istyame 5 ms and the maximum latency T=20 ms. So, the maximal number
retransmissions iK=4, according to (2

Figure 21: Sector with uniformly distributed SSs.

First, we consider more general case shov Figure 21. In this usease, the coverage area of
BS isa sector of circle with raditR=1 km and total numbeX of SSs uniformly distributed acro
the sector.
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To start numerical analysis, we need to derivedégmgendence of recipient's PER on distance fo
investigated network. We divide the processwo steps. First, we obtain the dependent
Signal-toNoise Ratio (SNR) on distance according to the pags model ir[30] with a critical
parameter = 3.3. After that we find PE (SNR) by MATLAB [31] simulation of IEEE 802.1
PHY for the highest PHY data ratR =3/4, 64QAM), using AWGN channel as a noise sou

1.OE+00 -
-&— L=256 Sm.
—=— =256 App.
—&-L=512 Smm.
1.0E-01
——1=512 App.
—-L=1024 Sin.
——[=1024 App.
1.0E-02
=4
=
o
1.0E-03
1.0E-04
1.0E-05 . . . . .

SNR

Figure 22: PER vs. SNR.

In Figure 22 we show the simulation data (Sim.) for variousked lengths. We also include t
analytical approximation (App.) of the dependen@bsained by simulation. We approximate
simulation éta using the formul

PER SNR )= 1—(1—% exp{— ex;ELR_ZD ,
2 a

wherea =4.8355 and =10.479. As it is shown Figure 22 the proposed analytical approximat
fits perfectly the simulatio data. Using this approximation wiL=512, we find PER for evel
recipient. The PER of the most distant SS is B4t is, 10%. The closest SS has the PER eqt
0.

As follows from Theorem 1, PLR depends on stati®E®R and the numbdJ of ACK-leaders only.
Thus, for a given numbe\ of stations and PER distribution, we can find tp&roal numbeiyp: of
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ACK-leaders minimizing the bandwidth allocated for @egi multicast connection per frame (:
(1)), while meeting a certain QoS requirement oR for all recipients.

In Figure 23 we show the relationship betweJ,,: and the maximal PLR over the network wh
containsN = 25, 50 and 100 SSThe figureshows two of ELBP main advantac

14
-8 N=100
12 - N=50
\ —- N=25
10

J opt

6

0 T T T T
0 0.02 0.04 0.06 0.08 0.1

Nrmazx

Figure 23: Fixed ELBP: optimal number of ACK-leaders

The first advantage is the scalability. Indeed newéhe number of recipients is quite hictN=100),
the optimal number of ACKeaders is still less than 10 for a wide rang#ma, values: 2—10%. We
can see also that the optimal numJ,p: of ACK-leaders is nearly proportional to the numN of
recipients. So, we can conclude the optimal nurof ACK-leaders in the Fixed ELBP scheme
less than 10% over all multicast recipients in wialege of QoS requirements on maximal F

The second advantage is the supremacy over theLBlten reliability. Indeed, even if the numk
of multicast recipients is smalNE25), LBP using only one ACKeader cannot achieve PLR e
than 4%. In contrast, ELBP can meet any-assigned QoS requirememta, on PLR (of course,

nmaxcannot be less thap = 0.01% at the given bit rate, in accordance \(2.3.3).

ELBP with Weighted ACKteaders Let us consider the case, when there are multipte of
recipients and recipients of the same set havedhee PERS. For rtainty, let us assume 3 sets
this usecase, which correspond to 3 small settlements eoviey a single sector of an IEEE 802
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BS as it is shown in Figure 2&he total number of recipientsN=25. The first set consists N; =
5 recipients with PER = 0.1; the second setN, = 5 too and PER = 0.075, and the last seiN;
= 15 recipients with PER = 0.01.

Figure 24: Sector with multiple sets of SSs.

Let us define QoS requirements. Let the maximumniat Tmaxbe 15 ms and thtK=3, maximal
PLR nmax be equal to 0.04, and minimum reserved Syin be 4 Mbps.

We compare three selection schemes: Fixed ELBPghted ELBP and Full random ELBP. F
Fixed ELBP scheme, we limit the rangeJ and B by By=6 andJ,=11, which are obtained
Theorems 2 and 3. For Weighted ELBP, weights asegasd according to the nciple of
minimizing PLR over all stations in the network. IFRandom ELBP is the special case

Weighted ELBP ACKleader selection scheme with equiprobable weiw =1/N.

The PLR characteristics of these multicast scheanesshown irFigure 25. We can see that for
Weighted ELBP 4 ACKeaders is enough to meet QoS requirement on m&#hR, while
minimizing £ in (1). In contrast, the other schemes neeuch more ACHleaders. Fixed ELBP
requires 8 ACKleaders, and Full Random scheme needs to selédCK-leaders

The next step of our investigation is to find thetimal burst sizeB,. For that, we find hov
throughput depends dhwith optimal numberJ,,: of ACK-leaders found at the previous step.
throughput characteristics are givenFigure 26 This figure shows that the optimal burst ¢
which minimizess in (1) is equal to 7 in the case of Weighted ELBRile it is equal to 8 for Fu
Random selection scheme and 9 for Fixed E|
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Figure 25: Maximal PLR vs. the number of ACK-leaders
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Figure 26: Minimal throughput vs. the burst size
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At last, let us show the allocated bandwidth witbse selection schemes Figure 27, we can see
that the optimal Weighted ELBP scheme requiresdRated OFDM symbols per frame to m
all QoS requirements of the transmitted multicaistasn, while Full Random selection needs
symbols and Fixed ELBP require 160 OFDM symt

Thus, numerical results obtained by the models stiat ELBP can be used efficiently to m
specific multimedia application QoS demands, int@st with wel-known LBP and BMMM
approaches when either only one recipient or a@liprents acknowledge mucast packets. Both
Fixed and Weighted ELBP are scalable multicasttenia: according to our model experimel
even with a large number of recipients it is enouggh request a few recipients 1
acknowledgements to provide reliable multicastdibrecpients. Comparing Fixed and Weight
ELBP, we show that Weighted ELBP is more efficianterms of consumed bandwidth, althot
its implementation may be more complica

N v
e
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100
—m— F-ELBP (J=8§)

—— W-ELEP (J=4)

Allocated BW, OFDM symbols per frame

50
—&— Full Random (J=11)
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Figure 27: Allocated bandwidth vs throughput.
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3 Power save schemes

3.1 Experimental assessment of power-save behavior of commercial IEEE
802.16e network cards

Next generation cellular technology (3.5G going 48) is emerging rapidly. For examy
Clearwire a leading provider of 4G wireless broadband sewsvin the U.S., has recently repot
that the first quarter of 2011 ended with approsxteha6.15 million subscribers, which is a 533
growth over the first quarter of 20[32]. UQ Communications announced reaching one mi
subscribers to UQ WIMAX in Japan, i.e., a growtloake million subscribers in approximately t
years since starting its commercial service in , JAB09. One of the bgest advantages of su
technologies is their ability to provide widespreadverage providing connectivity all ow
Consequently, users, mobile or static, can expegh lspeed mobile broadband servi
everywhere, even when distant from Access Point) and not necessarily in the proximity
power supply. In addition, due to the portabilitdgvices are expected to be a carry on, h
smaller and lighter with small batteries. Accordingn order to fully benefit from remote covera
while extendingbattery life, 4G technology will necessitate po-save mechanisms. Fornr
cellular technology (e.g. 2G and 3G) utilized pc-save mechanisms. However, unlike th
technologies which were mainly designed for voippl&ations, 4th generation cellulachnology
will integrate voice and data, supporting a varietypplications wherein traditional telephony v
only play a secondary role. Accordingly, next gaien powe-save mechanisms are expectet
be more challenging as more applications neecstay tuned regularly (periodically or r-
periodically)..

Standards such as IEEE 802.16 and Long Term EwoltiTE) of the 3GPP recognize two ba
mechanisms to reduce power consumption when thealéy not fully operational, IDLE ar
SLEEP. IDLE modes designed to be activated when the Mobile StaiM8), after connecting t
the network, has no data to receive or transmiafalatively long period. When in IDLE mode, 1
MS is not expected to transmit or receive datagpktor listening, at pdetermined frames, for tt
broadcast MOB_PA®GDV message which implies whether it has to wakeang exit IDLE mode
due to pending data at the network side. The MS3esbns removed by its Serving Base Stai
(SBS), but is kept at the level of the pa¢ group. Hence, the procedure of exiting IDLE mod
similar in some aspects to initial network entrg {abegins with a ranging process), but is slig
faster as the MS context is retrieved to the SB& fthe network side when the MS exits ID
Unlike IDLE mode, SLEEP mode does not requir-registration from SBS. Using the SLEI
protocol, after network entry, MS and BS negotiatailability and unavailability periods for ti
MS. SLEEP mode is commonly categorized into threed? Saving Classes SC). In all PSCs,
while in unavailability period, MS is not expectaa transmit or receive data. However, in P¢
while in availability period, MS shall only receitbe MOB_TRI-FIND message that indicat
whether it has to exit SLEEP as it has pendina at the network side. No other data is expectt
be transmitted in PSC1. In PSC2, MS is able toivecand transmit data in the availability peric
(therefore it is also known as “SLEEP with traficPSC3 is used to form only one fix
unavailabiliy period, which is not part of a predefined pattefnavailability and unavailabilit
periods like in the case of PSC1 and P!
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In this paper we summarize a thorough measuremeasiigation of the pow-save mechanisms
implemented in current deployeetworks, and examine their suitability to varioysplécations.
We investigate a different approach for pc-save operation termed Intra Frame Pc¢save
(IFPS), in which devices can enter po-save mode for much shorter intervals than the comr
IDLE/SLEEP modes (i.e., intrame resolution). We suggest ways for utilizing? 8for reducing
power consumption. In particular, the contributiofishe paper are as follov

() We examine the power consumption of differepe@tional modes (e.g., transmon mode,
IDLE mode) on widely deployed WiMAX network cardale show that the pow-save protocols
defined in the standard are seldom used when thepégates in real life scenarios. In particular
show that even though SLEEP PSC2 may be the bemsteical method to save power in some |
rate constant bit rate (CBR) applications, neitBeEEP PSC2 nor SLEEP PSC3 are impleme
at all by ay of the MS devices we examir. Furthermore, we show that IDLE and SLEEP P!
were not implemented by all of t examined MS devices, and the devices that did imefe then
utilized them only in limited instances We showttlitue to lack of cross layer coordinati
between the application, the operating system hacetwork card, even when IDLE and SLE
PSC1 wee implemented, their efficiency was relatively Ic

(I) Following these findings, we measure and chemaze the power consumption of fi
commercial WIMAX devices, while performing Rx and Tor various kinds of signals (contr
bursts, as well as dataursts). In particular, we identify the power comgion distribution o
different operations (e.g., data reception andstrassion, map reception, HARQ, CQI, pas¢
listening, etc.) within the common working mode.eTata that we colle serve as a basis for
comparingSLEEP power consumption to the default online

(1) We examine an intrérame powe-save mechanism termed IFPS, which does not requiy:
modifications in standardization. We show that ¢hare considerable differences betweee IFPS
mechanisms of the various devices. Based on IF@\8¢ab stay tuned to receive the maps anc
participate in ordinary operations such as trantemgitCQI reports and HARQ Ack signa
Nonetheless, when not transmitting or receivin@gddtall, « transmitting or receiving a data bu
that does not occupy the entire uplink (UL) or dbmk (DL) suk-frame, an MS limits its powe
consumption to the actual transmission time, swighoff its transceiver at all other times. \
evaluate IFPS on fowf the examined devices. We show that when condpereSLEEP PSC:
IFPS performs almost the same, but it is free ef B5 scheduler complexity to schedule
maintain the SLEEP cycles for all MSs in the céthese measurements prove that when util
the powersave in a single frame, the benefit of applyingdtendard techniques of SLEEP anc
IDLE is relatively small, and can be estimated hestw 18% to 24% in the best cases. Obviol
IFPS requires no latencies in entering or exitiog@-save mode.

Even though our measurements were performed onlyideployed devices running IEE
802.16e-2009 [33¢yhich has evolved from IEEE 802.1-2004 [34] the results and conclusio
brought in this study not only apply to pre 4G WiMAetworks, but also to 4G networks basec
802.16m and the long term evolution (LTE) of theP¥G This is because in both 4G technolog
there are similaprotocols, (though not identical) for pov-save; SLEEP and IDLE (with smi
changes in 802.16m), and the mode of discontinueeeption (DRX) in LTE
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3.1.1 Related work

Powersave modes in cellular networks, and particulaldgs mode, attracted attentiover since
the introduction of Cellular Dital Packet Data Systems (e.g., [35)36[he literature presen
various studies on powsave modes, mostly ithe realm of performance analysis and prot
development.

The power saving mechanism for the UMTS user egeignUE) has been evaluated[37]. The
performance of IEEE 802.16e power saving been analytically evaluated [38], where the
authors use a serMarkov chain approach. Other authors have usedinggebheory to analyz
power saving. For instance, Seo et al. propose@mbeddd Markov chain to model syste
vacations in IEEE 802.16e, where the base statime is seen as an M/GI/1/N sysi [39]. An
M/G/1 queue with repeated vacations has been peoptmsmodel an 802.1-like sleep mode and
to compute the service cost for a single user doad[40]. However, these works, to allow
tractable analysis, consider models that are radiste. For example, power savimechanisms are
evaluated under the assumption of Poisson traffivad, which is far from reality, especially
high speed data networks. To better validate tealytical models, the authors[35,38,41] and
[42] used simulations with more realistic assumptionst, Yoth analytical and simulation stud
require some assumptions on the user equipmentrpoovesumption and timing parameters.
example, the authors B8] borrowed the power consumption values from the IBEE11WLAN
because they did not have any power consumptiamnrdtion of IEEE 802.16e, and the author.
[41] just assumed arlbéry values for the energy consumption units in sheep and listenin
intervals.

Enhancements to the standard and new f-save protocols have been proposec
numerous studies. Lee and B [43] proposed a sleep mode interval control algorithat thkes
into consideration the downlink traffic pattern atiee mobility of the mobile station. 1[44] a
method to approximate idle duration tribution, using a mixture of exponentials, was gosed.
and a procedure to optimize the power saving meshmmas developed. The authors [45]
presented another method that determines ttgth of sleep interval. In [46a novel approach was
suggested for saving power by reducing the modwuiascheme and thus the transmission po
However, again, these powsave enhancements were not tested it-life applications nor in ree
equipment. Furthermore, to illustrateeir advantages, synthetic power consumption vaues
used. For example, the authorg45] adopted values measured in wireless LANs for IEBE Boe
systems. As foenother example, the autls of [46] did not present any power measurement
illustrate the potential gain in power consumpticom their approact

Indeed, the importance of real power measuremenSEE 802.16e he been recognized
in [47], which established a power measurement environfoeatreal WiMAX tes-bed. However,
the authors of the paper did not assess the poarsumption of sleep mode in WAX and
eventually adopted figures from IEEE 802.11 camitgtieir simulation:

3.1.2 Measurement setup

In order to fully assess the po\-save behavior of different commercial IEEE 802.h6é&vork
cards, we ran our measurements on two differenfpsefThe firt setup is an operational femtoc
network that was used to examine the device behani@ real environment under operatio
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conditions. Choosing the femtocell BS rather thamacro BS is encouraged by the fact -
operators like UQ and CLWR are doying this kind of base station for the indoor segmas
WiFi replacement. Since in the operational femtioecetwork we cannot access the BS and in o
to better control its behavior (e.g., schedulin@l@llocations etc.), we conducted a second f
experiments over a second setup based on basestatulator for which we can intervene with
BS behavior.

Both setups were realized based on the setup usMdrih America. Accordingly, we utilize
the same WIMAX frequency bands as the ones iin North America (center frequencies frc
2501 MHz to 2691 MHz) and bandwidth of 10 MHz (WHRFT set to 1024 and cyclic prefix
1/8). WIMAX operates in TDD with the frame lengtatso 5 ms and downlink to uplink ratio
29/18 [OFDM symbols]. In the quel we will describe the two setups separe

3.1.2.1 Femtocell

The set of experiments over real deployed netwogkewconducted over Intel’s private WiMA
network in Petach Tikvalsrael. This network is connected to the Interaatl serves Inte
employees. It operates a commercial Motorola BSe(tBCU |, RF head type DAP I. SW versi
3.00.10), a commercial carrier access point cdetrdlCAPC) also provided by Motorola (Lo
Tier, SW bundle version 04.00.01.09.04) and Intel &Sbedded in a laptop. The BS trans
power of the PREAMBLE symbol was limited to 24 dBover a bandwidth (BW) of 10MHz / FF
1024), while the maximum Tx power of the MS is 2Bnd in accordance with relatory
limitations. We utilized this setup mainly to tratke BS SLEEP and IDLE performance wt
activating real life applications. The femtoceliigeis described iFigure 28a).

3.1.2.2 Base station emulator (Pico-Chip)

For measuring and characterizing the pcsave behavior in the boundaries of the WiM
frame, we used a BS emulator (BSE) based on tha-Chip development platform PC72C [48])
with dedicated BW, as controlling the scheduler arapper algorithms for data and control bu
in the femtocell setup is very limited. We used tiseilloscope (Tektronix DPO 4054) to meas
the curent consumption of the MS device by probing its & VWeed in the USB connector. T
oscilloscope also measures the BSE Tx signal. Wwas done in order to detect the fra
boundaries on the same time axis as the power ogtgan of the MS device (the IEABMLE is
easily observed each 5ms). A typical snapshot deaicts the power levels of the MS in IDI
mode and in ‘online’ mode ishowr in Figure 30. The poweneter (Anritsu ML2487A) was use
to monitor the actual Tx power, as one of the ottar&ation steps was to test the influence o
power on the power consumption. The USB protocalyaer (L¢ Croy model 2500H) was used
monitor whether te USB interface was suspended (to save power)tmead he emulator setup
described in Figure 28(b).

We conducted our experiments over five leading cencial MS devices, i.e., we examin
devices which are used by Clearwire (USA), UQ (damnd Yota (Russia) operators. Table
summaizes the specifications of the 5 MS that we usetiénmeasuremen
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Figure 28: Experimental setp (a) Femtocell setup (b) BSE sel.

Table 1 Specifications of the 5 MS that we used in the asarements (the Becee device was checked as integral
in two products: Ubee PXU1900 and Alvari BreezeMax 250)

Product Intel Centrino WiMAXUbee PXU 1900/ Samsung MODACOM

6250 (Embedded) Alvarion BreezeMax 250|SWC-U200 MW-2510
BB Chip Beeceem Samsung GCT (GDM7205K
vendor Intel (bece3301 chipset) (CMC-730 chipset)

P chipset P

uQ (Japan) .
Operator CLEAR (US) CLEAR (US) YOTA (Russia)  [UQ (Japan)
FW/SW 6.5.1037 5.2.2061039/5.2.115.4 [Cl14/338 Ver 2

2.548[GHz]
Frequency 2.657[GHz] 2.525[GHz] 2.625[GHz] 2.61[GHz]

3.1.3 Power consumption

Initially we measured the average power consumpiovarious operational modes. According
we utilized the BSE setup to operate the commeng@ile stations in various scenarios of rect
and transmit signals and measured the averager consumption in milliwatts per frame g
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scenario. In addition to the “active” mode measwerts, we also measured the average pi
consumption in IDLE mode as well as in w-up sequence from offline mode (to receive
MOB_PAG-PLI message).

Specificdly we conducted experiments, measuring the powesgmption over fourteen differe
setups. Figure 2@epicts a typical frame in each of the scenariagh(lihe Rx and Tx). Eac
experiment lasted a few seconds.

The first setup which serves as a baseline, odyrtlame Control Header (FCH)d the map were
transmitted on each frame (1+4 symbols), i.e.,BBetransmitted the maps with no allocation:
the downstream nor in the upstream. In the nexetlsetups the BSE transmits an additional si
burst in the DL sulframe besides the martory FCH and map bursts. The transmissiol
modulated in 16QAM ¥ with no repetition (data = Sg§ies and is transmitted periodically ¢
each frame. The difference between the three iegtshe location of the burst within the frame.
the first twotests the burst spans the entire BW whereas inZé@s¢ burst is adjacent to the -
map and in Test 3 the burst is located at theDasslot duration Figure 29Test ID2 ancFigure 29
Test ID3 respectively). In Test 4 the burst sparesr @ subchannels for 10 slot durations (out of
12 availale) that follow the DL mapFigure 29 Test ID4).

In Tests 58 the BSE allocates CQI and HARQ Ack allocations &S to report CINR or fo
retransmissins in every frame. Besides the FCH and map bargisthe UL CQI or HARQ Ac!
transmissions there are no other DL or UL transionss Since an MS device that is in the
proximity (high RSSI) may consume less power fansmitting the CC signal or HARQ Ack
signal than the same MS device located at cell €dge RSSI), in the next four experiments
examined the power consumption difference betwhertwo cases. Accordingly in Test-6 and
Tests 78 we experiment with the CQI and HARQ Ack transnains under two different RS!
levels, -20 dBm/Tone and.@ dBm/Tone Figure 29 Test ID 5-6 andigure29 Test ID 6-7 for the
two RSSI levels and for CQIl and HARQ ACK, respesiyy.

Next we examined the UL transmission power underdifferent RSSI levels. Accordingly, on t
DL sub-frames the BSEansmits nothing but the compressed-UL map. In the US the BS
allocates either: (i) UL allocation that spans ower available 5 slot durations, over 7 -channels
(total of 35 slots, which hold 630 bytes when thedodation is 16QAM %, with no reption), Test
ID 9 and10 for RSSI level2d dBm/Tone an-10 dBm/Tone respectivelyigure29 Test ID 9-10),
or (if) UL allocation that occupies one slot duoatiand 35 st-chanels (total of 35 slots). Test
11 and12 for RSSI level20 dBm/Tone an-10 dBm/Tone respectivelyigure29 Test ID 11-12).
In the last two experiments in this set, we exawnhitiee power consumption while in IDLE mo
(Test ID13), and the power consumpn during the wakew cycle (Test ID 14). Since Samst
MS doesn’t support IDLE mor only Intel MS and Beceem MS were used in these Il
characterizations in Test ID 113t
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Test ID 2 : Vertical DL burst adjacent to
the map the DL

Test ID 4 : Horizontal DL burst adjacentto  Test ID 5-8 : Control UL signals, CQl and
the map HARQ ACK NACK

Test ID 9-10 : Vertical UL burst Test ID 11-12 : Horizontal UL burst
Figure 29: Rx and Tx scenarios in the BSE setup.

Table 2summarizes the power consumption measurements. lEecim the Rx and Tx sectiol
indicates the average power consumption of a @iffiescenario r WiMAX frame. The result o
the IDLE scenario which ipresented in Test ID 13 averages the power forri@agpef 3 second
(one paging listening interval). The IDLE scenarésult which is presented under Test ID
averages the power over the timeakes the device to wake up from offline mode, neze¢he
MOB_PAG-ADV message, and go back to offine mode (differemtes for Intel and Becee
devices). All the power values presenteTable 2are brought in milliwatt units. The notations I
and NT indcate “Not Applicable” (e.g., Samsung MS doesn’pport IDLE) and “Not Tested
(e.g., the GCT dongle USB 5 Vcc feed was too naidyen we tried to measure with t
oscilloscope). Using the USB protocol analyzer weeavved that only Intel MS suspendsUSB
interface while in IDLE mode (this activity can belated to the medium power level as see
Figure 30).

As can be seen in Table 2, considering the sameasdoe there are differences in the po
consumption of different mobile stations. Examinthg power consumption of each MS alone
time axis, we found out that the major reason fas difference is due to different Intra Fra
Powersave (IFPS) implementations, in which device isngointo a lower power mode aft
receiving or transmitting its burst. Accordinglyhet power consuption of Intel, Beceem ar
Samsung mobile stations, along the DL-frame mostly depends on the location of the DL ts
for Intel MS, the power consumption rises high éoaive the first OFDM symbol of the DL, a
decreases to low power level, 6 syils after the ending of the last burst the MS needsceive
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Table 2 Power consumption measurements over the fourteferent setups. All the power values are brought
milliwatt units. The notations NA and NT indicateNot Agplicable” and “Not Tested”, respectively. Values IBLE
refer to the lowest level for each device.

ID | Details Intel | Beceem | Samsung | GCT
1 | Only maps (1+4 symbols) 710 |500 710 655
2 | 2 symbols X30 subchannels burst, adjacenttomap | 740 | 510 725 NT
RX 3 | 2 symbols X30 subchannels burst, end of DL 935 | 795 785 NT
4 | 20 symbols X3 sub-channels burst, adjacent to map | 930 | 745 750 NT
6 |CQlburst @ -10dBm/Tone 770 |615 910 NT
7 | 3*HARQ ACK/NACK burst @ -20dBm/Tone 780 |640 780 710
8 | 3*HARQ ACK/NACK burst @ -10dBm/Tone 785 | 640 780 NT
” 9 | 3 symbols X35subchannels burst, @ -20dBm/Tone | 780 | 605 895 840
10 | 3 symbols X35subchannels burst, @ -10dBm/Tone | 825 | 660 940 NT
11 | 15 symbols X7subchannels burst, @ -20dBm/Tone | 1050 | 805 905 840
12 | 15 symbols X7subchannels burst, @ -10dBm/Tone | 1255|935 1010 NT
IDLE
14 | Power consumption of wake-up cycle 660 |865 NA NT

The behavior of BeceemlS is further optimized. Its power consumption @ases to low powe
level only 4 symbols after the burst ending. Thisvpr optimization behavior was observed
bursts which are allocated in the first symbolsglthe DL. For bursts that are not cated in the
first symbols of the DL, its power consumption amges sharply after the burst ending. As
Samsung MS, its power consumption decreases dshéurst in the DL it has to receive, but
to the minimum level as do the Intel and Becemobile stations, but to a medium level. Only wil
the DL last symbol ends (OFDM symbol 29), doespibsver level decrease to the lowest le
(assuming there’s no transmission in the |
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Checking the mobile stations transmission, we alsgerved an IFPbehavior; Intel and Becee
mobile stations raise their power consumption ®high level at the beginning of the first burs
be transmitted, and they decrease to the lower ptevel sharply when the burst transmiss
ends. Both Intel MS and BeceeMS have the same power consumption behavior witheet to al

burst types. This is not the case with Samsung&@@Dd mobile stations; these devices different
the IFPS behavior in the UL sditame as follows: for HARQ Ack bursts, both decee#tse pover

consumption sharply after the burst transmissiatseRor CQI burst, Samsung MS doesn’t che
its power consumption level, till the end of the Blk-frame. GCT MS behaves with CQI as i
was HARQ Ack burst, i.e., decreasing the power gorgion level sharply when the bur
transmission ends. As for data bursts, both ma#@gons do not perform any kind of IFPS, eve

the case of vertical data bursts (test 10 in Table 2).

An IDLE behavior comparison shows that the avegamger consumptin while in IDLE mode an
during the of waketp cycle for the Intel device are 115, 375 [militjjatespectively, and 660, 8t
[miliwatt] for the Beceem device, respectively. ypical snapshot of the current consumg of

entering and exiting IDLE moc as measured by the oscilloscope is showiFigure 30. The
current consumption is shown both the MS device (bottom paaf the figure) ancfor the BSE
Tx signal (upper part of the figure). The vertieais depicts the current consumption measure
milliwatt, while the horizontal axis show the timmeeasured in mse

Prevu T I ! ! M2.00s I

Zoom Factor: 5 X

Entrance to IDLE mode ! } Wake up to receive the
] MOB_PAG-ADV message

/ IDLE Power Level 1:
E (321.5 milliwatt) IDLE Power Level 2 : B
(115 milliwatt)

4 b
[ value Mean Min Max std Dey 1 [Z 400ms J [500'5/3, J ‘ b I 0.00A
=l & vean 4.2 { = 10M points | |

Figure 30: Power levels othe MS in IDLE mode and in ‘online’ mod.

More IDLE measurements which characterize the tiihéskes to get into IDLE, and the time
takes to wakewp from IDLE in order to receive the MOB_P,-ADV message are given Table
3.
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Table 3: IDLE related times
Intel Beceem

Time with no traffic to enter IDLE 20 [sec] >250 [sec]

Time the MS wakes-up before reception

47.5 [msec] 67.5 [msec]
of MOB_PAG-ADV

Total time the MS wakes-up before going
) 63.5 [msec] 84 [msec]
back to offline mode

As can be seen in Tablei3takes a while for the device to decide thatah enter IDLE mode
While Intel’s device entered IDLE mode after 20 ¢B# took the Beeceem device over 250 [S
with no traffic to entefDLE mode.

3.1.4 Sleep and idle behavior

With the power consumption figures at hand, we tormvestigate the cycle of SLEEP and ID
modes under various traffic patterns, i.e., we eraththe adaptation of the SLEEP and IC
modes to widely used traffic tterns. Particularly, we consider four commonly duseobile
applications, namely, Google Earth, Skype (in tvyperation states), Facebook, and internet re
In more details, we consider the following applicatusage
1. Download Google Earth Applicati, followed by browsing a ma
(http://www.google.com/earth/index.ht)
2.  Conducting a Skype audio call from two MS in thenfecell sector, with and withol
video.
3.  Skype application in online mode (with incoming/outgoing call or active che¢
4.  Web browser with Facebook home page opened (wwebfaak.com), with no activit
by the user.
5. Web browser playing internet radio stream  (httpc@tor.3dcdn.cor
glz/glglzradio/300/200/radio.htn

For each applicatn, we track for several minutes its activity (grrhs of packets sent to t
network). At the same time, we assess the NIC g-save state (active, idle, sleep, etc.) and
consumed power.

These measurements are performed over the femsmtelb decribed in3.1.2.A. We identify the
powersave state of the NIC through recorded debug I&ecifically, the entrance and exit tin
from SLEEP node are identified through the MAC messages MOB -REQ and MOB-SLP-
RSP. The entrance and exit times from IDLE aretifled through the MAC messages DR-

CMD and RNG-REQ.

Figure 31shows, for each application, the total percentagénte the device under test (Int
stayed in each powesave state, namely, online, sleep or idle. We tiwt the sleep mode refers
power-save Class 1 (PSC1).
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Figure 31: SLEEP and IDLE performance; Values refer to the @give part of the time that the device operati
mode was online (to receive and/or transmit datargis) or offline (in SLEEP or IDLE,.

Our measurements show that SLEEP and IDLE modesnteoperational only in two scenari
Facebook and Skype backgrouiFigure 31). Although theseagarios are “alwa-on” they do not
involve any interaction by the user. Accordinglige tsporadic packets allowed the NIC to e
SLEEP and IDLE modes. Yet, it is interesting toentttat more than half of the time the NIC sta
in active mode, in spitef the low traffic

In all other cases, neither SLEEP nor IDLE operatieas observed due to denser traffic t
background Skype and Facebook. The case of inteatkd is particularly interesting as t
averaged measured traffic was generated byngle burst holding 4500 bytes per 220 frar
(which yields around 32 [kbps]); We would have edtpd the MS to save a lot of power

requesting periodical availability/unavailabilitgpods by activating SLEEP PSC2. However,

MS didn’t perform SLEERt all when operating this scenat

In the following sections we further examine thewadpowe-save behavior for online applicatio
(Facebook and Skype) as well as for internet rattaming

3.1.4.1 Online applications

In this section we further examinalwayseon” applications operation with respect to SLEEH
IDLE performance. In order to demonstrate the icajeénerated by the MS we dr Figure 32, and
Figure 33. Figure 32epicts about 20 mutes of operation of each application, wtFigure 33
focuses only on Skype operation with a zoon inygical 200 seconds, and 13.5 seconds. Int
graphs, the x axis represents the time in unit® ohillisecond (1 WiMAX frame). The y ax
represents the burst size; accordingly the lev@l réfers tobursts that are up to 100 bytes in s
The level ‘11’ refers to bursts that are 101 to B@€es in size, and so on and so fc Each dot in
the Figures represents a burst allocated to thddvi8ansmission, the time and allocation in by
assignedd the MS (all the 802.16e NC messages that do not carryitfformation have bee
filtered out). The solid line at the bottom of eanlb figure (below the dots) refers to po-save
mode. As can be seen in the Figures, the solid [osmmposed of 3 lev,, each represents the
measured MS power consumption. Accordingly, thehésg level indicates no pov-save mode
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(high power consumption), the medium level refersSLEEP mode (lower power consumpti
and the lowest level refers to IDLE (low power camption).
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Examining these figures, we observe the follown
* In both tests (Facebook, <pe) there is traffic that we believe is not geredaby the
application itself, but refers to other processasing unheedingly in the laptop (e.g. opera
system processes). Some of this traffic has a gieripattern for both applications, like t
bursts on level ‘13’, repeated every 90 secc
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 There are conspicuous differences between FacebndkSkype traffic patterns; Facebc
seems to generate denser traffic for packets ef(-200 bytes than Skype does. In two peri
(frames 8870-71587nd frames 1350(-147482) we observed periodic pattern (bursts of
118 bytes every 62 or 63 frames) that preventdBdrom getting into SLEEP or IDLE. Th
behavior was not observed with Skype. In additleacebook generates consistently packe
size 22002300 bytes while Skype doesr

* IDLE mode is always preceded by SLEEP peri

* Due to the predominance of small packets (up toly@6s), both IDLE and SLEEP modes
disrupted in almost all cases by these small packiet many cases,e powe-save period is is
very short due to that.

* Most of the frames in online mode are not usedriorsmission as can be seeiFigure 33(b).

To conclude this evaluation, the po-save modes (SLEEP and IDLE) are not efficient asetlis

no synchronization mechanism between the data sq@8& process / online application) and

WIMAX MAC to preserve their operation. As a restliere are miiple instances of short tin

IDLE and SLEEP, overloading the network with cohtressages (to enter SLEEP or IDLE) rat

than the theoretical alternative of fewer instanakeknger duration. For instance, Figure 33(a)
there are 5 instances of IDLE in less than 175 rsésowith about 25 seconds for the longest IL

duration, and about 5 seconds for the shortest IBltion

Another importantihding shows that in online mode the majority of tihames are not used 1

transmission at all in all five applications; Goedtarth only used 71% of all frames for trans

and receive. Similarly, Skype with an active cakd 72%. Facebook and Skyas background
applications with no user activity used about 99%@ the internet radio application used 97% o

frames for transmit and receive. In all these saaden SLEEP and IDLE were sporadically u

(Facebook, background Skype), and when used at all (Google Earth, Skype call and inte

radio), IFPS can be a good alternative for saviogqy, as the majority of the frames in onl

mode are neither used for transmit nor rec

3.1.4.2 Internet radio analysis

We now consider the internet radiceasurement we performed with the femtocell setupe
applicationrequired traffic was 32 [kbps], while it startecyihg only after it buffered 5 seconds
the radio transmissions. For the analysis we vailisider two extreme scenarios; the first 1s to
best radio frequency (RF) conditions and few MSsstbed in the cell. This scenario matches
measurements for the radio internet over the feetitsetup. The second scenario refers to cell «
conditions (only base rate reception is possibith multiple active subscribers in the ct

The first scenario, combination of only few MS stiisers in the cell and high signal quali
allows the BS scheduler to allocate the DL burga@eht to the map and in the highest module
coding schemeMCS) in the MIMO zone. In our internet radio measuents, we observed that |
required traffic of 32 [kbps] derived a single hucs size 4500 bytes every 220 frames (
seconds). Modulating with the highest MCS in thev\ zone, such a burst requir75 physical
slots. Due to the low number of MS subscriberssteged in the cell, this allocation can be adja
to the map such that it will span over 6 OFDM syiabtm order to simplify the analysis we asst
that in all other frames, there is no Craffic at all, except for the maps which occupyyfnbols
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(plus one for the preamble). We also assume tlesie thre no data transmissions over the Ul-
frame (meaning that the internet radio is a UDPviser which doesn’t require TC
Acknowledgement (TCRAck) packets to be transmitted in the UL), and tih&t data bursts in tt
DL subframe have the normal form, rather than HARQ. Thly eransmission along the UL s-
frame is a CQI burst that precedes the DL burdadihglthe internet radio data pacl
We now estimate the power consumption for this adenn two modes; the first one where the
performs SLEEP PSC2, and the second one where $heddsn't perform SLEEP. In both cas
the MS IFPS implementation is optimized. We willsashe a SLEEP |ttern of 116/4
(unavailability/ availability). Note that in orddop send CQI signals, the minimum availabi
period is 4 frames due to protocol limitations. Nd&t's assume that the we-up period we found
for IDLE PLI (see Table Rholds also for SLEP awakenings, and is equal to 14 frames
milliseconds). So, in total, the device performsyale comprised of awakening for 14 fram
followed by 4 frames in which it transmits one C€)nal, and receives the lburst holding the
radio internet datpackets, followed by 202 frames the device is iavailability period, this cycl
is repeated periodically. We’'ll substitute the wsuor Beceem MS (some of the values cal
easily calculated from the table values, thoughexglicitly brought there:

* Power consumption for the frame containing the Diksbwith internet radio packet = 5

[milliwatts].
* Power consumption for the frame containing the @&ismission = 615 [milliwatts
* Power consumption for the two frames in which th& knly reeives the maps = 5(
[milliwatts]
» Power consumption for the 14 frames of w-up = 865 [milliwatts]
* Power consumption for the 202 frames of SLEEP =[gWbiwatts]

Substituting these values yields an average poweswmption of PSleep = (1*5621*615 +
2*500 + 14*865 + 202*375)/220 = 409 [milliwatt
Let us now consider that the MS doesn’t enter Bit&EP, but only performs IFPS. In this case,
have one frame for receiving the DL burst with cadinternet data packet, one frame
transmittng the CQI, and 218 additional frames in which M& only receives the DL ma
Substituting these inputs yields a power consumptib PIFPS = (1*562 + 1*615 + 218*500
220 = 500.8 [milliwatts].
The implication of these results is that applyingeEP PSC2 in a scenario with similar conditio
saves only 18% of the power consumpt
We now analyze the second scenario, where the Réitaans are poor, and the cell is overloar
with MS subscribers. In such a case, the MS recesvable to correcthdemodulate a signal th
has been modulated in base rate. In addition, dube high number of active registered mo
stations in the cell, the map is extended to 8 OF)bols (plus one for the preamble). Satisfy
the application traffic demand 1 32 [kbps] with the base rate MCS requires the datde
modulated in 750 physical slots. Since the mapa aceupies now 9 symbols, there are only
symbols remaining in the DL s-frame which form 300 physical slots. Hence, two ptate DL
sub-framesre needed (assuming we neglect the fragmentatiemead), plus a burst that occug
over 10 more symbols. So now our inputs are aevic

*  Power consumption for 2 full DL s-frames = 795 [milliwatts]
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* Power consumption for the additional -framewith the DL burst over 10 symbols = 6
[milliwatts]

* Power consumption for the frame containing the @grismission = 667 [milliwatts

* Power consumption for the two frames in which th& Mnly receives the maps = &

[milliwatts]

»  Power consumptiofor the 14 frames of SLEEP awakening = 865 [millits]

*  Power consumption for the 200 frames of SLEEP =[&7Biwatts]
Substituting these values yields an average poweswnption of  PSle = (2*795 + 1*692 +
1*667 + 2*552 + 14*865 + 200*375) / 220 = 414.3 [imiatts].
Substituting similarly to achieve the power constiorpfor the optimized IFPS case yields PIF
= (2*795 + 1*692 + 1*667 + 216*552)/220 = 555.3 [lmvatts].
In this casethe benefit of using sleep rises to 25.4%, whicstilsrelatively small (considering tt
protocol implementation complexit

3.1.5 Uplink intra frame power-save

Intra frame powesave (IFPS) mechanism has been identified abowecasnpromise that is bo
efficient for most applications and relatively siragb implement. Yet, the implementation of IF
in uplink is not as straightforward as that of owahlink.

Specifically, IFPS in downlink is a viable approatianks to the frequen-first downlink
allocaion. Such allocation enables the user to recdssdata in a short time relatively to the wh
frame duration. However, in uplink, the common @agh is to transmit in a tir-first manner.
This allows the user to span data transmissionsacianger uration but with lower bandwidtl
Lower bandwidth transmission enables the MS to aprigs transmission power on fewer -
carriers and does obtain more reliable communicatitiearly, spanning the transmission over
entire uplink frame prevents theS from entering an IFPS state while in uplink trarssion.
Because IFPS is an important mechanism for powengawe examine the possibility to mod
the uplink allocation to support IFF

To that end we first examine the MS uplink transiois and irparticular the MS power headroo
MS power headroom denotes residual MS power, where headroom indicates that the |
transmits at its maximal power. To support uplife§, or in fact, frequen-first allocation, one
has to verify that the MS is not power headroom. A known problem in WIMAX networldars
to the asymmetry between transmission power of smé@ase stations and that of the mo
stations. As a result, MS at the cell edge typjcatiters into a zero headroom transmission. Ui
macroBS, femtocells may transmit in relatively low powdtre to the shorter radius of their ce
Hence the problem of MS zero headroom may be ribtgigWe verified that indeed users rar
transmit in power headroom (associated with fenigceéhrough ancher experiment with ot
femtocell setup. We found out that along the offilc®r, there were only two singular locatic
(the floor area is about 50[m] X 50[m] = 2500 [m2jvhere a full bandwidth (BW) transmission
the MS was limited negligibly. In| other locations, a full BW transmission alwaysl lsagnificant
headroom from the maximal transmission po

Encouraged by this finding, we used the BSE seatugotmpare the power consumption of an
burst transmission that has the horizontal shaggmedirst”) and a burst transmission with vertit
shape (“frequencyirst”). Note that in order to achieve such a \atiburst, we modified the BS
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mapper module such that it used a zone switchrrhation Element) to split the UL s-frame
to two zanes. The UL allocation was scheduled before the mwvitch IE in the map, so accordi
to the standard rules for zones in sub frame, thee of the burst is derived vertica

Figure 34shows the current consumption of the Intel MS salextl with vertical and horizont
bursts alternately. One can easily observe thaptveer level for both cases is almost the se
even though the transmit power the vertical burst is 7 dB higher than that of tiogizontal one
(This can be explained due to the inefficiency ami-linearity of the MS power amplifier
However, due to the IFPS behavior in UL, the duration in time of the horizontal bursbitimes
longer than that of the vertical one. This resutpower consumptic almost 5 times higher. Tab
2 summarizes the numerical results for these tesst (@ 12 in Figure 29).
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Figure 34: Intel MS DL/UL IFPS behaviol of test Id 4, 9,11; in the DL, it takes 6 symboléest the map to reduc
the power consumption to the lowest level, le in the UL, the power consumption level dependainty whether the

burst has the vertical shape or horizontal shs.

We believe that this finding justifies a new BS edhler algorithm that considers MS IF
capability as well as MS temporal transmin power in order to schedule the MS burst in a
that will allow conservation of pows

3.1.6 FLAVIA architecture support

As previously discussed there are quite a few erdraents which can dramatically reduce the
power consumption and which are not suted by current state of the art architectures dve
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supported by FLAVIA architecture. In particular.etmain blocks in FLAVIA architecture th
support enhancement for powsave mechanisms are the Scheduler (both the MA€dbddr anc
the Scheduling Strategy siincks), the Powesaving block and the Application optimizati
support block (Figure 35).

‘ Convergence Protocol ‘ ‘ CN management ‘
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i o —
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o = T o0& e Support cooperation
o ES8 -5
12 MAC
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Figure 35: FLAVIA architecture enhancements for pow-save mechanisms supp.

For example in order to enable opportunistic scheguwvhich takes into account IFPS capabilit
(Section 3.1.Bthe scheduler must be modified. Cross layer dptition in which the pow+-save
mechanism is adapted to the application which mging (Sectio3.1.4 can be implemented in ti
Application Optimization Support block. Enablingm powe-save mechanism which are currer
not supported by the standard can be facilitatethenPowe-Saving block. Other enhanceme
which combine diverse mechanisms also supported by the FLAVIA architecture, throt
combinations between one or more blocks, e.g. stgfdFPS on the upstream, as discusse
Section 3.1.5can be enabled through the combination of thesMeanents and Monitoring blo
which will examine the MS power constraints (MS goweadroom) and the scheduler which -
schedule the user taking into account IFPS sugpatpower headroo
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3.2 Power save analysis for base stations and mobiles with continuous
connectivity

Here we describe the analytical work that has lmeedluctecin the frame of the FLAVIA projec
to analyze the power saving that can be achievaddgns of Discontinuous Reception (DRX) i
Discontinuous Transmission (DTX) in cellular netk®r We also show thimpact of DRX and
DTX on webtraffic performance when customers adopt the caotis conectivity paradigm. To
this aim, we provide a model for packet transmissiod cos We model each mobile user's trai
with arealistic web traffic profileand study the aggregate behavior of the usershettiato a bas
station by means of a processtiared queueing system. In particular, we eve the user access
delay, the download time aride expected economy of energy in the cell. The mosielaiidatec
through packetevel simulations. Ot model shows that dramatic energy save can be athiky
both mobile users and mastations, e.g., as much as% of the energy cost d to packet
transmission at the base station.

3.2.1 Problem statement and related work

The total operating cost for a cellular networkofsthe order of tens of milliol of dollars for a
mediumsmall network with twenty thousand b stations [49] A relevant portion of this cost
due to powerconsumption, which can be dramatically reduced bingi efficient powe save
strategies. Power save can be achieved in celhdawvorks operating WiMAX, HSPA, or LT
protocols by optimizing the hardware, the coverage the distribution of the signal, or also
implementing energy-awamadio resource management mechani In particular,here we focus
on power savén wireless transmissions, which would enable teplayment of compa (e.g., air
conditioning free) and green (e.g., solar powerrafgel) bas stations, thus requiring le
operational and management cc

An interesting case study is offered by the behavianallysis of use that remain online for lon
periods. These users request a continuous avéyabfl a dedicated wideband data channel
order to shortethe delay to access the network as soorew packets have to be exchan: This
continuous connectivityequire: frequent exchange of contrplckets, even when no data
waiting for transmission. Therefore, in case of continuous eotivity, a huge amount of ener
might be spent just to cootrthe higl-speed connection, unless power save is enfo

However, since power save mode affects packet dslaye constraints have to considered
when turning to the power save operational modaiePsave and sleep mode in cellular netwt
have leen analytically and experimentally investigatedthe literature, mainly from the us
equipment (UE) viewpoint. E.g., power save in tHdTS UE has been evaluated[50] and [38]
by means of a seniitarkov chain model. The authors[39] proposed an embedded Markov ch
to modelthe system vacations in IEEE 802.16e, where the Iségtionqueue is seen as an
M/GI/1/N system. In [4Q]the authors usen M/G/1 queue with repeatedhcations to model &
802.16¢like sleep mode and to compute service cost for a single user downlo

Analytical models supported by simulations have proposed by Xiao fc evaluating the
performance of the UE in terms of energy consumptiac access delay in both downlink a
uplink [41]. The authors of [44provide an adaptive algorithm that minimizes enesgpjec to
QoS requirements for delayhe existing workneither tackleshe base station (or evolved node
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namely eNB viewpoint nor analytically captures the relatibatween cell load and service r
statistics. Furthermore, for sake of tractabilityany of those studies assume that packet ari
follow a Poisson model. Instead, in real netwotke, user traffic an be very bursty and follo
long tail distributions [51].

In contrast, in our work use @G/1 queue with vacations to model the behe of each UE, and
we compose the behavior of multiple usento a singleG/G/1 PS queue that models the el
traffic. We analytically compute t cost reduction achievable thanks to power save r
operations, and show haw minimize the system cost under QoS constraintgarticular we refe
to the mechanisms rda available by 3GPP fcContinuous Packet Connectin (CPC), i.e., the
Discontinuous Transmission (DTX) and Discontinu®eception (DRX) [5]

The importance of DRX has been address¢ [53], where theauthors model a procedure -
adapting the DRX parameters based on the trafficathl, in LTE and UMTS, via a se-Markov
model for bursty packet data traffic. A description of KRacvantages in LT from the user
viewpoint is given in [54py means of simple cost model. In [55the authors use heuristics
simulation ® show the importance of DRX for the (

Our contribution is threefoldi)(we are the first to provide a complete model fa& behavior o
users (UEs) and base statidedlBs) in continuous connectiv and with norPoisson traffic, i{)
we provide a cdsmodel that incorporates the different causes pratione costs, andiif) we
show how to use the model to minimize operatiomaits under QoS constraints. Our model
been validated through pacHKetrel simulations, and our results confirm thatremendous cost
reduction canbe attained by correctly tuning the power save rpatars. In particular, eN
transmission costsan be lowered by more than%.

In the following subsections we first revi power save operations in continuous connect
mode; then we descriteemodel for cellular use generating web traffic, we illustre a model for
downlink transmissions, andescribt how to evaluate flow performance and transmissiosts
Finally we eport our model validation experime, and numerically showhe power saving that
can be achieved under the assumption of the 3GRBZraffic evaluation mod [56].

3.2.2 Continuous connectivity

Cellular packet networks, in which the base station adiesdthe ust activity, require the onlin
UEs to check a control channel continuot namely forT,, seconds per systemot (i.e., per
subframeTgy.For instance, CPC has been defined by 3GPP éorext generation ¢ high-speed
mobile users, in which users register to the datket servic of their wireless operator and th
remain online even when they do transmit or receive any data for long per [57].

A highly efficient power save mode operation isnhstrongly required, which would allo
disabling both transmission and reception of frah@&sng the¢ idle periods. The UE, however,
to transmit and receive contraames at regular rhythm, every few tens of mill@ets, so the
synchronization withthe base station and power control loop can be tanagd. Therefore, idl
periods are limited by the mandat control activity that involves the UE. To save &erwhen
there is ndraffic for the user, the UE can enter a power saeele in which it checl and reports
on the control channels according to a fixed pajtee., onl once everym time slots. Relevant
energy economy can be achie, as we show later in this document.
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In change, the quedepackets have to wait for trm-th subframe before being serveln the
following we formally define DRX and DTX throughdBGPP specifications originally meant
HSPA systems. Howevebopth DRX and DTX operations cale easily mapped co WiMAX and
LTE operations thainvolve the frame duration instead of the subfrahece our work applies
HSPA as well as to WIMAX/LTE system:

3.2.2.1 Discontinuous transmission

DTX has been first defined by 3GPFHease 7. It is a UE operationabde for discontinuous uplir
transmission over the Dedica Physical Control Channel (DPCCH). With DTX, UEsnsait
control information according to a cycle. There amtually two possible DTX cycles. The fi
cycle is used when some datetivity is present in the uplink (normal operation), ant i shor
cyde (one or very few subframeThe second cycle is longer (up to tens of subfry and is
triggered after an inactivity timeout in the uplidata channel expir (power save moc operation).
The thresholdM for inactivity period istypically a power of 2 subframeSince transmissions ¢
uplink data channel can only start in parallel  DPCCH transmissions, DTX also regulates (
transmissions.

3.2.2.2 Discontinuous reception

DRX is anoperational mode defined by 3GPP release 6 foUthéc save energy while monitorir
the control information transmitt by the eNB. It also affectdata delivery, since no data can
dependably received without associated control frame. 3GPP cifications define a cycle, whi
is the total numbeof subframes in a listening/sleeping window outmbiich only one subframe is
used for control reception. Sugges values for this cycle are 4 to ffbframes (i.e., using «ms
subframe in HSPA yields aycle of 8 to 40 ms). DRX is activated onlypon a timeout expiry afte
the last downlink transmission, arlike DTX, the timeout thresholdpecified in the standard M
subframes, witiM being a power of z

3.2.3 Power save model

We focus on the poweronsumption due to wireless activity on the interface of mobile usel
(UEs) and base station (eNB). On the one hand,ssenae that uplink control transmission follc

the DTX pattern. On the other hand, the UE hasettbde th downlink control chanrl according
to the DRX pattern, and receipackets accordingly [57]Thus, uplink power save can enabled
by means of a long DTX cycle, with a timeout whakeatior can be of the same order he

subframe sizeSetting DRX cycle and timeout similarly enforcesadink power sav. Thereby,
power save issues in uplink and downlink can be efez in a similar way, and there is litt
difference between the cost computation of a sitiffeand the ce of a base statiolln practice,
the evaluation of the costs at the eNB, can be a¢ the collection of costs over the control ¢
data channels towardse various UES, plus a fixed |-cell operational cost that the e has to pay
to notify its presece and maintain the users synchroni Therefore, here we focus on t
downlink only, and begin our analy with the behavior of a UE receiving a data stre
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Figure 36: Downlink queue activity with power save and nornoperatior.

3.2.3.1 Power save in downlink

As illustrated in Figure 36downlink power save can obtained by alternating between t
possible DRX cycles: afteany downlinl data activity there is a short cycle irhich the UE
continuously checkghe control channel at each subframe (normal ojperahode); instea upon
the expiation of an inactivity timeouT,y, consisting ofM subframes, there is a longeycle in
which the UE checks the control char periodically, with periodm subframes (power sa
mode)’In power save mode, the UE samplesdownlink control channel eveim subframes, and
returns to normal mode as soon as channel sampling detectscantrol message indicating tf
the downlinkqueue is no longer empty. Note that UEs do notivecany service duringi) Inorm
i.e., idleintervals in normal operatio((ii) timeout intervals, andik) lps, i.€., idle intervalsspent in
power savemode. To quantify the power save that can be aeliet the UE, i the following
subsectionsve model the behavior of downli transmissions with DRX operations enabled
users generating web trafficAfter that, we alsodiscuss the tradeoff between -packet
performance and p&JE cost. Our model can be aded for systemsising slotted operations, a
in particular LTE and HSPAS57]. The model can be applied to both uplink and dovkn
However forsake of clarity, we explicitly deal with th@wnlink case Achievable cost saving ar
performance metrics will be expressed as a fun of the subframe lengtTs,, and the DRX

! The actual system timeout li4-subframelong. However, since the UE checks for new tradfiche beginning of a subframe, the UE switche
power save mode if it does not receive any traffast at the beginning of ttM™ idle subframe. Therefore, it is enough to have mvals for M-1
subframes and the UE will not receive any packeM subframes.
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parameters, namely the timealuration, through the parameteé; andthe DRX power save cyc
duration, through the parameter

We assume fixetength packets, and the server capacity is examtls packet per subframe.
However, no packet is served for UEs in power saegle, and the server capacity is sharet
eachsubframe, between the UEs opera in normal mode. Therefore, we model a sm that
behaves as &/G/1 PS queue with refated fixed-length vacations ohTs,, seconds. Before
proceeding with the model derivation, we introdtlee traffic model adopted this study.

3.2.3.2 Traffic model

We assume that downlink traffic is the compositdrusers' we browsing sessions. Traffic profi
is the same for all users argas follows. The size of each web request is neoldas suggeste
by3GPP2 in [56]: a web pga consists of one main obj¢ whose size is a random variable w
truncated lognormal distribution, and zero or memgbedded objects, each with random, trunc
lognormaldistributed size. The numbof embedded objects is a random vari derived from a
truncated Pareto distribution. Each web page réd triggers the download of the packets carry
the main object only. Thengarsing tim«is needed for the user applicatiol parse the main object
and request the embedded objects, if The parsing time distribution is exponential witte A,.
After having received the last packet of the ldsjeot, the customemreads the web page for an
exponentially distributedeading tim(, whose rate ig;. If no object is embedde the reading time
includesthe parsing time. Finally the custonrequests another web padrigure 37 depicts the
downlink queue size for on®lE, during a generic web page cycléable 4 summarizes the
parameters used for tigeneration of web browsing seons. Note that the probabili¢sto have no
embedded objects in a web page can be computedigtitb¢ distribution of he truncated Pareto
random variablé described inrable4. Note also that the downlink of the web page expess ¢
small access delay due to themgetior of the current DRX cycle before the first packetlod new
burst could be served.

A queue size

access ., access

first

system cycle (web page)
Figure 37: System cycle with web traffic as defined in [56].
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Table 4 Parameters suggested by 3GPP2 for the evaluatbweb traffic

Derivation

Quantity

Probability distribution

Parameters

Main object size Smo = [X]

fnz—py)
e ——4
Zax

(271‘0'3() % e

Ifx(z)= TR
Emax 1 _%25.’_
P = 2
[ty

Tmin

T E [z'miru -rmax}
(a7

dt

bx = 8.35, oTx = 1.37,

Tmin = 100 bytes, £max = 2 - 109 bytes

Number of embedded objects

-f\reo = |_YJ — Ymin

il

fr () = azB%,

& YvE {ymin:ymaxl

Mmac

£y (Ymax) = [1 = (212 )*] & (y — ymax)

Ymin = 2, Ymax = B

c=1.1

_(ne—py)

. . (2‘:1'0'%) TZe 20
Embedded object size Baw=[Z] fz(z)= - pz =617, oz = 2.36,
Fmax " _(nt—pg)
i P
/ (2#0‘%) Ze Yoz dt
“min
2 € [Zmin; Zmax]) Zmin = 50 bytes, Zmax = 2 - 10 bytes
Reading time Ay o) =Ae 28 £ >0 Ar = 0.03
Parsing time Ap fa, (&) = dpe™p, £ >0 Ap = 7.69

In our model, we assume that the time to requestla object with an http GE command is
negligible in comparison with the time needed tospathe main obje« and therefore also in
comparison with the time needed for a custom read the web page. Hence we incorporate
request delay in the parsing tiraed in the reading time. In this way, we clearlgus our study o
the soleimpact of the wirelestechnology on the system performance and ¢ Furthermore,
packet arrivals are supposed to be bursty aftdr €4€T reques so that no power save mode ¢
be triggered after an object download be¢i.e., all power save intervals are contained iher
parsing or reading timesVith these assumptions, we study the system pedioce throug the
analysis of a generic web page download and itsdru More precisely we study the system cyc
defined as the time in between two consecutive wgbpeqests. Therefore, the system cycle
be decomposed in four phasas,depicted | Figure 37: i) download of the main object the web
page, i) pasing of the main objec(iii) download of embeddeabjects, an(iv) web page reading.
The first three phases represent the web page dadrilme, from the first packet arrival in t
eNB queue to th&ast packet delivery to the UE. Access delay angnload time characteri the
service experienced by the custor

3.2.4 Model derivation

Here we derive the time spent by the system invir®us cycle phase For ease of notation, v
define B=ex(-ApTsuy and S=exp(-A Tsup) as the probabilities that, respectiv the exponentially
distributed parsing time and reading time are lontg@r one subframe. Hence the time:
probability isg™" in readingime, and3,"* in parsing time.
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3.2.4.1 Timeouts in acycle

Each cycle always imedes one reading time, while the parsirme is present with probability-
U, 1.e., only if there arembedded objects. Therefore, the average numhkenebuts in a systel
cycle is:

E[Neo) = 71+ (1 — ) B2
Hence eah cycle includes, on avera(E[No] (M-1) Tsyp Seconds due tiimeout occurrence

3.2.4.2 Idle time in power save mode

The average time per cycle during which system isin power save mode, denoted o, is
computed by summing up thime spent inpower save mode (the intervelys as in Figure 36)
occurring in the reading time and in the parsinggtiifany is present in the cycllg = lpgreading*
lpg parsing Thanks to the memoryle property of exponential arrivals, the interval beém the
timeout expiration and the arrival of the next dptecket is exponent too, and has the sar
exponential rate. In particular, the power saverirdl that begir in the reading time lasts
multiple number of checking intervim Tg,, with the following distribution and avera

P (Iy = jmTsys| reading timeout)

= P(0 arrivals in (j—1)mTgyp)[1—P(0 arrivals in mTgys)
=Y Tu-8m), iz

TS’LL
E[Iy|reading] = B,M_llm_iﬁ:l
where we also removed the conditioning on the tumeacurrence. Similarly, for the parsing tin
. — stub
EII _ pM—1 ML sub
[1o|parsing] Bp 1— By

Therefore, the expected value of the time spemioiwersave mode in a system cycle is given
the following average:
mT’ b mT b
ElI.] = M-1 SU 4+ (1— M-1 sU
Note thatE[lg] is a function ofm andM, the web trafficparameters being fixed. It is easy to f
that the power save intervd} monotonically grows with the duration of the DRXcby, ant
decreases with the duration of the time:

3.2.4.3 Idle time in normal mode

The amount of time spent in normal m without serving any traffic is the sum of the notmmende
idle intervals due to parsy and reading time Since we counted apart the time spent ireouts,
here we only count theatervalsl,om, Whose sum over a system cyidedenoted b1 = lnomm reading
+ Inomj parsing Considering thalt,or is always a multiple ofspbut smaller than a timeut, and since
the component af; in reading tim is lnom reading the conditional distribution 4 in reading time is
as follows:
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P(Il = stub|reading)
=  P(Inorm = jTsup| exp. arrivals with rate \,.)
gt i=0;
Bit(1—p) 1<j<M-1
Hence the conditionakpected value of this intervl, is:
1- MM +(M-1)gY
1— 5 '
Similarly, the expected value fche time spent in normal mode with traffic to be served durin
parsing, without counting thiémeout, is given b
M-1 M
1-MpB, +(M—1)/6’p |
1—-0p
Therefore, on average, the time spent in normalenaithout serving ar traffic during a syster

cycle is given by the timeout intervals plE[l;|reading], plus X times E[l|parsing]. So, the
expected value df increases with the timeout durati throughM.

E[I|reading| = Tsyup

EI|parsing] = Tsusp

3.2.4.4 Cumulative idle time

The cumulative amount of idle timl in a cycle is the sum of timeouts,andl;. Its expected value
is then as follows:

— stu ]-_ﬁqM_l
Bl = 8 g + o5 —
- stub ]'_IBM_I
+(1 — T/J M1 +Tsub L .
( U) ( P 1_/651 1_ﬁp

E[l] is a decreasing function M, and increases witm. However, with our mdel assumptions,
E[l] is slightly larger than thesum of reading and parsing times. Mgreecisely, its value i
bounded as follows:

11— 1 1
— ElI< —4+mTup+(1— — Tsup | -
I W 1] < 3 tmTous+(1=40) (A,,,*m b)
Given thatm can be as high as few tens, €Tgy is only few millisecondsthe productmTg, is
negligible in comparison with the average parsing eeadin times. Hene, for all realistic value

of m, the pereycle idle time can be considered constant andlequis lower bound

3.2.4.5 Busy time

The expected time spent to serve the pa of a web page, i.e., the busy time in a cycle,iveny
by the expectedumber of packetE[N,] per web page times the expedtservic time E[d]. The
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number of packets depends on the distributic the web page objects, and it is 3¢ with the
3GPP2 traffic model reported able4 2

The service time depends on the number of active &Hfl on the serv capacity, as we show lat
in this section.

3.2.4.6 System cycle duration

Putting together the results for the time s in timeouts, idle intervals, and busy periods,
expected duration & cycle is given b

E[T,] = E[Nio](M—1)Tsup+ E[Lo]+E[I1]+E[Np|E[o]

= E[I]+ E[N,|E[o].

The relation betweeR[T;] andE[d] is linear with acoefficient that is determined by the web p
object distribution. Sinc&[g] too will be slown to grow withm and decrea: with M (see next
paragraph), the entire expected system « increases wittm and decreases wiM. Furthermore,
as the expected servitiene increases with the numktN, of UEs attachedb the eNB, the syste
cycle behave likewise. Howeve, bothE[l] andE[ ] are barely affected by andM, therebyE[T.]
is mainly affected by, only.

3.2.4.7 Service time

We assume that there afghomogeneot UEs in the cell. The activity factor of each UE
_ EIN,JE[s] _ _ E[N,|E[o]

E[T] E[Np]Elo] + E[I]
Equivalently, we can interprgtas the probabilit that aUE is under service. Note thE[ d], E[Ny],
andE[l] assume alays positive values, and thE[T¢] > 0 and 09<1. From the point of view of
generic queue, the service time in 1™ subfame only depends on the numiNy(l) of queues
which transmit in that specific subframe. In fact, thevdbnk bandwidtl is shared between the
active and backlogged queues, the total servingagpbeing fixed to one packet per subfra
Thus, given that the" queue he a packet under service in tl’?ésystem subfram the service time
for thei™ queue isTsu, Na (I). Since w: are interestd in the service time for th™ queue, we
conditionthe observation of the service time to the transimisof a packi queued i thei™ queue.
Hence, considering all queues as i. the number of acte queues is a random variaN; = 1 + v,
with v being a random variable exhibiting a binomial dsttion between 0 anN,-1 with success
probability o. Thereby, the average sece time is:

Elo| = Tsup E[1 + v] = Tsup[l + (Ny — 1)p].

Hence, considering thexpression op as a function oE[d], we have a system of two equatic
intwo variables, from which we can compiE| g].

<1

“We use 150@yte packets and consider each object as an integaber of packets. Hence, after having computechtimber of byteN, in an
object, we consider that object as consistingeiffN,/1500) packets.
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Proposition1: The expected packet serviE[g] is the unique positive solution of tl
following quadratic equation:

E[N,] E*[o]+(E[I] — E[Np] NyTsu) E[o]—E[I]Tsub = 0.

Proof. the equation is obtained by combinithe expressions fdE[g] and p. SinceE[Ny]
andE[l] are positive numbers, the quadratic coefficierthmequation is always positive, whilst 1
constantterm is negative: this is necessary and suffictenbhave one positive solution and ¢
negative solution. However, the negative solt has no physal meaning. Thus, the positi
solution is the only acceptable solution candid

Corollary 1: The expected packet servE[d] is:

(E[Np]NuTsub_E[I])"‘\/(E[I]_E[Np] NuTsub)2+4E[I] E[Np] Tsub
B[N, '

As we stressed before, the telE[l] increases withm and decreases witl, but its variations are
guite limited. So, thanks to themllary, we can conclude thE[ g] behaves aE[l], i.e., it is barely
affected bym andM. FurthermoreE[d] grows withN,, i.e., with the number of UEs in the c¢
Notably, the impact oNy on E[d] is amplified by a factor equal tihe average page SiE[Np)].
Since a new web page is requested only after tdirrg time of th previous request, the numt
of customers has no theoretical upper bound. It f&rvice time and system cycle just k
growing with the numbeof UEs, an the average cumulative traffic generated and sepex
subframe iSNWE[Np]/(E[NG]E[ 0]+E[I])<1/Tsu Thus, as the system approaches saturaE[ o]
tends toN,Tsun Since in saturation thN, users are always active areteive a fraction N, of the
server capacity. The asymptoticstribution of the system cycle duration is constand equal 1
Tc ™ = E[NG]N, Tsus+E[1], which scales linearly with t number of users and loosely deps on the
power save parametemsandM.T."P is an upper baud for the evaluation of the syst cycle, and
can be used to limit the maximum number of custemiu: guaranteeing a maximum web pe
processing time to any custom

3.2.5 Performance and cost metrics

The impact of power save mode on web traffic caevaluatedn terms of access delay and pi
download time, assuming that the traffic is served. Costs due to wireless trassion anc
receptionof packets are to be traded off v such indicators. Therefore, we first derive
expression for perfornmee metrics and show how to compute the fractiotineé during which
power save can be realistically obtained. Then wvd the parametric expressions for cost
powersave at both UE and eN
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3.2.5.1 Performance metrics and power save opportunities

3.2.5.2 Page download time

The timeW needed to download a web p includes the time to download each and every pi
packet, the time to pargdbe main object of the page, and the accelay. Hence, we can deri
E[W] as the difference betweé&ijiT;] and the expected reading time:

E[W] = E[T,] — Ai

3.2.5.3 Access delay

The access delay is the delay experienced aftedamyload request. In our model we cons
only tha part of the access delay t is dueto the wireless access protocol. In particular,haee
two epochs within each cycl#t which a request can experience access deldheatnd o the
reading time, corresponding to a new page requast, at the er of the parsing time,
corresponding to the request for the embe objects. We namé the total access del:
experienced whin a web pa¢ download, thus accounting for the delay accumulatedoth
reading and parsing times[D] can be easily computed by subtracting the parsing, the readin:
time and the busy time from the expected system cyalatidum (se Figure37), i.e.:
1 1— 1y

E[D] = E[I]- (ZJF . )
The expected access delay is a function of the posewe parameters used in the D
configuration, plus the traffic profile parametettsrouch A, A, E[Ny], and ¢o. However, using the
upper bound foE[l], one can conclude that the access delay is ugperded to (- ¢b)MTsup

3.2.5.4 Power save time ratio

Economy of energy can bachieved by reducing thactivity of radio interface, including the
possibility to turn offradio transceivts, according to the DTX/DRX pattern. Therefore, powave
opportunities can be measured through the fraaifooycle during which the transceiver can
deactivated. In practice, UE and eNB can spower duringo, which is a multile of mTg, but for
the intervals in which the UE has to check the mdnthannel, i.e.exactly T\, seconds out o
subframes. The power save time ratio is then defasefollows

re (1= o) B

Considering thag[T] is almost insensible tm and M, but increasesvith Ny, and recalling that
E[lg] increases wittm and decreases wiM, we conclude thaR is an inceasing function om, and
it decreases witM andN,.
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3.2.5.5 Cost at the UE

Whenever the UE receiver istave, its consumption rate i&n, andcys<Con otherwise. Decoding
packet has aradditional consumption ratec, while listening to the contr channel has an
additional consumption ratec,. The average consumption is a combination of thiese
consumption terms. Recallintpat control channel listening is performed in eacloframe ir
normal modebut only in one out om subframes in power save mode, and taking the aearagr
a system cycle, we obtain the following cost per.

CUE(maMa Nu) = (]_ — R) Con +chs —|—pCT$—|—(1_

m—1 E[IU]) Tin
Cln-

m  ET.] ) Tsuwp "
Considering a fixed wetraffic profile, the cost is a function of the pavsave parametem andM
affectingR, p, E[lo], andE[T], and of the number of useN, which appears iE[T.] and hence in
R. The cost with no power savnode is computed by pluggitE[lg]=0, which isequivalent to
settingm= 1 andM-> 0 in the UE cost equatiol

T
OUE(laOO:Nu) = Con+ P Crg + T_ncln-

sub

Finally, the relative power save gain that cantteireed is
. CUE(lyooyNu)_CUE(m7M7NU)
G JM,N,) =
ve(m ) Cor(l,00, Ny
v(m) E[Iy]
Cyg(l,00,N,) E[T]’
where the quantity{m) is a cost reductic factor which increases with the DRX power save €

length, that is:
Tin 1Y\ Tin
v(m)= (1— mfli ) (Con—Cps)+ (1——) TLc;n.

sub m sub
We can conclude that the relative gain is a fumctiwat increases with the duration of the D
power save cycle (i.e., wittm), and decreas with the timeout (i.e., wittM) and with the numbe
Ny of users in the cell.

3.2.5.6 Cost at the eNB

The discontinuouseception and transmission is defined on &UE basis, an thereby the eNB
power save can be expressed as the sum of power ®asr al users. However, the eN
experiences some additional cost for cell managertsmchronization, pilots, etc.). Hencthe
eNB cost peassociated UE, namely e is expressed similarly to the UE cost computedezair
this subsectionwhere the reception cost rec is replacedy a transmission cost racy, and the
listening cost, is replaced byhe signaling cst ¢ The additional peeNB fixed costc: does not
depend on the transceiver activity and it is nolynallge Recent works show that it can be as t
as 10 times the average cost fi@nsmitting data over the air interface [5B] sum, the total ba
station cost rate with homogeneous use

CBs(m,M,Nu) = NUC&E(m,M,Nu)—I—Cf.
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The relative power save gain is then as foll
7' (m) E[Io]
G m, Ma N'u = cf )
B ) Cp(1,00,Nu) + 5= E[T]

wherep is obtained fromyby replacincc, with csq. Note that with few users the main e cost is
represented by the fixed cast thereby the gain increases with number of users until the |-
user cost becomes the predominant term in the deadon of Ggs

3.2.6 Evaluation

In this section we first evaluate the model usingaxke-level simdator that reproduces the
behavior of downlink transmissions. Second, we te model to perform the optimization
power save parametemsandM in order to minimize the transmission/receptionts subject to an
upper bound for access delgjD] and download tim&[W].

3.2.6.1 Simulating the G/G/1 PS queue with web traffic

We developed &++ eventdriven simulator that reproduces behavior of a time slotteG/G/1
PS queue withN, homogeneous class In the simulator, each class can be in two dint
operational modesiamely normal mode and power save mode. The slpaoggssor resources
allocated equally to all classes in normal modthatbeginning of ear time slot of duratiorTsyp
The traffic is homogeneously genera in accordance tohe 3GPP2 evaluation methodolc
discussed beford~urthermore, all simulated packets have same size, i.e., 1500 bytes, and
processor capacity is 1500 bytes slot. Hence, if only one class is under servicgaeaket is
served completely in oneadl Otherwise, since the processor is sharedJadkses in norm mode
have a fraction of packet served in that slot. Tdie pel-class sharés computed as one over t
number of classes in normal mode. However, class has not enougdbacklo¢ to use all its
processor share, unuseelsources are redistributed amongst the remainiagses. The servi
process can last one or more time slots per paakdtpacket service considered complete at t
end of its last service sldBimulations e performed fodifferent numbers of classN,, duration
of the timeout (througtM), and duration of DRX power se cycle (throughm). Each simulation
consists of a warmp period lasting 10,000 seco (5,000,000 slots), followed by 100 runs, e
lasting 10,000 secondStatistics are separately collected in each rurithétend of a simulatic all
statistics are araged over the 100 runs and% confidence intervalgre computed for eac
average result. Simulations have to be run for sudbng timeto have statistics with relative
small confidence intervals:ué to heavy tailed distributions involved in thengeation of we
traffic, the number of packets per cycle has a htageance. Furthermoi simulations with a higl
number of users require yyelong CPU time (in our specific case, a singhlawdation point require
up to 12 hoursf a 3 GHz Intel Coi2™ Duo E6850 CPU), whicmakes it prohibitive to explore
detail all possible values of the in parameters. As a reference, our model ce run with the
Maple softwaren as few as 30 seconds on the same machine ussinfaations

The model, however, neglects the correle between the activity of different usele.g., in the
computation ofE[g]. However, the comparison between moded simulation shows that tt
modelapproximates the system performance with a goodracg. In particular, here we compi

Deliverable D5.2 Version: 1.1 Page 92 of 104



(@€Y)

FLAVIA
FLexible Architecture
for Virtualizable wireless future Internet Access

Grant Agreement: FP7 - 257263

three performance indicatorsystem cycle duratioE[T], power save time ratiR, and service
time E[d]. E[W] could be easily computed froE[T¢]. For clarity of presentation, we show onl
subset of the results obtaindd. particular we selected some extreme cases teHtdepict the
variability of performance with the parametem, M, andN,.

Figure 38compares the estimatesE[T.] obtained with thanodel (lines with marks) and with tl
simulator (marked points) famwo very different values om (4, which is the minimum in th

3GPPrecommendations, and 100). The lower partefiifure contains the rest obtained with
one user, and the uppeart reports the results wiN,=400users. The results of the simulation

highly variable due to the hey tailed distribution in webpage size statistics, hence %-

confidence intervals appekarge over the zoomey-scale used in the figure. Though the avel
valuesshow some small difference, both simulations andlehbehave similarl The maximum
relative difference between model and simulatiothvane users within 1%, and it is below 2¢
with N,=400 However, model estimates within the 99%eonfidence intervals of simulatic
estimates. The main cause of the difference betweenesults ofhe model and the ones obtair
via simulation is in the estimation of the servitee, whicl linearly affects the cycle durati. By

observing Figure 34t is clear that the model slightly overestimate service time for high value
of Ny, i.e., when the correlation betwt multiple users, in terms of probability to share game
transmission slot,dcomes relevant. As predictem andM do not sigificantly affectE[ g]. Figure
40 illustrates the power save time raR. Model's andsimulation's results are very close in

cases, and confidence intervals every small, so we omitted them in the figure. Tlesults are
sensitive tom andN,, while the effect oM is almost negligible for short timeouts. In conclusi
simulations suggest that we can safely use the Inodestinate the system performance a
evaluate its potentialities for power save with gj@acuracy

30,5 [ R e R e G R R e
! i : | 1 1
S S B
—_ :1: ‘ o L -+ +
2 315 -
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- - ) i
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!>1< 7777777 * >1< 7777777 ; ;;;;;;; >1< 77777 - ; 777777 1 9 1 g
30 i 4 ] i 1]
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Figure 38: System cycle duration is affected by the numbeusérs. It slightly grows with m and is alma
insensitive to M.
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Figure 39: The service time grows with the number of users as@lmost not affected by the timeout and the D
power save cycle durations.
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Figure 40: The power save time ratio computed forITs.43.

3.2.6.2 Model-based parameter optimization

Here we want t@ompute the optimal values m andM that yield the highesgain while keeping
low the access delay and the download time. Weidenthe eNB cost only, but the results car
easily extended to the UEeRsonably, the cost for transmitting a data paskieirger than the cc
for transmitting a control packet, which usualljkda less bandwidth. Both transmitt and
signaling costs are much higher than the costag sh, which, in turt is at leasione order of
magnitude greater than the cost to stay in powee mode. As an example,e use the following
values: ¢,=100, cs&=50c,,=10, and cps=1. Additionally, as suggested by experime
measurements [58Jwe consider a base station cost order of magnitude hier than the

transmission cost=100Q We assume thaontrol packets have duratidn, =Tsu/3, €.9., the UE

has to listen to the control chan only during the first of the threeaés composing an HSP
subframe.
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Figure 41: Access delay (independent on the number of us

Figure 42: Relevant power save gain can be obtained with srtialeouts, even for power save intervals lasting/

subframes.

The access delay experienced in the network isrtegban Figure 41E[D] is sensitive tom,

especially with low timeout values. However

e.g., below 20, yield acce

readaa values om,

delay times not higher than 401 With the chosen cost parameterse tunction y(m)—not

depicted here for lack of spaegrows very fast for smaln, but it quickly saturates. In practice,

values ofm larger than 20 do not give substantial ( advantages with respect to m:, that is the

maximum value suggested by 3GPPfor CPC. The rela@am at the eNB is reported Figure 42

for a few values olN,. One can notice th low to medium values of tl timeout, jointly with

moderately high values of, allow to obtain a releva gain as soon as the number of users ree

10. In fact, when few users aattached to the e, the main cost figure becomc;, which is fixed.

However, as shown in Figure 4iBthe number of users grows above 350, the gairdes. In fac

with too many users, the system saturates andawelr-save opportunities diminis
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Figure 43 A large gain can be obtained over a wide spectrafmumber of users as soon as m grows to few i
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Figure 44: Relative gain for different number of useroptimized over bounded download time and accesay

Last, Figure 44hows some particular cases of system optimizaliotihe figure Dy andW denote
the maximum allowable access delay and downloack,tirespectively. Each optimization
performed ovem andM, given a fixed number of useN,. Each optimized value of the gain
labeled with the pairM,m)that corresponds to the optimum. The re shows that the gain c
exceed 70% while keeping the access delay bouraéeks$ than half second, and the total
page download time below one second. However, 4@t@ users, the minimum download til
grows above one second and the system can optimized unles$\, was raised to a few secon
Note also that the optimization with very smalluesd of the access delay can only be obtaine
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setting a long timeout and short power save intsr{@g.,M=256 andm=9 with 100 users yielc
about 60% gain, with no more than 10 ms of accetsy§l With higher access delay bounds, ¢
as high as 100 ms, the optimal timeout is the skbpossible, i.e., M=2. Almost in all cases,
optimization suggests to use v large values fom. However, observingigure42, it is clear that
nearoptimal gain can be obtained with valuesm as low as 20.

3.2.7 Summary and remarks on the implementation by means of FLAVIA

We have shown how tmodel aG/G/1 PSsystem representing the download transmission &
of cellular users adopting the continu connectivity model. The model, which has been aéd
through simulation, isdsed on two basic assumptio(i) users can receive traffic accordito the
DRX paradigm, andii() the usergenerated traffic is a realistic sequence of walepaquests. W
model the peuser activity and evaluate the service s that the base stath processor can grant
each userFurthermore, we propod a cost model and show how to optimize the powee
parameters to minimize the cost under bounded admay and page download timemarkably,
we show that up to P@ or more of the downlink transmission cost carséeed while preservin
the quality of packet flows.

In order to implement the proposed optimizatiormischeduled system, the FLAVIA architect
has to provide, on the one hand, the tools to nmeassr traffic activity and estimate tf
parameters that characterize such activity. Toeaghthis goal, thMeasuremeis and Monitoring
service of the FLAVIA architecture, as defil [59], has to permit the definition of a few spec
filters to collect the needed measures at botho#se station and the terminal. On the other h
the FLAVIA architecture contains a Power Savingvee [59], that manages the parameters
to enforce the idle mode of WiIMAX devices as wealldefines the activity/inactivity cycle of tl
radio interface. Therefore, the Power Saving servicas to permit the definition
activity/inactivty cycles and the manipulation of their paramet€&isally, in order to enforce tt
dynamic tuning of the optimal power saving paramsgetén accordance to the estimated tre
activity, the FLAVIA architecture can either intermect directly the Pow Saving service to the
Measurements and Monitoring service, or use the\RARAcontrol plan to initiate the monitorin
activity and fetch the measures, and then compa®ptimal power saving parameters and enf
them via the control interface availa to the Power Saving service.
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4 Summary

In this document we summarized the research reachievedin the first part of the project ar
described some of the ongoing research. The rdseastlts wereclassifiec according to four
different aspects ofcheduled access technology, namely (i) radio resoallocatio, which
suggests schemes for both intra cell resource altwt ani intercell resource allocatio (ii)
cellular architecture and scena, which propose new paradigrfe organizing celllar systems;
(iif) power-save schemes which, based on a comprehensive measurement study ofother
consumption of different operational mo, we analyze the performance and tradeoffs bet\
various poweisave modes, and suggest protocols and ithms to reduce the power consumpt
of mobile devices and base static (iv) scheduled solutions for content-based technology,
which suggest enhancements that support sct-based operations over conten-based
technologies.

Throughout the documénve examined the support of FLAVIA’s architectioe each suggeste

solution, highlightedhe functions and modules that support each sulchi®o or mechanism ar
thus proved=LAVIA’s architecture flexibility
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APPENDIX - A scheduled solution for contention-

based technologies

Scheduled MAC approaches such as 802.16 or LTE Hasveadvantage of better utilizing t
physical resources by precisely controlling wheersisaccess the medium, inherently avoic
simultaneous transmission and channel idle periedgch often occur vth contention based
technologies such as 802.11. However, current TD8yistems suffer from some limitations. F
of all, they require a central controller and -negligible signalingpverhead for acquiring comple
information about the demand of theers and the network conditions. Second, they gredily
deployed in licensed spectral bands; thereforey tingolve significant deployment costs.
contrast, contentiobased access schemes, such as the CSMA/CA protssal in 802.1
WLANS, operate in noticensed ISM bands (2.4GHz and 5GHz in Europe) amdecentralized
by nature, i.e. stations do not need to signahé&ir tpeers prior to transmission attempts. Giver
advantages and shortcomings of the two approachgdidghted above, hybrid olutions that
combine the best features of conter-based and scheduled schemes have been prt
[60,61,62,63]. We aim to asselssw we could implement such contentivee MAC protocol in
the context of the FLAVIA architectul

A.1 Collision-free learning media access control

The Binary Exponential Backc (BEB) implemented by the Distributed CoordinationnEtion
(DCF) specified in the IEEE 802.11 standard inveleeunting down a random number of sl
uniformly chosen integer in the range CW -1], prior to each transmission attempt. This rant
numter is referred to as the backoff counter :CW is the contention window used at ti"
transmission attempt of the same frame. This aghreaduces the probability of collision wh
two or more stations detect the medium availabbk @tempt to transit. However, the chance
collision increases with the number of stations/antheir traffic demanc

A number of protocols have beeroposed that alter this behawriof the DCF to eliminate th
possibility of collisions, converging to a collis-free schedule in a distributed way. For exam
Barcelo et al. [61]propose a scheme called Learning BEE-BEB), where upon a success
transmission stations choose a backoff a fixedevaluthe bakoff counter, equal to the minimu
CW value CWhin) specified by the standard (e.g. 16 for 802.11akdpile following a failure the
value of the backoftounter is chosen randomly as in the case of stdridl@F. In a network with
number of stations less th&Wi,, this scheme converges to a collisiope schedule. [63],
Learning MAC (L-MAC) is proposed, which can be regarded as an evoluiorL-BEB
incorporating ideas from the s-managed decentralizedhannel selection algorithms. T
advantage of IMAC is that it preserves some state upon a coflisi@s opposed to-BEB.
Specifically, eah station that has found a slot that previoustyrtht have competition is likely 1
persist with that slot even after a small numbercoliisions. To achieve this, a probabil
distribution is introduced as internal state focleatation. It determes the likelihood of choosir
each slot in a periodic schedule. The benefit afrag is that it introduces a stickiness 1
improves the speed of convergence to a coll-free transmission schedule and facilitates qui-
convergence to a new schéglwhen additional stations join an existing netwdvhile the detail:
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differ, other schemes that operate on similar fpies have been propos [60,62], offering
improved performance over the default D

Despite the good properties of these protocols dstnated by means of simulations, due to
limitations of the current drivers, no implementatthat demonstrates their beher exists. We
argue that the FAVIA architecture will enable an easy integratiolm such protocols witl
commodity hardware.

A.2 Prototype implementation

As a first step towards the FLAVIA design, we amtlia prototype implementation o-BEB,
which demonstrates the practicality of thehnique. Although this prototype is implementec
software anddcks the accuracy of a hardw-integrated solution, it demonstrates that commc
hardware has sensing and timing capabilities tfeasafficient to implement-BEB.

To implement L-BEB we ely on controlling the duration of the 802.11e #a#tion inte-frame
space (AIFS), a functionality that is available many of the existing network cards to prov
service differentiation. AIFS determines the numdbiephysical idle slots that must Iseen after a
transmission before the restart of a backoff caudexrement, following a sensed transmiss
Our aim is to make use of this functionality in erdo reach a scheduled access to the mediu
setting different values of the AIFS parame for the contending stations. As an example, com:
two stations, the first with AIFS=4 and the secavith AIFS=6, both with a single packet to se
after a current ongoing transmission, as showFigure 45 If both stations chose a back counter
of zero, then we will see 4 empty slots, then tla@dmission of the first station, followed by
empty slots and finally the second station’s traissian

Trigger Station 1 Station 2

Packet Packet ?@t

/ \

4 Slots 6 slots
Figure 45: AIFS behavior.

Thus, if we ensure that the bacf counter is zero, we can order the transmissignsdecting
appropriate AIFS values and ensuring each statsmohne packet queued. In our implementatio
a learning MAC protocol, we use different AIFS weduto identify different slots aftertrigger
packet. Thus the implementation involves the foltagysteps

1. Initially stations randomly select a slot, and AHtS accordingly

2. At the beginning of a schedule, the access pommdsa trigger packe

3. Upon the reception of the trigger packet stail with packets to transmit place a packet in
HW queue.

4. After transmission, if no collision occurred, stei$ select the same slot. Otherwise a sl
chosen randomly and AIFS is adjus

5. Return to step 2.
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Several implementation challenges arise \the above mechanism. First, we must ensure the¢
trigger packet is sent at the beginning of eachedgle. For triggering, we rely on the beau
frames sent by the AP and adjust the beacon irtemaaually. An alternative would be sendi
trigger packes using a queue that has AIFS set to a large yvaleh that triggers will be actua
sent at the end of each round. However, the fppt@ach has the advantage of using function
already available with standard hardware and ire®Ivo modificaons of the AP

Second, we observed that it is not possible torensero backoff counters, but instead it is pos:
to determine them to take they take values in {1,P) do this, we seCWy, to the smallest
configurable value and force tICW,. to the same value, thereby ensuring the binary inereé
the contention window is inhibited. Once we knowttthe backoff counter will be one or two,
work with AIFS values that are multiples of fourarder to schedule the pack

Finally, packets musbe promptly queued after receiving a trigger gackuch that the hardwe
backoffs of the stations are aligned. To do this,call the required queuing function immediai
when the driver receives the trigger pac

A.3 Experimental Evaluation

To validae the performance of our implementation, we deldgstbed consisting of three Eee
701 netbooks each running Debian Linux with kexegkion 2.6.26. Each node is equipped witl
Atherosbased 802.11 interface and uses the MadWiFi drigations e configured in the
802.11g mode with the 6Mbps modulation rate. Thisi@e ensures that losses are only du
collisions rather than channel errors. In each expnt, stations are sending saturated UDP tr.
towards the AP. Each experiment is reed 5 times to compute average values of the metfi
interest with good statistical significan

We compare the performance ¢-BEB against DCF with different CW values, in teraisucces:
rate. Note that we set AIFS to a random number ffén8, 12 16} whenever a collision occur
The results are summarized Trable 5. We conclude that BEB effectively convergences to
collision{ree state and can potentially boost the performansfc802.11 networks even for lar¢
deployments.

Table5: Performance comparison of DCF and L-BEB

Success rate, STA #1 Success rate, STA #1
DCF CW=0 47.9% 69.1%
(AIFS=2) cw=1 59.7% 49.2%
CW=3 66.4% 78.7%
cw=7 80.7% 88.1%
L-BEB CW=0 98.1% 98.9%
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