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Abstra
tCommuni
ating over a wireless 
hannel poses many unique 
hallenges not foundin wired 
ommuni
ation be
ause of the spe
ial 
hara
teristi
s of the wireless
hannel. The 
apa
ity in a wireless network is typi
ally s
ar
e as a result ofthe limited bandwidth and many distin
t phenomenons, like attenuation andinterferen
e, that work destru
tively on the re
eived signals.The Medium A

ess Control (MAC) layer is responsible for sharing this lim-ited resour
e among the users. This allo
ation problem should be handled by
onsidering the Quality of Servi
e (QoS) requirements of ea
h user as to maxi-mize the utility. E�
ient MAC algorithms are 
ru
ial in minimizing 
ollisionsbetween transmissions and thus a
hieving high utilization of the 
hannel.This thesis fo
uses on 
on�i
t resolution and servi
e di�erentiation algo-rithms for wireless lo
al area networks, where there is no 
entral 
ontrol of the
hannel and ea
h sender independently 
ontends for a

ess.In part I, we study three approa
hes to improve the IEEE 802.11(e) stan-dards with fo
us on QoS. In the �rst approa
h, utility fun
tions are 
onsidered,that model appli
ation preferen
es, to a
hieve servi
e di�erentiation and maxi-mize the aggregated utility. We provide algorithms for two subsidiary problemsthat arise from the maximization problem, and show that a near�optimal so-lution is found. In the se
ond approa
h a 
ollision dete
tion algorithm formulti
ast transmissions is proposed, that in
reases the reliability for multi
ast
ompared to the prote
ted uni
ast tra�
. The third approa
h is an improvedMAC algorithm for the QoS standard IEEE 802.11e. The improved algorithmoutperforms the standard and a
hieves 
lose to optimal performan
e for largenumber of s
enarios, whi
h signi�
antly redu
es the need of adjusting the 
on-tention parameters.In part II, we fo
us on 
hannel bursting proto
ols that use noise burststo resolve 
hannel 
on�i
ts. These proto
ols is 
apable of a
hieving very low
ollision probability. We propose two new bursting proto
ols, that a
hievevery high 
hannel utilization, and show that the bursting te
hnique has goodfairness properties and provides e�
ient support for servi
e di�erentiation. Wealso show that it is possible to redu
e the number of bursts without loosingperforman
e.In part III, the optimal ba
ko� distribution that minimizes the 
ollisionprobability is derived. We then propose a heuristi
 ba
ko� distribution withsimilar properties that yields high 
hannel utilization. An extension for servi
edi�erentiation is provided where the sizes of the ba
ko� windows are adjusted.iii
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SammanfattningIdag sker alltmer kommunikation i trådlösa nätverk o
h nya tekniker o
h stan-darder kommer ut på marknaden varje år, ofta med fokus på högre bandbredd.Flera av de tjänster o
h applikationer som existerar för trådbunden kommu-nikation används i allt högre grad i trådlösa nätverk. Många av de krav somdessa applikationer har är relativt svåra för trådlösa tekniker att uppfylla.Kommunikation över en trådlös länk ställer my
ket högre krav på länk o
hfysiska lagret jämfört med trådbunden kommunikation, beroende på de spe
i-�ka förhållanden som uppstår på den trådlösa länken. Kapa
iteten i ett trådlöstnätverk är ofta my
ket begränsad beroende på den ändliga bandbredden o
handra faktorer som störningar.Länklagret är ansvarigt för att fördela denna begränsade resurs mellan an-vändarna o
h för att maximera nyttan av systemet så bör användarnas krav påservi
e kvalitet, så kallad QoS, prioriteras. I nätverket antas att varje sändarehelt distribuerat tävlar med andra sändare om att ski
ka data på kanalen. Ef-fektiva länklageralgoritmer är viktiga i denna kontext för att minimera riskenför kollisioner mellan sändare o
h därmed uppnå hög utnyttjandegrad av dentrådlösa kanalen.Denna avhandling består av tre delar som med olika angreppssätt försökeruppnå hög kanalutnyttjandegrad o
h stöd för servi
e�di�erentiering i nätverketgenom e�ektiva länklageralgoritmer.I den första delen studerar vi olika metoder för att förbättra den trådlösastandarden IEEE 802.11 o
h IEEE 802.11emed fokus på servi
e�di�erentiering.I den första metoden används nyttofunktioner, som beskriver en applikationspreferens i bandbredd, för att uppnå servi
e�di�erentiering i upplänken påett IEEE 802.11 nätverk. Resultat från simuleringar visar att resursfördel-ning enligt nyttofunktionerna uppnås o
h att den totala nyttan maximeras o
hkommer my
ket nära det optimala. I den andra metoden vidareutve
klas enkollisionsdetekterings�algoritm för multi
asttra�k för användning i ett IEEE802.11 nätverk. En sannoliketsmodell för algoritmens prestanda under maxi-mal belastning presenteras, o
h resultat visar att multi
ast uppnår betydligthögre tillförlitlighet jämfört med standardfallet. I den tredje metoden beskrivervi hur ändringar i länklageralgoritmen i IEEE 802.11e, som har stöd för QoS,kan implementeras för att öka dess prestanda. Resultat från simuleringar visaratt den nya algoritmen uppnår betydligt högre prestanda, nästan optimalt,v



under många olika s
enarier med varierande antal sändare. Behovet att up-pdatera parametrarna som �nns i IEEE 802.11e blir därför inte nödvändigt iden nya algoritmen.I den andra delen fokuserar vi på en annan typ av algoritmer som använ-der sig av kortare störningssändningar för att lösa kon�ikter om kanalen innandatasändningen påbörjas. Två nya algoritmer som använder denna teknik pre-senteras o
h resultat från modeller av algoritmerna visar att my
ket hög kana-lutnyttjandegrad kan uppnås med litet beroende till antalet sändare. Resul-taten visar o
kså att fördelning av kapa
iteten blir my
ket rättvis jämfört medIEEE 802.11 o
h att stöd för servi
e�di�erentiering kan implementeras. Denandra algoritmen är utve
klad för att minimera antalet störningssändningarsom krävs för att lösa en kon�ikt om kanalen. Vi visar att den förväntadelängden på den nödvändiga störningssändningen minst kan halveras utan attkanalutnyttjandegraden påverkas nämnvärt. Detta är fördelaktigt ur störningso
h energiförbruknings synpunkt.I den sista delen studerar vi en generisk ba
ko��fördelning, o
h härleder denstationära fördelningen som minimerar sannolikheten för en kollision mellansändare. En heuristisk fördelning med liknande egenskaper som den optimalapresenteras o
h en enkel modell över dess prestanda härleds. Vi visar o
kså atte�ektiv o
h deterministisk servi
e�di�erentiering kan uppnås genom att väljalämpliga längder på ba
ko��intervallen.
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Chapter 1Fundamentals of WirelessCommuni
ationsIn this 
hapter, a brief des
ription of the fundamental problems spe
i�
 forwireless 
ommuni
ation are 
overed. Readers that are familiar with these topi
smay 
ontinue with 
hapter 2.1.1 Signal PropagationTransmitting data over a wireless 
hannel is generally more 
hallenging thanover the wired 
ounterpart be
ause of the spe
ial 
hara
teristi
s of the physi
al
hannel. These 
hara
teristi
s 
an be des
ribed in terms of several distin
tphenomenons that a�e
t the propagation of a signal, in
luding di�erent formsof attenuation, interferen
e and antenna e�e
ts. The propagation e�e
ts arefrequen
y dependent and when moving up in the frequen
y spe
trum the 
har-a
teristi
s be
ome more similar to that of light. The propagation of a signalin free spa
e is predi
table and the energy of an emitted signal, from a pointin free spa
e, will spread over an ever expanding spheri
al surfa
e as the signaltravels away from the sour
e. Hen
e, the attenuation of the the re
eived signalis proportional to the square of the propagated distan
e, referred to as theinverse square law. This law is however only valid in free spa
e.The path loss, L, is expressed as the quotient between transmitted, Pt, andre
eived power, Pr , i.e. L = Pt/Pr. In the general 
ase, the average pathloss of the signal in
reases with the distan
e d from the sender, raised to someexponent α, referred to as the path loss exponent, and
L ∝ dα.This exponent varies depending on the physi
al environment but it is nor-mally in the range between 2 and 6 (with the value 2 in free spa
e) [22, p. 88℄.1



Chapter 1. Fundamentals of Wireless Communi
ations1.2 Multipath Propagation and Interferen
eWhen there exist matter and obsta
les between the sender and the re
eiverthe propagation of the signal be
omes more 
omplex. The signal may thentake multiple paths and thus arrive with di�erent time o�sets (
alled delayspread) at the re
eiver. These additional propagation paths beyond the dire
tline of sight path arise due to re�e
tions, refra
tion, di�ra
tion and s
atteringfrom obje
ts and obsta
les in the surrounding environment. This phenomenonis often referred to as multi-path propagation and has di�erent e�e
ts on there
eived signal, depending on the path di�eren
es relative to the wavelength ofthe 
arrier frequen
y and relative to the symbol rate.The situation be
omes even more 
omplex when there is mobility involved.The motion of the sender or re
eiver or both will 
ause the 
hannel 
hara
ter-isti
s to 
hange over time. The di�erent paths of the signal 
reate an overlapin time between adja
ent symbols, at the re
eiver side, and 
ause interferen
eby adding or subtra
ting to the re
eived signal. This is often referred to asinter symbol interferen
e. The result is a signal whose amplitude 
hanges 
on-siderably over time that makes the interpretation of the re
eived symbols moredi�
ult. These fast 
hanges in amplitude are also referred to as short-term fad-ing. In addition to these fast 
hanges, there is long-term fading that is mainlyan e�e
t of a varying distan
e between the sender and re
eiver.An additional problem is the thermal or Gaussian noise whi
h adds to there
eived signal. This noise is introdu
ed primarily by the ele
troni
 
omponentsof the radio at the re
eiver side due to the random thermal motions of ele
trons.The Gaussian noise 
annot be eliminated and pla
es an upper bound on thetransmission performan
e as des
ribed by Shannon's law [24℄. This law sets anupper limit on the number of bits per se
ond that 
an be transmitted, withouterrors, over a bandwidth and power limited 
hannel exposed to Gaussian noise.Additional sour
es of interferen
e are other transmitters operating on the samefrequen
y band.1.3 Limited Frequen
y Spe
trumSome frequen
y bands are not allo
ated ex
lusively to be used by one wirelesste
hnology but instead shared by many. One example is the li
ense free 2.4GHz Industrial S
ienti�
 and Medi
al (ISM) band that is used by te
hnologiessu
h as the IEEE 802.11b [20℄ and Bluetooth (IEEE 802.15.1) [25℄ to mentiona few. The wireless medium is, whether intended or not, a broad
ast mediumand this has several impli
ations on radio and medium a

ess 
ontrol design, ra-dio resour
e management, et
. In 
ontrast to wired networks, there is only oneshared medium with a limited spe
trum resulting in a resour
e sharing problemwith te
hni
al, so
ial and politi
al dimensions. The international tele
ommu-ni
ation union is responsible for worldwide 
oordination of tele
ommuni
ationa
tivities in
luding frequen
y planning.2



Chapter 2Quality of Servi
e in WirelessNetworksThe term Quality of Servi
e (QoS) has many de�nitions, sometimes it is used asa subje
tive quality measure and sometimes it refers more to the me
hanismsused by the network to provide QoS. In this 
hapter, the need and motivationfor QoS in wireless networks are des
ribed. The most 
ommon QoS parame-ters, belonging to the lower layers, and the 
on
ept of QoS 
lasses are presented.2.1 Motivation for QoS in Wireless NetworksSome might argue that the need for supporting QoS in networks is not veryimportant sin
e over-provisioning of the network resour
es is quite simple. Fur-thermore, the implementation of QoS support is not easy 
ompared to that ofupgrading the 
apa
ity. While there is some truth to these statements in wire-line networks the 
ase is quite di�erent in wireless networks. A reason for thisis the very restri
ted and limited frequen
y band that all of the wireless te
h-nologies are subje
ted to. This is not entirely a te
hni
al problem but also aregulation issue.Over�provisioning the 
apa
ity in wireless networks is not always feasibledue to the limitations in frequen
y spe
trum and the fa
t that the wireless
hannel is a broad
ast medium. The very hostile and unpredi
table nature ofthe physi
al 
hannel limits the 
apa
ity even further and makes any guaran-tees to users di�
ult to ful�ll. E�
ient use of this limited resour
e is 
ru
ialto maximize the utility of the system. This may be a
hieved by 
onsideringappli
ation preferen
es or willingness to pay per unit of bandwidth for ea
huser, along with te
hniques for a
hieving servi
e di�erentiation in the targetnetwork.The importan
e of QoS is also motivated by the 
ommer
ial interests of3



Chapter 2. Quality of Servi
e in Wireless Networkso�ering di�erent servi
es to mobile users, e.g video telephony. For this to besu

essful, with su�
ient quality of the servi
es, the network must providesome form of servi
e di�erentiation. The wireless standardization 
ommunityhas fo
used more on QoS the last few years and re
ent wireless standards, likeIEEE 802.11e [5℄ and IEEE 802.16e-2005 [17℄, in
lude support for QoS throughdi�erent servi
e di�erentiation me
hanisms.2.2 Quality of Servi
e Parameters and ClassesQoS may be viewed from the network or the appli
ation (end user) point ofview. The appli
ation has QoS requirements and the network provides 
ertainQoS parameters. Hen
e a network 
apable of satisfying appli
ation require-ments is said to support QoS. The most 
ommon QoS parameters asso
iatedwith the lower layers in networks in
lude but are not limited to:
• Bandwidth: The bandwidth is one of the most important parameters.Appli
ations may also be 
lassi�ed as elasti
 or inelasti
 when 
onsideringtheir toleran
e against variations in bandwidth.
• Delay: The delay 
hara
teristi
s of the network are important for delaysensitive or real time appli
ations su
h as video and voi
e. For intera
tiveappli
ations the round trip time of the network, from making a requestuntil the response is re
eived, is important. This is also the 
ase forintera
tive network games.
• Jitter: The jitter is the variation in delay and 
an 
ause signi�
ant prob-lems for real time appli
ations. To 
ompensate the e�e
t of jitter bu�eringte
hniques are often applied.
• Pa
ket Loss: The pa
ket loss rate or bit error rate has a negative e�e
t onthroughput, delay and jitter. The delay and jitter are often 
aused by theAutomati
 Repeat Request (ARQ) or Forward Error Corre
tion (FEC)(see Se
tion 3.2) me
hanisms. Compared to wired networks the bit errorrate is several magnitudes higher in wireless networks [22, p. 126℄.From a network point of view, depending on the te
hnology used, some ofthe parameters may be easier to 
ontrol and adapt. For example the bandwidthfor an individual user may be easier to 
ontrol than the bit error rate, whi
hmay be heavily in�uen
ed by external interferen
e. However, 
hannel 
odingand FEC 
an be used to redu
e the bit error rate. Delay and jitter are oftenan e�e
t of the 
urrent tra�
 situation in the network.Some wireless systems are built with fo
us on supporting QoS, like theEuropean Tele
ommuni
ations Standards Institute (ETSI) HiperLAN Type 1[7℄, Type 2 [8℄, IEEE 802.11e, Universal Mobile Tele
ommuni
ation System(UMTS) [11℄ and WiMAX (IEEE 802.16e-2005) [17℄ whereas others are mainly4



2.2. Quality of Servi
e Parameters and Classesoperating a

ording to a best e�ort model, e.g. IEEE 802.11 Distributed Coor-dination Fun
tion (DCF) [21℄. Standard appli
ation servi
e 
lasses are some-times de�ned to fa
ilitate the pro
ess of determining if a network 
an meet
ertain appli
ation requirements. Ea
h 
lass is asso
iated with a spe
i�
 set ofQoS parameters and the network 
an optimize the performan
e a

ording tothe prede�ned servi
e 
lasses. In UMTS four servi
e 
lasses have been identi�edmainly based on the delay sensitivity of the tra�
 [22, p. 70℄:1. Conversational: for real time 
onversation like voi
e and video telephonywith stri
t requirements, determined by human per
eption, on delay andjitter.2. Streaming: preserves time relations but has more relaxed delay require-ments suitable for streaming media.3. Intera
tive: 
hara
terized by the request response pattern suitable forappli
ation like web browsing.4. Ba
kground 
lasses: suitable for appli
ations that are more or less insen-sitive to delivery time, e.g. email delivery.Similar to UMTS, IEEE 802.11e and IEEE 802.16e-2005 also de�ne di�erentQoS 
lasses for appli
ations with spe
i�
 requirements.User or appli
ation satisfa
tion or preferen
es may also be modeled throughthe use of utility fun
tions, des
ribing the sensitivity to 
hanges in various QoSparameters. Often the utility is a fun
tion of the rate or bandwidth allo
atedto a user or appli
ation. However, other QoS parameters su
h as delay, jitterand pa
ket loss may be of better value in determining user satisfa
tion.

5



Chapter 2. Quality of Servi
e in Wireless Networks
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Chapter 3Medium A

ess Control inWireless NetworksThis 
hapter des
ribes some of the roles of the Medium A

ess Control (MAC)layer in wireless networks and some of the problems, spe
i�
 to wireless 
om-muni
ation, that must be handled by the MAC layer. A brief des
ription oferror 
ontrol is also in
luded.3.1 General MAC ResponsibilitiesLayer two in the Open System Inter
onne
tion referen
e model [26℄ is the datalink layer whi
h is further subdivided by IEEE 802-2001 [6℄ into the Logi
alLink Control (LLC) layer and the MAC layer. The main responsibility of theMAC layer is to 
ontrol a

ess to the physi
al medium while the LLC sublayeris primarily responsible for providing a reliable link by means of error re
overyfun
tionality.The hostile nature of the wireless 
hannel 
ompli
ates the design of theMAC layer and requires spe
ial te
hniques to a
hieve a more reliable 
ommu-ni
ation link. Despite many di�erent te
hniques used to 
ombat the destru
tivepropagation e�e
ts on the physi
al layer, the burden is still mu
h higher forthe MAC layer in wireless networks. One problem is the mu
h higher bit errorrate found in wireless 
ommuni
ation.MAC te
hnologies from wired networks 
annot dire
tly be applied in wire-less networks be
ause of the spe
ial 
hara
teristi
s of the wireless 
hannel. Oneexample is the 
ollision dete
tion 
apabilities used in the MAC layer of IEEE802.3 [10℄ (Ethernet). Collision dete
tion is not feasible in wireless networksfor several reasons and therefore other solutions are required. The WirelessLAN te
hnology IEEE 802.11 uses me
hanisms to avoid 
ollisions.7



Chapter 3. Medium A

ess Control in Wireless Networks3.2 Error ControlOne problem spe
i�
 to wireless 
ommuni
ation is the very high frequen
y ofbit errors 
aused by the physi
al layer that must be dete
ted and handled bythe MAC layer. The error rate for a fading wireless 
hannel is typi
ally in theorder of 10−1 to 10−2 [22, p. 126℄ and that is several magnitudes higher thanin wired networks. Error 
ontrol is often 
lassi�ed in two 
ategories:
• Forward Error Corre
tion (FEC): this approa
h works by adding redun-dant information to the bit stream that enables the re
eiver to re
overfrom a limited number of bit errors.
• Automati
 Repeat Request (ARQ): ARQ uses additional 
he
k bits forthe re
eiver to dete
t bit errors and possibly request retransmissions of
orrupted pa
kets.While ARQ fun
tionality is the responsibility of the MAC layer, the FEC isa form of 
hannel 
oding and belongs to the lower layers. ARQ provides highreliability but as the bit error rate in
reases the throughput drops due to thein
reased frequen
y of retransmissions.

8



Chapter 4Wireless Lo
al AreaNetworksTheWLAN has be
ome an important te
hnology in providing users with mobileand wireless a

ess, with relatively high data rates, for low 
osts. The standardIEEE 802.11 [21℄, standardized in 1997, spe
i�es the most widespread WLANte
hnology on the market today. Two 
ompeting WLAN te
hnologies are theHiperLAN Type 1 and Type 2, both standardized by the ETSI. The Type 1standard was released in 1996 and Type 2 in 2000. In 
ontrast to IEEE 802.11,both HiperLAN Type 1 and Type 2 have inbuilt support for QoS. This 
hapter
overs these three WLAN standards with fo
us on their MAC layers.4.1 IEEE 802.11The �rst version of the IEEE 802.11 standard, spe
i�ed the MAC layer andthree di�erent physi
al layers: frequen
y hopping, spread spe
trum and di�usedinfrared, all with a maximum 
apa
ity of 2 Mbps (106 bits per se
ond).The 
ontinuous development of new physi
al layers has resulted in severalnew layers with in
reased 
apa
ity. The IEEE 802.11b [20℄ is a development ofthe previous spread spe
trum te
hnology with a maximum 
apa
ity of 11 Mbps.The IEEE 802.11a [19℄ employs a slightly di�erent te
hnique 
alled multi 
arriermodulation and a
hieves rates up to 54 Mbps. Task Group n (TGn) 
urrentlyworks on the new standard IEEE 802.11n [27℄ with the goal to in
rease the 
a-pa
ity beyond 100 Mbps. Despite the many di�erent physi
al layer te
hniques,little work has been done on the original MAC layer spe
i�
ation.There exist many other IEEE working groups aiming to improve not onlythe physi
al layer but other aspe
ts of the standard like radio resour
e mea-surement enhan
ements (IEEE 802.11k) and fast roaming/fast BSS transition(IEEE 802.11r), to name a few. 9



Chapter 4. Wireless Lo
al Area Networks4.1.1 System Ar
hite
tureIEEE 802.11 de�nes two di�erent system ar
hite
tures, the Basi
 Servi
e Set(BSS) and the Independent BSS (IBSS). Figure 4.1 shows an infrastru
turedbased BSS where one or several wireless stations (STA) are 
onne
ted or asso-
iated with an a

ess point forming one BSS. Several BSSs may be 
onne
tedtogether via a distribution system or a ba
kbone network to form an ExtendedServi
e Set (ESS). In this mode the 
ommuni
ating part for a station is alwaysthe a

ess point regardless of the destination address. In addition to the infras-tru
tured based BSS, the IBSS mode allows the formation of ad ho
 networkswithout the need of any infrastru
ture. The fun
tionality of the a

ess point islimited to layer two and below and the a

ess point may be 
onsidered solely asa bridge linking two di�erent medium te
hnologies, e.g. IEEE 802.3 and IEEE802.11.

Figure 4.1: The IEEE 802.11 system ar
hite
ture: Basi
 Servi
e Set (BSS).4.1.2 Medium A

ess ControlThe MAC layer de�nes two di�erent MAC s
hemes, the Distributed Coordina-tion Fun
tion (DCF) and the Point Coordination Fun
tion (PCF). The DCFis the fundamental a

ess method that requires all stations in the network to
ontend for a

ess to the 
hannel. Whereas PCF eliminates the 
ontentionphase by 
entrally 
oordinating a

ess with the aim to support deterministi
a

ess. DCF is working on a best e�ort basis most suitable for asyn
hronoustra�
. DCF must be supported by all stations in the network. Whereas thePCF is an optional part of the standard. The PCF will not be 
overed here,for more details see [21℄. Besides 
ontrolling a

ess to the 
hannel the MAClayer is responsible for MAC syn
hronization, Power Management, Asso
iationand Roaming. 10



4.1. IEEE 802.11Physi
al and Virtual Carrier Sensing and Interframe Spa
esPhysi
al and virtual 
arrier sensing are used to determine the status of the
hannel, i.e. busy or idle. Physi
al 
arrier sensing is provided by the physi
allayer through the Clear Channel Assessment (CCA) me
hanism. Virtual 
ar-rier sensing is provided by a me
hanism 
alled the Network Allo
ation Ve
tor(NAV). The NAV is an indi
ator maintained by ea
h station of time periodswhen it must defer a

ess to the 
hannel. Virtual 
arrier sensing has pre
eden
eover physi
al 
arrier sensing. The NAV value is obtained from the duration �eldin the MAC header of every frame transmitted on the 
hannel.Subsequent frame transmissions are separated by short time gaps on the
hannel 
alled Interframe Spa
es (IFS). There are di�erent gap durations re-sulting in several priority 
lasses used by di�erent types of frames. The ShortIFS (SIFS) is used when a station has seized the medium and need to keep itfor the 
ompletion of a frame ex
hange sequen
e.The SIFS has higher priority than the DCF IFS (DIFS), used by normaldata frames. The reason is to prevent other stations than the re
eiver to a

essthe 
hannel after a su

essful frame transmission. Figure 4.2 illustrates therelationship between the di�erent IFS and the slot time.
Figure 4.2: The relations between the interframe spa
es and the time slotfollowing a busy medium.A station waiting a SIFS automati
ally has priority over stations waitinga DIFS in a

essing the 
hannel sin
e the gap duration of the SIFS is shorter.DIFS is used by stations in DCF mode before attempting to a

ess the 
hannelor performing the ba
ko� pro
edure (des
ribed in Se
tion 4.1.2). Whereas theSIFS duration pre
edes spe
ial 
ontrol frames, in
luding the a
knowledgmentframe, that require a higher priority.The SIFS and DIFS times in
lude several ne
essary physi
al layer attributesin
luding transmit to re
eive turnaround time, the time it takes the radio in-terfa
e to swit
h from re
eiving mode to transmitting mode (half duplex radio)and MAC pro
essing delay.The DCF MAC algorithmThe medium a

ess algorithm used in DCF is the Carrier Sense Multiple A

esswith Collision Avoidan
e (CSMA/CA), whi
h is similar to the Carrier SenseMultiple A

ess with Collision Dete
tion (CSMA/CD) used in the Ethernetstandard IEEE 802.3 [10℄. CSMA/CD assumes 
ollision dete
tion 
apabilities11



Chapter 4. Wireless Lo
al Area Networksand is therefore not suitable for wireless networks. Instead CSMA/CA tries toavoid 
ollisions by using physi
al and virtual 
arrier sensing and an exponentialba
ko� me
hanism.
Figure 4.3: The fundamental and mandatory medium a

ess pro
edure fora

essing the 
hannel under DCF.DCF employs an immediate positive a
knowledgment ARQ s
heme 
alledStop-and-Wait to 
on�rm a su

essful pa
ket re
eption. The absen
e of ana
knowledgment pa
ket from the re
eiver indi
ates a pa
ket loss.In Figure 4.3 the fundamental a

ess pro
edure for a station a

essing the
hannel is shown. A station will �rst try to sense the 
hannel idle for a DIFStime and then if the 
hannel is idle the stations initiates the frame transmission.All other stations will defer a

ess after using 
arrier sensing. The re
eiver willrespond with an a
knowledgment frame after �rst waiting a SIFS time.Every time when the 
hannel is sensed busy or after an unsu

essful trans-mission a station 
hooses a ba
ko� 
ounter uniformly from an interval 
alledthe Contention Window (CW), {0, 1, . . . ,CW}. The CW is doubled for every
onse
utive retransmission of the same pa
ket, but must stay in the valid range[CWmin,CWmax℄1. This ba
ko� s
heme is sometimes referred to as the BinaryExponential Ba
ko� (BEB).Table 4.1 shows an example how the adjustment of the CW is done. TheCW is in
reased for ea
h unsu

essful attempt (shown by the ACK 
olumn)to transmit the same pa
ket until the maximum size CWmax or the retry limitis rea
hed. As soon as the attempt is su

essful, the CW is reset ba
k to theminimum size CWmin that will be used in the subsequent 
ontention phase.Attempt Contention Window Size ACK1 CW = CWmin 25−1 = 31 NO2 CW = (CW + 1)2-1 26−1 = 63 NO... ... ... NOn CW = min(CWmax,(CW+1)2-1) min(1023, 2n−1) YES1 CW = CWmin 25−1 = 31 YES1 CW = CWmin 25−1 = 31 YESTable 4.1: One example how the adjustment of the 
ontention window (CW)is done.1CWmin and CWmax are de�ned by the physi
al layer spe
i�
ation12



4.1. IEEE 802.11The ba
ko� 
ounter is de
remented by one for ea
h time slot when the
hannel is idle. It is required that a station performs 
arrier sensing to de-termine the status of the 
hannel in ea
h time slot. As soon as the 
hannelbe
omes busy, the station must freeze its ba
ko� 
ounter and only resume the
ountdown when the 
hannel be
omes idle again, but �rst after waiting a DIFStime. When the ba
ko� 
ounter rea
hes zero the station starts transmitting thepending frame. Stations are also required to 
hoose a new ba
ko� 
ounter fromCWmin after 
ompleting a pa
ket transmission before starting the next. Thisis referred to as post ba
ko� and is used to prevent stations from 
apturing the
hannel for long periods.The 
ollision avoidan
e me
hanism does not totally eliminate the risk of 
ol-lisions sin
e two or more stations 
an start their transmissions simultaneously,i.e. in the same time slot. This happens when the ba
ko� 
ounter rea
hes zeroat the same time for two or more stations. In Figure 4.4, the fundamentalMAC logi
 of DCF is illustrated.

Figure 4.4: The di�erent parts of the medium a

ess 
ontrol logi
 
arried outby ea
h station under DCF. 13



Chapter 4. Wireless Lo
al Area NetworksExample of DCF operationFigure 4.5 illustrates an example of three stations operating under the DCF.The upside down arrow shows when one or more frames arrive at the MAClayer and the station starts to 
ontend for a

ess. Assuming that the 
hannelwas previously idle, then station 1 senses the 
hannel idle for a DIFS time andimmediately a

esses the 
hannel.

Figure 4.5: One example of three 
ontending stations operating under the DCF.When the 
hannel be
omes idle following the transmission of station 1, allthree stations wait a DIFS time and then sele
t new ba
ko� 
ounters from theirCWs. Station 3 sele
ts the smallest ba
ko� (BO = 6) and transmits �rst. Thenext transmission attempt results in a 
ollision between station 1 and 2. Thesestations then double their CWs and sele
t new ba
ko� 
ounters.4.2 IEEE 802.11eTask Group e 
ompleted its work in 2005 with the new improved IEEE 802.11estandard [5℄ that has support for QoS. The standard is relatively 
omplexwith a multitude of new features, some optional and others mandatory. IEEE802.11e de�nes two a

ess methods, one 
ontrolled 
hannel a

ess 
alled HybridCoordination Fun
tion Controlled Channel A

ess (HCCA) and one 
ontentionbased 
hannel a

ess 
alled Enhan
ed Distributed Channel A

ess (EDCA).In HCCA, the a

ess point takes the role as a 
entralized 
oordinator ands
hedules the resour
es in the network a

ording to QoS requirements. TheEDCA is on the other hand fully de
entralized where ea
h station 
ontends fora

ess a

ording to its QoS requirements. Only the EDCA part of the standardwill be des
ribed in this se
tion.IEEE 802.11e spe
i�es eight user priorities and a pa
ket with a spe
i�
priority belongs to an a

ess 
ategory (AC). In Table 4.2 the priority mappingbetween user priorities and ACs is shown.Stations maintain four lo
al queues 
orresponding to ea
h ACs. The fourACs are equipped with spe
i�
 sets of 
ontention parameters and ea
h AC14



4.2. IEEE 802.11ePriority User Priorities (UP) A

ess Category (AC) Designationlowest 1 AC_BK Ba
kground2 AC_BK Ba
kground0 AC_BE Best E�ort... 3 AC_BE Best E�ort4 AC_VI Video5 AC_VI Video6 AC_VO Voi
ehighest 7 AC_VO Voi
eTable 4.2: IEEE 802.11e mapping between user priorities and a

ess 
ategories.
ontends independently for a

ess to the 
hannel. Internal 
ollisions may o

urbut are solved by allowing the AC with the highest priority to gain a

ess tothe 
hannel. The standard spe
i�es default values of the 
ontention parametersbut the a

ess point has the �exibility to adjust the parameters dynami
ally.Stations operating under EDCA 
ontend for a so-
alled transmission opportu-nity (TXOP). This is an interval of time when a parti
ular station is allowedto a

ess the 
hannel. Depending on the length of the TXOP, stations maytransmit more than one frame. The following 
ontention parameters are usedto di�erentiate between ACs:
• The maximum duration of time, TXOP[AC℄, a station in a spe
i�
 ACis allowed to a

ess the 
hannel.
• The minimum 
ontention window, CWmin[AC℄, a spe
i�
 AC uses to
ontrol a

ess to the 
hannel.
• The maximum 
ontention window, CWmax[AC℄, a spe
i�
 AC uses to
ontrol a

ess to the 
hannel.
• Arbitration interframe spa
e number, AIFSN[AC℄, is the number of timeslots a spe
i�
 AC uses to determine the arbitration interframe spa
e(AIFS).The ba
ko� 
ounter for ea
h AC is 
hosen uniformly from the interval

{0, 1, . . . ,CW[AC℄}. Instead of sensing the 
hannel for a DIFS time beforeattempting to a

ess the 
hannel, ea
h AC must determine the 
hannel to beidle for an AIFS[AC℄ period of time de�ned as followsAIFS[AC℄ = AIFSN[AC℄ × aSlotTime + aSIFSTime,where aSlotTime is the slot time and aSIFSTime is the normal SIFS duration.The CW for ea
h AC is updated as followsCW[AC℄ = min(CWmax[AC℄, (CW[AC℄+1) × 2 - 1),15



Chapter 4. Wireless Lo
al Area Networksafter ea
h unsu

essful transmission attempt (when no ACK is re
eived).AC AIFSN CWmin CWmaxAC_VO 2 7 15AC_VI 2 15 31AC_BE 3 31 1023AC_BK 7 31 1023Table 4.3: Default values of the 
ontention parameters used in EDCA.Lower values of AIFSN[AC℄, CWmin[AC℄ and CWmax[AC℄ result in an in-
reased 
hannel a

ess frequen
y. The default values of the 
ontention param-eters are listed in Table 4.3.Figure 4.6 illustrates an example of four ACs, within one station, 
ontendingfor a

ess to the 
hannel. The lower priority ACs must sense the 
hannel idle forlonger AIFS times before starting to de
rement their ba
ko� 
ounters, and thusit takes longer time for their 
ounters to rea
h zero. The third 
ontention phaseresults in an internal 
ollision and the AC with the highest priority (AC_VO)will gain a

ess to the 
hannel while the lower priority AC will double itsCW. On the other hand, an external 
ollision between two ACs from di�erentstations 
auses both ACs to double their CWs.

Figure 4.6: One example of four ACs from the same station 
ontending fora

ess to the 
hannel.4.3 IEEE 802.11nIt is well known that the a
hievable throughput in a IEEE 802.11(a,b,..) net-work is far from the physi
al data rate. The reason is the large overheadfound in the physi
al and MAC layers. It has been shown that a theoreti
althroughput limit exists due to MAC and physi
al layer overhead [29℄. Sim-16



4.4. Elimination Yield Non�pre�emptive Priority Multiple A

essply in
reasing the modulation rate is not a long term solution to a
hieve ratesabove 100 Mbps.Task Group n (TGn) is 
urrently working with the new standard IEEE802.11n [27℄ with the goal to in
rease the data rates and range of IEEE 802.11.The s
ope of this standard 
overs both the physi
al and MAC layers. Onefo
us of this standardization work is to address the high overhead found in theIEEE 802.11 MAC. For every frame transmitted, there is overhead in termsof MAC/physi
al headers, IFS, ba
ko� time, ARQ et
. One feasible approa
hto redu
e the overhead is to use frame aggregation te
hniques as proposedby the TGn. The di�erent approa
hes are based on 
on
atenating severalframes, under a 
ommon preamble, before transmission and thus redu
e thetransmission time for preambles and the idle time used for ba
ko�. Frameaggregation 
reates new problems with in
reased MAC delays and frame errorrates under noisy 
hannels.4.4 Elimination Yield Non�pre�emptive PriorityMultiple A

essETSI standardized the WLAN te
hnology High Performan
e Lo
al Area Net-work (HiperLAN) Type 1 in 1996 and The Elimination Yield Non�pre�emptivePriority Multiple A

ess (EY-NPMA) was sele
ted as the MAC proto
ol [7℄. In
ontrast to the IEEE 802.11 standard, HiperLAN/1 in
ludes support for QoSby a powerful prioritization s
heme.EY-NPMA operates under two di�erent 
onditions, the syn
hronized andthe 
hannel�free 
ondition, depending on the 
hannel state. If the 
hannelis idle for a 
ertain �xed duration, nodes may then a

ess the 
hannel after�rst waiting a number of slots 
hosen uniformly from a �xed interval. Thesyn
hronized 
hannel 
ondition starts immediately after the end of the previous
hannel a

ess 
y
le, and operates in three phases as des
ribed below1. The Prioritization phase: Five di�erent priorities are de�ned, where 0 isthe lowest and 4 the highest priority. Nodes must sense the 
hannel idlefor a number of slots equal to their priorities, e.g. a node with priority lmust sense the 
hannel idle for l slots. If the node senses the 
hannel idlefor the whole period of l slots, it then asserts its priority by transmittinga short noise burst (
alled priority assertion). If the 
hannel does notremain idle for the whole period, the node then leaves the 
ontention.This type of prioritization is non�pre�emptive meaning that only nodeswith the highest priority will survive the prioritization phase.2. The Elimination phase: In this phase, the remaining nodes from theprioritization phase will transmit bursts with lengths sampled from atrun
ated geometri
 distribution, i.e the probability for a burst length of17



Chapter 4. Wireless Lo
al Area Networks
n slots is given by [7, Chap. 8.2.2℄,

P (n) =

{

pE
n(1 − pE) if 0 ≤ n < mES ,

pE
mES if n = mES ,

(4.1)where pE is the bursting probability and mES is the trun
ation limit.Immediately following its burst, a node senses the 
hannel for a survivalveri�
ation slot. A node only survives the elimination phase if this slotis idle. The elimination phase will last for the duration of the longestbursting time in
luding the survival veri�
ation slot.3. The Yield phase: The nodes remaining from the elimination phase willin the yield phase sele
t a random number of yield slots from a uniformdistribution, i.e. U{0, 1, . . . , mY S}, where mY S is the window size. Thenode(s) sele
ting the minimal time will win the 
ontention and a

essthe 
hannel and all other nodes will defer a

ess. Default values of theparameters are pE = 0.5, mES = 12 and mY S = 9.

Figure 4.7: An example of four nodes trying to a

ess the 
hannel a

ordingto the syn
hronized 
hannel 
ondition.Figure 4.7 illustrates an example of four nodes operating under the syn
hro-nized 
hannel 
ondition. Nodes 1, 3 and 4 have the same priority, l = 2, whilenode 2 has a lower priority, l = 3. The three nodes then assert their prioritiesin the priority assertion slot and then transmit bursts with lengths a

ordingto (4.1). Node 1 and 4 sele
t the longest burst and survive the eliminationphase. In the yield phase, node 4 sele
ts the minimal yield time and a

essesthe 
hannel.HiperLAN Type 1 did not be
ome the 
ommer
ial su

ess ETSI hoped forand no or few produ
ts have been available on the market. The EY-NPMAis very di�erent from the CSMA/CA MAC proto
ols. The 
hannel burstingte
hnique found in the elimination phase is very powerful in resolving 
hannel
on�i
ts even with a very large number of nodes. The BEB approa
h used inIEEE 802.11 
annot provide the same performan
e.18



Chapter 5Motivation of This WorkIEEE 802.11 is 
urrently the de fa
to WLAN standard and the relatively low
ost of its produ
ts and ease of deployment have 
ontributed to its su

ess.WLAN networks are 
urrently installed in many lo
ations like airports, hotels,
ity 
enters et
. The number of users in these networks is 
onstantly in
reasingas well as the number of networks. The WLAN te
hnologies standardized byETSI, HiperLAN, have not been very su

essful and 
urrently there are no
ompetitive standards to IEEE 802.11.An e�
ient MAC proto
ol is 
ru
ial in a wireless network to a
hieve highuser data rates, or high utilization of the 
hannel. The physi
al and MAC lay-ers both play important roles in a
hieving this. However, mu
h of the resear
hfo
us, in in
reasing the data rates, is 
urrently on the physi
al layer. One exam-ple is the Multiple Input/Multiple Output (MIMO) te
hnique, where multipletransmit/re
eive antennas are used to in
rease the 
apa
ity [27℄. Very few im-provements have been done to the MAC layer of IEEE 802.11, that has almostremained the same sin
e it was �rst introdu
ed in 1997.Task Group n (TGn) is 
urrently working on the IEEE 802.11n standardand has the ambition to in
rease the user data rate beyond 100 Mbps. Im-provements to both the physi
al and the MAC layers will hopefully lead to thisgoal. However, TGn is 
urrently only fo
using on redu
ing the overhead asso-
iated with headers, IFS, ARQ, et
, and not the overhead 
aused by 
ollisionsbetween senders [27℄. The medium a

ess 
ontrol algorithm in DCF has been
riti
ized for its poor performan
e and relatively low 
hannel utilization, e.g.see [3, 12℄, espe
ially in the 
ase when there is a large number of senders in thenetwork. The pursuit of higher data rates may in
rease this problems, sin
e ahigher 
apa
ity allows for a larger number of users. Several improvements tothe DCF, based on more e�
ient adaptation of the CW have been proposed,e.g. see [4, 28, 2, 16℄.To support a multitude of servi
es in a WLAN, e.g. voi
e over IP or videostreaming, the network should provide some type of servi
e di�erentiation te
h-niques. The need for an e�
ient MAC s
heme be
omes even more evident when19



Chapter 5. Motivation of This Workintrodu
ing QoS support. The prioritization of nodes or 
lasses should notwaste 
apa
ity and preferably yield deterministi
 results. IEEE 802.11 has nosupport for QoS and works on a best e�ort basis. A large number of resear
h ef-forts has proposed modi�
ations to introdu
e support for QoS in IEEE 802.11,e.g. see [18℄ for a review. The new amendment IEEE 802.11e adds supportfor QoS but most of the fundamental problems in the medium a

ess 
ontrolalgorithm, EDCA, remain the same as in DCF. The EDCA is a rather 
omplexstandard and uses multiple 
ontention parameters to a
hieve di�erentiation be-tween priority 
lasses. The default values of these parameters only yield goodperforman
e for a limited number of s
enarios, e.g. see [15℄, and therefore thea

ess point has the �exibility to adapt the parameters dynami
ally. However,no algorithm for this purpose is provided in the standard [5, Chap. 9.1.3.1℄.Furthermore, it may not be desirable to allow adaptation of multiple param-eters [9℄ sin
e it be
omes more di�
ult to determine the 
apa
ity shares forea
h priority 
lass [14℄.5.1 Main Resear
h ProblemsThe main fo
us of this thesis is on the MAC layer. More spe
i�
ally, the workdeals with distributed algorithms for medium a

ess 
ontrol in wireless lo
alarea networks. The main resear
h problems of interests are (but not limitedto):
• MAC algorithms or improvements to existing algorithms with the purposeof a
hieving e�
ient 
on�i
t resolution and thus minimize the 
ollisionprobability. High utilization of the 
hannel 
an then be a
hieved. Thenetworks of interest are assumed to potentially have a large number ofsenders.
• Algorithms to a
hieve e�
ient servi
e di�erentiation, and thus supportQoS, between senders or 
lasses that have di�erent priorities or prefer-en
es. These algorithms should preferable yield deterministi
 results.5.2 Methods and ToolsThis se
tion des
ribes the tools and methods used to analyze the MAC pro-to
ols presented in this thesis. The analyzing pro
edure usually involves thesteps in order des
ribed below:1. Simple Simulations: Initial simulations provide an overview of the per-forman
e of the algorithm. Usually an initial prototype of the algorithmis implemented in a programming language su
h as Matlab or Python.The model is usually very simplisti
 with many assumptions regardingthe physi
al layer, e.g. no propagation delay or 
apture e�e
ts. This20



5.3. Future and Ongoing Workstep 
an play an important role in estimating appropriate intervals forparameter values to be used in the extended simulations.2. Extended Simulations: The algorithm is implemented in a simulationenvironment, e.g. the Global Mobile Information Systems SimulationLibrary (GloMoSim) [30℄ or the Network Simulator (NS�2), with moredetailed and extensive models of the physi
al and other layers. Morerealisti
 simulation results 
an then be a
hieved. These simulations areoften more CPU intensive be
ause of the more detailed models of ea
hlayer. Sin
e the main fo
us is on the MAC layer performan
e, then oftensimpler radio and tra�
 models are assumed, with the purpose of isolatingthe behavior of the MAC layer.3. Analyti
al Modeling: An analyti
al model of the algorithm provides avery powerful tool in analyzing its performan
e. However, numerous as-sumptions are often ne
essary in deriving models with tra
table proper-ties. Some of the 
ommon assumptions are, tra�
 saturation, no hiddenterminals and no 
apture e�e
ts. An analyti
al model greatly simpli�esthe study of what e�e
ts the parameters have on the performan
e of thealgorithm. It is a 
ommon pra
ti
e to verify the model with simulations.Deriving an analyti
al model of the algorithm is generally the most 
hal-lenging part. Some algorithms exhibit state dependen
ies between ea
h 
on-tention phase, e.g. IEEE 802.11 DCF and i-EDCA (paper VI), that make themodeling more 
ompli
ated. For other proto
ols like PREMA (paper III) andTGBD (paper VII) ea
h 
ontention is independent from the previous. Thisgreatly simpli�es the analysis.5.3 Future and Ongoing WorkSeveral aspe
ts of the proposed algorithms need to be studied further. Belowis a list of planned or ongoing work.1. An analyti
al model of i-EDCA. Modeling the i-EDCA proto
ol is non-trivial sin
e ea
h 
ontention phase is dependent on the previous. Severalattempts have been made to model the performan
e using Markov 
hains,similar to the work by Bian
hi [1℄. However, none of the models haveresulted in enough a

ura
y and new approa
hes are required.2. Extended studies of i-EDCA. Several properties of the proto
ol remain tobe studied, e.g. 
oexisten
e of i-EDCA and EDCA stations in the samenetwork, tuning of parameters, other tra�
, ad ho
, and hidden terminals
enarios et
.3. A study of PREMA for Multi
ast tra�
. PREMA was originally intendedfor multi
ast tra�
, but it was de
ided to present the proto
ol as a gen-eral 
on�i
t resolution algorithm be
ause of its performan
e. A study21



Chapter 5. Motivation of This Work
omparing the performan
e of EMCD (paper II) and PREMA for mul-ti
ast tra�
 is 
urrently ongoing. PREMA is expe
ted to outperformEMCD in most s
enarios. In
luding the two�stage ba
ko� model, PaperVII, in this study might be of interest.There are many other resear
h ideas waiting to be studied. An additionalstudy is to 
ompare the two�stage ba
ko� model with SEMA (Paper V) andEMCD in terms of bursting e�
ien
y. Furthermore, the prioritization in thetwo�stage ba
ko� model 
an be made more generi
 by 
onsidering similar pri-ority ve
tors as used in the PREMA algorithm.
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Chapter 6Summary of ContributedPapersA brief summary of the 
ontributed papers in this thesis is presented in this
hapter. The papers are pla
ed in 
hronologi
al order.6.1 Paper IIn paper I, we fo
us on a
hieving servi
e di�erentiation in the uplink of anIEEE 802.11 network. A utility fun
tion, des
ribing the sensitivity to 
hangesin throughput, is asso
iated to ea
h user and is assumed to be private. Thegoal is then to maximize the aggregated utility of the network a

ording to thefollowing optimization problem
max

r

∑

s∈S

Us(rs) (6.1)su
h that ∑

s∈S

rs ≤ C, rs ≥ 0 ,where Us(rs), is the utility a
hieved by user s having the rate rs and C isthe maximum a
hievable 
apa
ity. This optimization problem 
an be subdi-vided into a user and a network problem and if the problems are solved si-multaneously, provided that the Lagrange multiplier (λ) mediates between theproblems, then (6.1) is maximized [13℄.Two algorithms are proposed, one for the user problem and one for thenetwork problem. The Lagrange multiplier 
an be viewed as a pri
e per unitof throughput. Ea
h station tries independently to solve the user problem byadjusting its ba
ko� 
ounter a

ording to the shape of its utility fun
tion and
λ. The a

ess point is responsible for setting λ, referred to as the 
ongestionpri
e. The pri
e level a�e
ts the 
ontention level in the network and if set too23



Chapter 6. Summary of Contributed Papershigh the 
hannel will be under-utilized. A too low pri
e on the other handwill 
ause heavy 
ontention in the network resulting in frequent 
ollisions andretransmissions. There is an optimal pri
e λ that will maximize the aggregatedthroughput in the network. It is very di�
ult to know this optimal pri
e inadvan
e due to many un
ertainty fa
tors like the number of 
ontending stations,type of utility fun
tions et
. We have adopted an iterative approa
h to a
hieve
lose to an optimal pri
e by adjusting the pri
e a

ording to feedba
k in termsof throughput. The approa
h utilizes a well known 
ongestion te
hnique 
alledmultipli
ative in
rease and linear de
rease to 
ontrol the 
ontention level in thenetwork. When a su�
ient level of 
ongestion builds up and the throughputstarts to drop then a multipli
ative in
rease in pri
e is 
arried out to for
estations to de
rease the tra�
 load.Results from simulations show that servi
e di�erentiation is a
hieved a
-
ording to the shape of the utility fun
tions. Furthermore, our approa
h 
omesvery 
lose in optimizing the sum of all utilities 
ompared to a 
entralized ref-eren
e model where all the utility fun
tions are known a priori.6.2 Paper IICompared to uni
ast tra�
, multi
ast is not prote
ted by any ARQ me
hanismin 802.11 networks and 
ollisions with other multi
ast and uni
ast transmissionsare not dete
ted. A 
ollision dete
tion algorithm for multi
ast transmissions inIEEE 802.11 networks is proposed in Paper II. The algorithm whi
h we referto as Early Multi
ast Collision Dete
tion (EMCD) is an extended version ofthe algorithm originally proposed by Rom [23℄ and is designed to be used in anIEEE 802.11a network.A multi
ast sender introdu
es an early pause in the transmission and per-forms an additional 
lear 
hannel assessment when using EMCD. If a 
ollisionwith another multi
ast or uni
ast sender is dete
ted the transmission is aborted,after a predetermined interval, and a retransmission is s
heduled. Otherwisethe sender 
ontinues with the remaining part of the transmission.
Figure 6.1: Di�erent lengths of Tv generated by three senders.EMCD operates in three phases, the �rst phase is the vanguard transmission(Tv) the se
ond phase is the 
arrier sensing operation and the third phase is the24



6.3. Paper IIImain (Tm) or jamming transmission. The length of the vanguard transmissionis derived as follows
Tv = Tmin + n∆step, (6.2)where

n ∈ U

{

0,
TCDI − Tmin

∆step

}

, (6.3)where Tmin is the minimum allowed or possible transmission time, ∆step isthe smallest time di�eren
e that 
an be dete
ted between two vanguard trans-missions from di�erent senders by the CCA and TCDI is the maximum durationof the vanguard transmission, in
luding the Collision IFS (CIFS). Figure 6.1shows a 
ollision between three multi
ast senders that 
hoose di�erent lengthsof the Tv. Sender 2 (S2) dete
ts the 
ollision �rst and 
ontinues by jamming the
hannel until the end of TCDI to allow the other senders to dete
t the 
ollision.An analyti
al model of the algorithm is derived and results show that mul-ti
ast senders a
hieve in
reased reliability for their transmissions 
ompared tothe standard 
ase. Furthermore, Simulation results show that multi
ast traf-�
 gains priority 
ompared to uni
ast tra�
 that minimizes the e�e
t of theunbalan
ed 
ontention between up and downlink.6.3 Paper IIIIn Paper III, a novel 
hannel bursting MAC proto
ol with servi
e di�erentia-tion 
apabilities is proposed, 
alled Prioritized Repeated Eliminations MultipleA

ess (PREMA). PREMA takes the 
on
ept of performing an additional 
ar-rier sensing, as in EMCD, one step further. In PREMA a 
hannel noise burstis transmitted and its length is sampled from a geometri
 distribution withparameter q. Whereas the length of the vanguard transmission in EMCD is
hosen from a uniform distribution. Ea
h node will perform a 
arrier sense im-mediately following the 
ompletion of the burst. Nodes sensing a busy 
hannelwill leave the 
ontention while other nodes perform an additional 
hannel noiseburst and so on. On average if q = 0.5, less than two nodes will remain afterthe �rst burst. A node may a

ess the 
hannel if it has sensed the 
hannel idle
h times. The algorithm is des
ribed in pseudo 
ode in Algorithm 1. PREMAis mainly intended for resolving 
hannel 
on�i
ts, and results in very low prob-ability of 
ollisions. The proto
ol is very �exible and prioritization of 
lasses
an be a
hieved by tuning the value of q for ea
h 
lass in ea
h time slot.Figure 6.2 illustrates an example of six nodes 
ontending for a

ess. Nodes
1 and 4 sele
t the longest 
hannel burst in the �rst 
ontention phase. Thesenodes will transmit another burst in the next phase while the other nodes willleave the 
ontention. Node 4 wins the 
ontention and transmits its pa
ket.Results from an analyti
al model of PREMA show that the 
ollision prob-ability is almost independent of the number of 
ontending nodes. Hen
e the
hannel utilization is very high 
ompared to that of IEEE 802.11. Extensions25



Chapter 6. Summary of Contributed PapersAlgorithm 1 PREMA1: Sense 
hannel idle for Tifs ⊲ Start2: idleSlots = 0, i = 13: while idleSlots < h do4: if Ai = tx then ⊲ Sample from sto
h. var. Ai5: TransmitNoise(τ )6: else // Ai =
s7: if busy =SenseChannel(τ ) then8: goto start9: else10: idleSlots = idleSlots + 111: end if12: end if13: i = i + 114: end while15: TransmitMessage(Tm)

Figure 6.2: An example of six nodes 
ontending for a

ess by repeatedly trans-mitting bursts. Grey and white trapezoids are energy bursts and 
arrier sense(CS) operations, respe
tivelyfor hidden terminal s
enarios are provided and are shown in simulations toprovide adequate performan
e.6.4 Paper IVIn Paper IV, an analyti
al model of the EY-NPMA proto
ol, used in HiperLANType 1, with the assumptions of untrun
ated eliminations and saturated tra�

onditions is proposed. Be
ause of the assumption of untrun
ated eliminations,powerful approximations of the probability that m out of n nodes survive theelimination phase and its length 
an be utilized that make the model less 
om-plex.Results show that the model a

urately predi
ts performan
e and optimalparameters within a few per
ent 
ompared to that of an existing model. Results26



6.5. Paper Valso show that the trun
ation limit has little e�e
t on the performan
e, andwhen there is a large number of nodes it may be a limiting fa
tor.6.5 Paper VOne drawba
k using MAC proto
ols like PREMA and EY-NPMA is the in-
rease in interferen
e generated by the elimination phases, where nodes fre-quently transmit 
hannel bursts. This interferen
e may 
ause problems toneighboring networks, espe
ially on a li
ense free band. Moreover, transmit-ting 
hannel bursts in ea
h 
ontention is not energy e�
ient.Paper V proposes a MAC proto
ol, 
alled Silent Elimination Multiple A
-
ess (SEMA), with the goal to minimize the number of bursts required to resolvethe 
hannel 
on�i
t. Instead of transmitting a 
hannel burst with a length of rslots, only a short 
hannel burst in slot r is transmitted, i.e. nodes will refrainfrom transmitting in the �rst slots, 0, 1, . . . , r−1, and only transmit in the lastslot, r. We refer to this elimination as silent elimination.The normal elimination phase lasts until the end of longest 
hannel burst,signaled by an idle 
hannel. Nodes will leave the 
ontention if they sense a busy
hannel after 
ompleting their 
hannel bursts. The 
hannel will not be idle untilthe node with the longest burst 
eases to transmit. In silent elimination, the
hannel might be idle before this event and nodes may wrongly believe thatthey are the winners when another node has not yet transmitted its burst.Thus, another termination 
riteria is required. In SEMA, a number of k idlesubsequent slots is used as a termination 
riteria, and nodes that have burstedlast, before k idle slots, survive the silent elimination phase.
Figure 6.3: A s
enario with six nodes operating under silent elimination. Greyand white trapezoids are energy bursts and 
arrier sense (CS) operations, re-spe
tivelyFigure 6.3 shows a s
enario with six nodes operating under the silent elim-ination. Nodes 1 and 4 sele
t the longest burst and will sense k idle slots.The other nodes transmit earlier bursts and 
annot sense the 
hannel idle for
k subsequent slots and leave the 
ontention.A re
ursive analyti
al model based on su

essive 
onditioning is derived for27
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ted number of surviving nodes (a) and expe
ted lengthof the elimination phase (b) for normal and silent elimination as fun
tions ofthe number of nodes.the silent elimination phase. Two di�erent yield phases with one or multiplewinners are also studied. Figure 6.4 shows the expe
ted number of survivorsand the length of the elimination phase for silent and normal elimination fordi�erent values of k. A lower value of k in
reases the expe
ted number ofsurvivors but also de
reases the expe
ted length of the elimination. Resultsalso show that the required number of burst slots per su

essful transmission
an at least be halved 
ompared to normal elimination without any signi�
ant
hange in 
hannel utilization.6.6 Paper VIThe new standard IEEE 802.11e EDCA has been 
riti
ized for its poor perfor-man
e and 
omplexity. In Paper VI, we propose an improved EDCA proto
ol(i-EDCA) with a random interframe spa
e s
heme and a modi�ed ba
ko� al-gorithm.Only CW di�erentiation is used in i-EDCA as opposed of using both AIFSNand CW di�erentiation in EDCA. This results in a simpler proto
ol where thepriority of ea
h AC is 
ompletely determined by its size of the CW. The algo-rithm is expresses in pseudo�
ode in Algorithm 2 and here BO is the ba
ko�
ounter and RIFS is the length of the AIFS. We have 
ompared the i-EDCAwith a �xed 
ontention window s
heme where the optimal CW sizes that max-imize the 
hannel utilization, for a spe
i�
 set of priorities, are used. Thesimulation results show that i-EDCA a
hieves very similar results as the 
asewith optimal CWs for varying number of stations in ea
h AC, see Figure 6.5.Using optimal CWs is di�
ult sin
e it requires a 
entral 
ontroller, e.g. thea

ess point, with full knowledge over the network, to 
ompute and distributethe CWs to the stations in the network. This is not required in i-EDCA.28



6.7. Paper VII
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Figure 6.5: The aggregated throughput for ea
h AC in i-EDCA and for ea
hAC in the �xed CW s
heme that uses optimal CWs.Algorithm 2 Improved EDCA1: if Previous transmission on 
hannel has ended then2: if BO = 0 then3: BO := UniRnd{0,. . . ,CW [ACi]}4: end if5: RIFS := UniRnd{1,. . . ,H} ⊲ Random IFS6: if Channel idle for RIFS slots then7: while 
hannel is idle do8: Set BO := BO − 19: if BO = 0 then10: TransmitMessage11: end if12: end while13: else ⊲ BO < BOmax14: BO := BO+UniRnd{1, min(K, BOmax − BO)}15: end if16: end if17: Repeat from (1)Results also show that i-EDCA a
hieves better fairness then EDCA sin
e theba
ko� 
ounter of ea
h station is independent from the number of 
ollisionsexperien
ed.6.7 Paper VIIIn paper VII, we derive the optimal stationary ba
ko� distribution that max-imizes the probability of a su

essful transmission under the assumption thatthe number of nodes is Poisson distributed. We show that the optimal distribu-tion has non�de
reasing shape, i.e. the probability of sele
ting a large numberof ba
ko� slots should be larger than the probability that a small number of29



Chapter 6. Summary of Contributed Papersslots is 
hosen.We then, motivated by the shape of the optimal distribution, proposethe heuristi
 Trun
ated Geometri
 Ba
ko� Distribution (TGBD) s
heme. InTGBD, the ba
ko� is sele
ted a

ording to BO = max(L − X, 0), where
X ∼ Geo(p), i.e. P (X = x) = pqx, x = 0, 1, . . . . and L is the trun
ationlimit or window length. Results show that the probability of a su

essful trans-mission and hen
e the 
hannel utilization is relatively insensitive to the numberof 
ontending nodes in the network.By introdu
ing multiple trun
ation limits Li, di�erentiation between pri-ority 
lasses 
an be a
hieved. We provide a simple approximation that givesthe relative share of the 
apa
ity for a node in a priority 
lass 
ompared tonodes in other 
lasses. Results show that this extended ba
ko� s
heme easilyoutperforms the mu
h more 
omplex QoS standard, IEEE 802.11e EDCA.We also propose a two�stage ba
ko� model, where nodes in the �rst stagesele
t ba
ko� times a

ording to the TGBD. Nodes will then transmit a short
hannel burst to eliminate other nodes with larger ba
ko� times. Only a fewnumber of nodes will remain from the �rst stage. The optimal ba
ko� distribu-tion approa
hes the uniform distribution when the number of 
ontending nodesapproa
hes zero. This motivates the use of a uniform ba
ko� distribution inthe se
ond stage.Results show that the two-stage ba
ko� model yields very high 
hannelutilization, almost independent of the number of 
ontending nodes. Thus thereis little need of tuning its parameters when the number of nodes in
reases.
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