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Abstract

Communicating over a wireless channel poses many unique challenges not found
in wired communication because of the special characteristics of the wireless
channel. The capacity in a wireless network is typically scarce as a result of
the limited bandwidth and many distinct phenomenons, like attenuation and
interference, that work destructively on the received signals.

The Medium Access Control (MAC) layer is responsible for sharing this lim-
ited resource among the users. This allocation problem should be handled by
considering the Quality of Service (QoS) requirements of each user as to maxi-
mize the utility. Efficient MAC algorithms are crucial in minimizing collisions
between transmissions and thus achieving high utilization of the channel.

This thesis focuses on conflict resolution and service differentiation algo-
rithms for wireless local area networks, where there is no central control of the
channel and each sender independently contends for access.

In part I, we study three approaches to improve the IEEE 802.11(e) stan-
dards with focus on QoS. In the first approach, utility functions are considered,
that model application preferences, to achieve service differentiation and maxi-
mize the aggregated utility. We provide algorithms for two subsidiary problems
that arise from the maximization problem, and show that a near—optimal so-
lution is found. In the second approach a collision detection algorithm for
multicast transmissions is proposed, that increases the reliability for multicast
compared to the protected unicast traffic. The third approach is an improved
MAC algorithm for the QoS standard IEEE 802.11e. The improved algorithm
outperforms the standard and achieves close to optimal performance for large
number of scenarios, which significantly reduces the need of adjusting the con-
tention parameters.

In part II, we focus on channel bursting protocols that use noise bursts
to resolve channel conflicts. These protocols is capable of achieving very low
collision probability. We propose two new bursting protocols, that achieve
very high channel utilization, and show that the bursting technique has good
fairness properties and provides efficient support for service differentiation. We
also show that it is possible to reduce the number of bursts without loosing
performance.

In part III, the optimal backoff distribution that minimizes the collision
probability is derived. We then propose a heuristic backoff distribution with
similar properties that yields high channel utilization. An extension for service
differentiation is provided where the sizes of the backoff windows are adjusted.
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Sammanfattning

Idag sker alltmer kommunikation i tradlésa nétverk och nya tekniker och stan-
darder kommer ut pa marknaden varje ar, ofta med fokus pa hogre bandbredd.
Flera av de tjanster och applikationer som existerar fér tradbunden kommu-
nikation anvinds i allt hogre grad i tradlosa ndtverk. Manga av de krav som
dessa applikationer har &r relativt svara for tradlosa tekniker att uppfylla.

Kommunikation 6ver en tradlos lank stiller mycket hogre krav pa ldnk och
fysiska lagret jamfort med tradbunden kommunikation, beroende pa de speci-
fika forhallanden som uppstar pa den tradlosa lanken. Kapaciteten i ett tradlost
nitverk dr ofta mycket begrinsad beroende pa den dndliga bandbredden och
andra faktorer som storningar.

Lanklagret dr ansvarigt for att férdela denna begrinsade resurs mellan an-
vindarna och for att maximera nyttan av systemet sa bor anvidndarnas krav pa
service kvalitet, sa kallad QoS, prioriteras. I nétverket antas att varje séindare
helt distribuerat tdvlar med andra séindare om att skicka data pa kanalen. Ef-
fektiva lanklageralgoritmer &r viktiga i denna kontext fér att minimera risken
for kollisioner mellan sindare och dirmed uppna hég utnyttjandegrad av den
tradlosa kanalen.

Denna avhandling bestar av tre delar som med olika angreppssétt forsoker
uppna hog kanalutnyttjandegrad och stdd for service—differentiering i nétverket
genom effektiva linklageralgoritmer.

I den forsta delen studerar vi olika metoder for att forbittra den tradlosa
standarden IEEE 802.11 och IEEE 802.11e med fokus pa service—differentiering.
I den forsta metoden anvinds nyttofunktioner, som beskriver en applikations
preferens i bandbredd, for att uppna service—differentiering i upplinken pa
ett IEEE 802.11 nédtverk. Resultat fran simuleringar visar att resursférdel-
ning enligt nyttofunktionerna uppnas och att den totala nyttan maximeras och
kommer mycket néra det optimala. I den andra metoden vidareutvecklas en
kollisionsdetekterings—algoritm fér multicasttrafik for anvindning i ett IEEE
802.11 nétverk. En sannoliketsmodell for algoritmens prestanda under maxi-
mal belastning presenteras, och resultat visar att multicast uppnar betydligt
hogre tillforlitlighet jamfort med standardfallet. I den tredje metoden beskriver
vi hur dndringar i linklageralgoritmen i IEEE 802.11e, som har stod for QoS,
kan implementeras for att 6ka dess prestanda. Resultat fran simuleringar visar
att den nya algoritmen uppnar betydligt hogre prestanda, nistan optimalt,



under manga olika scenarier med varierande antal séndare. Behovet att up-
pdatera parametrarna som finns i IEEE 802.11e blir darfér inte nodvéandigt i
den nya algoritmen.

I den andra delen fokuserar vi pa en annan typ av algoritmer som anvin-
der sig av kortare storningssindningar for att 16sa konflikter om kanalen innan
datasdndningen paborjas. Tva nya algoritmer som anvinder denna teknik pre-
senteras och resultat fran modeller av algoritmerna visar att mycket hog kana-
lutnyttjandegrad kan uppnas med litet beroende till antalet sindare. Resul-
taten visar ocksa att fordelning av kapaciteten blir mycket réattvis jamfort med
IEEE 802.11 och att stod for service—differentiering kan implementeras. Den
andra algoritmen dr utvecklad for att minimera antalet storningssindningar
som kravs for att 16sa en konflikt om kanalen. Vi visar att den foérvintade
ldngden pa den nddvandiga storningssdndningen minst kan halveras utan att
kanalutnyttjandegraden paverkas namnvéart. Detta ar fordelaktigt ur stornings
och energiférbruknings synpunkt.

I den sista delen studerar vi en generisk backoff—férdelning, och hérleder den
stationdra férdelningen som minimerar sannolikheten fér en kollision mellan
sindare. En heuristisk férdelning med liknande egenskaper som den optimala
presenteras och en enkel modell 6ver dess prestanda hérleds. Vi visar ocksa att
effektiv och deterministisk service—differentiering kan uppnas genom att vélja
lampliga lingder pa backoff-intervallen.
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Chapter 1

Fundamentals of Wireless
Communications

In this chapter, a brief description of the fundamental problems specific for
wireless communication are covered. Readers that are familiar with these topics
may continue with chapter 2.

1.1 Signal Propagation

Transmitting data over a wireless channel is generally more challenging than
over the wired counterpart because of the special characteristics of the physical
channel. These characteristics can be described in terms of several distinct
phenomenons that affect the propagation of a signal, including different forms
of attenuation, interference and antenna effects. The propagation effects are
frequency dependent and when moving up in the frequency spectrum the char-
acteristics become more similar to that of light. The propagation of a signal
in free space is predictable and the energy of an emitted signal, from a point
in free space, will spread over an ever expanding spherical surface as the signal
travels away from the source. Hence, the attenuation of the the received signal
is proportional to the square of the propagated distance, referred to as the
inverse square law. This law is however only valid in free space.

The path loss, L, is expressed as the quotient between transmitted, P;, and
received power, P, i.e. L = P,/P.. In the general case, the average path
loss of the signal increases with the distance d from the sender, raised to some
exponent «, referred to as the path loss exponent, and

L ocd®.

This exponent varies depending on the physical environment but it is nor-
mally in the range between 2 and 6 (with the value 2 in free space) [22, p. 88].
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1.2 Multipath Propagation and Interference

When there exist matter and obstacles between the sender and the receiver
the propagation of the signal becomes more complex. The signal may then
take multiple paths and thus arrive with different time offsets (called delay
spread) at the receiver. These additional propagation paths beyond the direct
line of sight path arise due to reflections, refraction, diffraction and scattering
from objects and obstacles in the surrounding environment. This phenomenon
is often referred to as multi-path propagation and has different effects on the
received signal, depending on the path differences relative to the wavelength of
the carrier frequency and relative to the symbol rate.

The situation becomes even more complex when there is mobility involved.
The motion of the sender or receiver or both will cause the channel character-
istics to change over time. The different paths of the signal create an overlap
in time between adjacent symbols, at the receiver side, and cause interference
by adding or subtracting to the received signal. This is often referred to as
inter symbol interference. The result is a signal whose amplitude changes con-
siderably over time that makes the interpretation of the received symbols more
difficult. These fast changes in amplitude are also referred to as short-term fad-
ing. In addition to these fast changes, there is long-term fading that is mainly
an effect of a varying distance between the sender and receiver.

An additional problem is the thermal or Gaussian noise which adds to the
received signal. This noise is introduced primarily by the electronic components
of the radio at the receiver side due to the random thermal motions of electrons.
The Gaussian noise cannot be eliminated and places an upper bound on the
transmission performance as described by Shannon’s law [24]. This law sets an
upper limit on the number of bits per second that can be transmitted, without
errors, over a bandwidth and power limited channel exposed to Gaussian noise.
Additional sources of interference are other transmitters operating on the same
frequency band.

1.3 Limited Frequency Spectrum

Some frequency bands are not allocated exclusively to be used by one wireless
technology but instead shared by many. One example is the license free 2.4
GHz Industrial Scientific and Medical (ISM) band that is used by technologies
such as the IEEE 802.11b [20] and Bluetooth (IEEE 802.15.1) [25] to mention
a few. The wireless medium is, whether intended or not, a broadcast medium
and this has several implications on radio and medium access control design, ra-
dio resource management, etc. In contrast to wired networks, there is only one
shared medium with a limited spectrum resulting in a resource sharing problem
with technical, social and political dimensions. The international telecommu-
nication union is responsible for worldwide coordination of telecommunication
activities including frequency planning.



Chapter 2

Quality of Service in Wireless
Networks

The term Quality of Service (QoS) has many definitions, sometimes it is used as
a subjective quality measure and sometimes it refers more to the mechanisms
used by the network to provide QoS. In this chapter, the need and motivation
for QoS in wireless networks are described. The most common QoS parame-
ters, belonging to the lower layers, and the concept of QoS classes are presented.

2.1 Motivation for QoS in Wireless Networks

Some might argue that the need for supporting QoS in networks is not very
important since over-provisioning of the network resources is quite simple. Fur-
thermore, the implementation of QoS support is not easy compared to that of
upgrading the capacity. While there is some truth to these statements in wire-
line networks the case is quite different in wireless networks. A reason for this
is the very restricted and limited frequency band that all of the wireless tech-
nologies are subjected to. This is not entirely a technical problem but also a
regulation issue.

Over—provisioning the capacity in wireless networks is not always feasible
due to the limitations in frequency spectrum and the fact that the wireless
channel is a broadcast medium. The very hostile and unpredictable nature of
the physical channel limits the capacity even further and makes any guaran-
tees to users difficult to fulfill. Efficient use of this limited resource is crucial
to maximize the utility of the system. This may be achieved by considering
application preferences or willingness to pay per unit of bandwidth for each
user, along with techniques for achieving service differentiation in the target
network.

The importance of QoS is also motivated by the commercial interests of

3
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offering different services to mobile users, e.g video telephony. For this to be
successful, with sufficient quality of the services, the network must provide
some form of service differentiation. The wireless standardization community
has focused more on QoS the last few years and recent wireless standards, like
IEEE 802.11e [5] and IEEE 802.16e-2005 [17], include support for QoS through
different service differentiation mechanisms.

2.2 Quality of Service Parameters and Classes

QoS may be viewed from the network or the application (end user) point of
view. The application has QoS requirements and the network provides certain
QoS parameters. Hence a network capable of satisfying application require-
ments is said to support QoS. The most common QoS parameters associated
with the lower layers in networks include but are not limited to:

e Bandwidth: The bandwidth is one of the most important parameters.
Applications may also be classified as elastic or inelastic when considering
their tolerance against variations in bandwidth.

e Delay: The delay characteristics of the network are important for delay
sensitive or real time applications such as video and voice. For interactive
applications the round trip time of the network, from making a request
until the response is received, is important. This is also the case for
interactive network games.

e Jitter: The jitter is the variation in delay and can cause significant prob-
lems for real time applications. To compensate the effect of jitter buffering
techniques are often applied.

e Packet Loss: The packet loss rate or bit error rate has a negative effect on
throughput, delay and jitter. The delay and jitter are often caused by the
Automatic Repeat Request (ARQ) or Forward Error Correction (FEC)
(see Section 3.2) mechanisms. Compared to wired networks the bit error
rate is several magnitudes higher in wireless networks [22, p. 126].

From a network point of view, depending on the technology used, some of
the parameters may be easier to control and adapt. For example the bandwidth
for an individual user may be easier to control than the bit error rate, which
may be heavily influenced by external interference. However, channel coding
and FEC can be used to reduce the bit error rate. Delay and jitter are often
an effect of the current traffic situation in the network.

Some wireless systems are built with focus on supporting QoS, like the
European Telecommunications Standards Institute (ETSI) HiperLAN Type 1
[7], Type 2 [8], IEEE 802.11e, Universal Mobile Telecommunication System
(UMTS) [11] and WiMAX (IEEE 802.16e-2005) [17] whereas others are mainly

4
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operating according to a best effort model, e.g. IEEE 802.11 Distributed Coor-
dination Function (DCF) [21]. Standard application service classes are some-
times defined to facilitate the process of determining if a network can meet
certain application requirements. Each class is associated with a specific set of
QoS parameters and the network can optimize the performance according to
the predefined service classes. In UMTS four service classes have been identified
mainly based on the delay sensitivity of the traffic [22, p. 70]:

1. Conwversational: for real time conversation like voice and video telephony
with strict requirements, determined by human perception, on delay and
jitter.

2. Streaming: preserves time relations but has more relaxed delay require-
ments suitable for streaming media.

3. Interactive: characterized by the request response pattern suitable for
application like web browsing.

4. Background classes: suitable for applications 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 define different
QoS classes for applications with specific requirements.

User or application satisfaction or preferences may also be modeled through
the use of wtility functions, describing the sensitivity to changes in various QoS
parameters. Often the utility is a function of the rate or bandwidth allocated
to a user or application. However, other QoS parameters such as delay, jitter
and packet loss may be of better value in determining user satisfaction.
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Chapter 3

Medium Access Control in
Wireless Networks

This chapter describes some of the roles of the Medium Access Control (MACQC)
layer in wireless networks and some of the problems, specific to wireless com-
munication, that must be handled by the MAC layer. A brief description of
error control is also included.

3.1 General MAC Responsibilities

Layer two in the Open System Interconnection reference model [26] is the data
link layer which is further subdivided by IEEE 802-2001 [6] into the Logical
Link Control (LLC) layer and the MAC layer. The main responsibility of the
MAC layer is to control access to the physical medium while the LLC sublayer
is primarily responsible for providing a reliable link by means of error recovery
functionality.

The hostile nature of the wireless channel complicates the design of the
MAC layer and requires special techniques to achieve a more reliable commu-
nication link. Despite many different techniques used to combat the destructive
propagation effects on the physical layer, the burden is still much higher for
the MAC layer in wireless networks. One problem is the much higher bit error
rate found in wireless communication.

MAC technologies from wired networks cannot directly be applied in wire-
less networks because of the special characteristics of the wireless channel. One
example is the collision detection capabilities used in the MAC layer of IEEE
802.3 [10] (Ethernet). Collision detection is not feasible in wireless networks
for several reasons and therefore other solutions are required. The Wireless
LAN technology IEEE 802.11 uses mechanisms to avoid collisions.

7



Chapter 3. Medium Access Control in Wireless Networks

3.2 Error Control

One problem specific to wireless communication is the very high frequency of
bit errors caused by the physical layer that must be detected and handled by
the MAC layer. The error rate for a fading wireless channel is typically in the
order of 107! to 1072 [22, p. 126] and that is several magnitudes higher than
in wired networks. Error control is often classified in two categories:

o Forward Error Correction (FEC): this approach works by adding redun-
dant information to the bit stream that enables the receiver to recover
from a limited number of bit errors.

e Automatic Repeat Request (ARQ): ARQ uses additional check bits for
the receiver to detect bit errors and possibly request retransmissions of
corrupted packets.

While ARQ functionality is the responsibility of the MAC layer, the FEC is
a form of channel coding and belongs to the lower layers. ARQ provides high
reliability but as the bit error rate increases the throughput drops due to the
increased frequency of retransmissions.



Chapter 4

Wireless Local Area
Networks

The WLAN has become an important technology in providing users with mobile
and wireless access, with relatively high data rates, for low costs. The standard
IEEE 802.11 [21], standardized in 1997, specifies the most widespread WLAN
technology on the market today. Two competing WLAN technologies are the
HiperLAN Type 1 and Type 2, both standardized by the ETSI. The Type 1
standard was released in 1996 and Type 2 in 2000. In contrast to IEEE 802.11,
both HiperLAN Type 1 and Type 2 have inbuilt support for QoS. This chapter
covers these three WLAN standards with focus on their MAC layers.

4.1 IEEE 802.11

The first version of the IEEE 802.11 standard, specified the MAC layer and
three different physical layers: frequency hopping, spread spectrum and diffused
infrared, all with a maximum capacity of 2 Mbps (10° bits per second).

The continuous development of new physical layers has resulted in several
new layers with increased capacity. The IEEE 802.11b [20] is a development of
the previous spread spectrum technology with a maximum capacity of 11 Mbps.
The IEEE 802.11a [19] employs a slightly different technique called multi carrier
modulation and achieves rates up to 54 Mbps. Task Group n (TGn) currently
works on the new standard IEEE 802.11n [27] with the goal to increase the ca-
pacity beyond 100 Mbps. Despite the many different physical layer techniques,
little work has been done on the original MAC layer specification.

There exist many other IEEE working groups aiming to improve not only
the physical layer but other aspects of the standard like radio resource mea-
surement enhancements (IEEE 802.11k) and fast roaming/fast BSS transition
(IEEE 802.11r), to name a few.
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4.1.1 System Architecture

IEEE 802.11 defines two different, system architectures, the Basic Service Set
(BSS) and the Independent BSS (IBSS). Figure 4.1 shows an infrastructured
based BSS where one or several wireless stations (STA) are connected or asso-
ciated with an access point forming one BSS. Several BSSs may be connected
together via a distribution system or a backbone network to form an Extended
Service Set (ESS). In this mode the communicating part for a station is always
the access point regardless of the destination address. In addition to the infras-
tructured based BSS, the IBSS mode allows the formation of ad hoc networks
without the need of any infrastructure. The functionality of the access point is
limited to layer two and below and the access point may be considered solely as
a bridge linking two different medium technologies, e.g. IEEE 802.3 and IEEE
802.11.

IEEE 802 LAN

( Diateb han Suat O)
Distribution-System

ESS

Figure 4.1: The IEEE 802.11 system architecture: Basic Service Set (BSS).

4.1.2 Medium Access Control

The MAC layer defines two different MAC schemes, the Distributed Coordina-
tion Function (DCF) and the Point Coordination Function (PCF). The DCF
is the fundamental access method that requires all stations in the network to
contend for access to the channel. Whereas PCF eliminates the contention
phase by centrally coordinating access with the aim to support deterministic
access. DCF is working on a best effort basis most suitable for asynchronous
traffic. DCF must be supported by all stations in the network. Whereas the
PCF is an optional part of the standard. The PCF will not be covered here,
for more details see [21]. Besides controlling access to the channel the MAC
layer is responsible for MAC synchronization, Power Management, Association
and Roaming.

10
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Physical and Virtual Carrier Sensing and Interframe Spaces

Physical and virtual carrier sensing are used to determine the status of the
channel, i.e. busy or idle. Physical carrier sensing is provided by the physical
layer through the Clear Channel Assessment (CCA) mechanism. Virtual car-
rier sensing is provided by a mechanism called the Network Allocation Vector
(NAV). The NAV is an indicator maintained by each station of time periods
when it must defer access to the channel. Virtual carrier sensing has precedence
over physical carrier sensing. The NAV value is obtained from the duration field
in the MAC header of every frame transmitted on the channel.

Subsequent frame transmissions are separated by short time gaps on the
channel called Interframe Spaces (IFS). There are different gap durations re-
sulting in several priority classes used by different types of frames. The Short
IFS (SIFS) is used when a station has seized the medium and need to keep it
for the completion of a frame exchange sequence.

The SIFS has higher priority than the DCF IFS (DIFS), used by normal
data frames. The reason is to prevent other stations than the receiver to access
the channel after a successful frame transmission. Figure 4.2 illustrates the
relationship between the different IFS and the slot time.

DIFS
I, DIFS |
D |
\ | :4LFS,: |
| :SIFS¥I | ——
f |

i Busy medium vi| 1 Backoff | o
1 b i in

] i . »

| Defer access ! Slot time

(=B actess 1 e

Figure 4.2: The relations between the interframe spaces and the time slot
following a busy medium.

A station waiting a SIFS automatically has priority over stations waiting
a DIFS in accessing the channel since the gap duration of the SIFS is shorter.
DIFS is used by stations in DCF mode before attempting to access the channel
or performing the backoff procedure (described in Section 4.1.2). Whereas the
SIFS duration precedes special control frames, including the acknowledgment
frame, that require a higher priority.

The SIFS and DIFS times include several necessary physical layer attributes
including transmit to receive turnaround time, the time it takes the radio in-
terface to switch from receiving mode to transmitting mode (half duplex radio)
and MAC processing delay.

The DCF MAC algorithm

The medium access algorithm used in DCF is the Carrier Sense Multiple Access
with Collision Avoidance (CSMA/CA), which is similar to the Carrier Sense
Multiple Access with Collision Detection (CSMA/CD) used in the Ethernet
standard TEEE 802.3 [10]. CSMA /CD assumes collision detection capabilities

11
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and is therefore not suitable for wireless networks. Instead CSMA /CA ftries to
avoid collisions by using physical and virtual carrier sensing and an exponential
backoff mechanism.

! |
Sender L°™S,|  Frame [
|
Receiver ! [;Ca
|
|
|

Other ! ! Backoff

defer access DIFS

Figure 4.3: The fundamental and mandatory medium access procedure for
accessing the channel under DCF.

DCF employs an immediate positive acknowledgment ARQ scheme called
Stop-and-Wait to confirm a successful packet reception. The absence of an
acknowledgment packet from the receiver indicates a packet loss.

In Figure 4.3 the fundamental access procedure for a station accessing the
channel is shown. A station will first try to sense the channel idle for a DIFS
time and then if the channel is idle the stations initiates the frame transmission.
All other stations will defer access after using carrier sensing. The receiver will
respond with an acknowledgment frame after first waiting a SIFS time.

Every time when the channel is sensed busy or after an unsuccessful trans-
mission a station chooses a backoff counter uniformly from an interval called
the Contention Window (CW), {0,1,...,CW}. The CW is doubled for every
consecutive retransmission of the same packet, but must stay in the valid range
[CW inin,CWax|!. This backoff scheme is sometimes referred to as the Binary
Exponential Backoff (BEB).

Table 4.1 shows an example how the adjustment of the CW is done. The
CW is increased for each unsuccessful attempt (shown by the ACK column)
to transmit the same packet until the maximum size CW,ax or the retry limit
is reached. As soon as the attempt is successful, the CW is reset back to the
minimum size CWy,;, that will be used in the subsequent contention phase.

Attempt  Contention Window Size ACK
1 CW = CWuin 2°-1=31 NO

2 CW = (CW + 1)2-1 20-1 =63 NO

: : NO

n CW = min(CWax,(CWAH1)2-1)  min(1023,2"—1) YES

1 CW = CWpin 2°-1=31 YES

1 CW = CWin 2°—1=31 YES

Table 4.1: One example how the adjustment of the contention window (CW)
is done.

LCW nin and CWmax are defined by the physical layer specification
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The backoff counter is decremented by one for each time slot when the
channel is idle. It is required that a station performs carrier sensing to de-
termine the status of the channel in each time slot. As soon as the channel
becomes busy, the station must freeze its backoff counter and only resume the
countdown when the channel becomes idle again, but first after waiting a DIFS
time. When the backoff counter reaches zero the station starts transmitting the
pending frame. Stations are also required to choose a new backoff counter from
CWhin after completing a packet transmission before starting the next. This
is referred to as post backoff and is used to prevent stations from capturing the
channel for long periods.

The collision avoidance mechanism does not totally eliminate the risk of col-
lisions since two or more stations can start their transmissions simultaneously,
i.e. in the same time slot. This happens when the backoff counter reaches zero
at the same time for two or more stations. In Figure 4.4, the fundamental
MAC logic of DCF is illustrated.

Wait for frames
from higher layers

Medium idle for
DIFS?

FALSE Defere access until

medium idle

h 4

FALSE

Medium idle for
DIFS?

New pending
frame?

TRUE

Generate new
backoff (BO) if 0

A |

Transmit frame

Idle time slot?

¢ TRUE

Decrease BO by
one

Figure 4.4: The different parts of the medium access control logic carried out
by each station under DCF.
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Example of DCF operation

Figure 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 MAC
layer and the station starts to contend for access. Assuming that the channel
was previously idle, then station 1 senses the channel idle for a DIFS time and
immediately accesses the channel.

CW=31 CW=63

BO=10 BO=19
s, DIFS DIFS DIFS DIFS
>/ pama |\ o[87[6[5]4 BUSY 3[2[1]o e ‘4—»‘181116 BUSY
Cw=31 =
Bo=10 5055

=]
S
[
o
i
&
S
@
[
7]
=<

s,| DIFS
2 }._.‘ IL BUSY

DIFS DIFS DIFS DIFS
<—>{ BUSY[| W NENE BUSY 210 DATA

@ Packet arrives at the MAC layer § Collision

S

Figure 4.5: One example of three contending stations operating under the DCF.

When the channel becomes idle following the transmission of station 1, all
three stations wait a DIFS time and then select new backoff counters from their
CWs. Station 3 selects the smallest backoff (BO = 6) and transmits first. The
next transmission attempt results in a collision between station 1 and 2. These
stations then double their CWs and select new backoff counters.

4.2 1IEEE 802.11e

Task Group e completed its work in 2005 with the new improved IEEE 802.11e
standard [5] that has support for QoS. The standard is relatively complex
with a multitude of new features, some optional and others mandatory. IEEE
802.11e defines two access methods, one controlled channel access called Hybrid
Coordination Function Controlled Channel Access (HCCA) and one contention
based channel access called Enhanced Distributed Channel Access (EDCA).
In HCCA, the access point takes the role as a centralized coordinator and
schedules the resources in the network according to QoS requirements. The
EDCA is on the other hand fully decentralized where each station contends for
access according to its QoS requirements. Only the EDCA part of the standard
will be described in this section.

IEEE 802.11e specifies eight user priorities and a packet with a specific
priority belongs to an access category (AC). In Table 4.2 the priority mapping
between user priorities and ACs is shown.

Stations maintain four local queues corresponding to each ACs. The four
ACs are equipped with specific sets of contention parameters and each AC
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Priority =~ User Priorities (UP)  Access Category (AC) Designation

lowest 1 AC _BK Background
2 AC_BK Background
0 AC_BE Best Effort
3 AC_BE Best Effort
4 AC VI Video
5 AC_VI Video
6 AC VO Voice
highest 7 AC VO Voice

Table 4.2: TEEE 802.11e mapping between user priorities and access categories.

contends independently for access to the channel. Internal collisions may occur
but are solved by allowing the AC with the highest priority to gain access to
the channel. The standard specifies default values of the contention parameters
but the access point has the flexibility to adjust the parameters dynamically.
Stations operating under EDCA contend for a so-called transmission opportu-
nity (TXOP). This is an interval of time when a particular station is allowed
to access the channel. Depending on the length of the TXOP, stations may
transmit more than one frame. The following contention parameters are used
to differentiate between ACs:

e The maximum duration of time, TXOP[AC], a station in a specific AC
is allowed to access the channel.

e The minimum contention window, CWp;n[AC], a specific AC uses to
control access to the channel.

e The maximum contention window, CWp,,x[AC], a specific AC uses to
control access to the channel.

e Arbitration interframe space number, AIFSN[AC], is the number of time
slots a specific AC uses to determine the arbitration interframe space

(AIFS).

The backoff counter for each AC is chosen uniformly from the interval
{0,1,...,CW[AC]}. Instead of sensing the channel for a DIFS time before
attempting to access the channel, each AC must determine the channel to be
idle for an AIFS[AC] period of time defined as follows

ATFS[AC] = AIFSNJAC] x aSlotTime + aSIFSTime,

where aSlotTime is the slot time and aSIFSTime is the normal SIFS duration.
The CW for each AC is updated as follows

CWIAC] = min(CWymax [AC], (CW[AC] 1) x 2 - 1),
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after each unsuccessful transmission attempt (when no ACK is received).

AC ATFSN CWuin  CWinax
AC_VO 2 7 15

AC_ VI 2 15 31
AC_BE 3 31 1023
AC_BK 7 31 1023

Table 4.3: Default values of the contention parameters used in EDCA.

Lower values of ATFSN[AC], CWp,in[AC] and CWax[AC] result in an in-
creased channel access frequency. The default values of the contention param-
eters are listed in Table 4.3.

Figure 4.6 illustrates an example of four ACs, within one station, contending
for access to the channel. The lower priority ACs must sense the channel idle for
longer AIF'S times before starting to decrement their backoff counters, and thus
it takes longer time for their counters to reach zero. The third contention phase
results in an internal collision and the AC with the highest priority (AC_VO)
will gain access to the channel while the lower priority AC will double its
CW. On the other hand, an external collision between two ACs from different
stations causes both ACs to double their CWs.

cw=7 cw=7 cw=7
BO=6 BO=5 BO=7
| | | |
AC_VO|AIFS 5[4][3]2[1]0]/ pata \mus[ BUSY &2\1\0\/\ DATA \&6‘5‘4‘3‘
CWi15 CWw=15 Cw=31
50‘-3 i BO‘=3 i BO‘=18
AC_VI| AFS, [ Te o a3 2 TeusY Hﬂs’m DATA \Lﬁqzh D A EED
cw=31
B80=13
| | | |
AC_BE@WH BUSY |<LFS>‘6\5| BUSY AFS T3T2
cw=31
B80=22
AC_BK AlFS 1ol BUSY MM
Contention phase 1 2 3 4

Figure 4.6: One example of four ACs from the same station contending for
access to the channel.

4.3 IEEE 802.11n

It is well known that the achievable throughput in a IEEE 802.11(a,b,..) net-
work is far from the physical data rate. The reason is the large overhead
found in the physical and MAC layers. It has been shown that a theoretical
throughput limit exists due to MAC and physical layer overhead [29]. Sim-
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ply increasing the modulation rate is not a long term solution to achieve rates
above 100 Mbps.

Task Group n (TGn) is currently working with the new standard IEEE
802.11n [27] with the goal to increase the data rates and range of IEEE 802.11.
The scope of this standard covers both the physical and MAC layers. One
focus of this standardization work is to address the high overhead found in the
IEEE 802.11 MAC. For every frame transmitted, there is overhead in terms
of MAC /physical headers, IFS, backoff time, ARQ etc. One feasible approach
to reduce the overhead is to use frame aggregation techniques as proposed
by the TGn. The different approaches are based on concatenating several
frames, under a common preamble, before transmission and thus reduce the
transmission time for preambles and the idle time used for backoff. Frame
aggregation creates new problems with increased MAC delays and frame error
rates under noisy channels.

4.4 Elimination Yield Non—pre—emptive Priority
Multiple Access

ETSI standardized the WLAN technology High Performance Local Area Net-
work (HiperLAN) Type 1 in 1996 and The Elimination Yield Non—pre—emptive
Priority Multiple Access (EY-NPMA) was selected as the MAC protocol [7]. In
contrast to the IEEE 802.11 standard, HiperLAN/1 includes support for QoS
by a powerful prioritization scheme.

EY-NPMA operates under two different conditions, the synchronized and
the channel-free condition, depending on the channel state. If the channel
is idle for a certain fixed duration, nodes may then access the channel after
first waiting a number of slots chosen uniformly from a fixed interval. The
synchronized channel condition starts immediately after the end of the previous
channel access cycle, and operates in three phases as described below

1. The Prioritization phase: Five different priorities are defined, where 0 is
the lowest and 4 the highest priority. Nodes must sense the channel idle
for a number of slots equal to their priorities, e.g. a node with priority [
must sense the channel idle for [ slots. If the node senses the channel idle
for the whole period of [ slots, it then asserts its priority by transmitting
a short noise burst (called priority assertion). If the channel does not
remain idle for the whole period, the node then leaves the contention.
This type of prioritization is non—pre—emptive meaning that only nodes
with the highest priority will survive the prioritization phase.

2. The Elimination phase: In this phase, the remaining nodes from the
prioritization phase will transmit bursts with lengths sampled from a

truncated geometric distribution, i.e the probability for a burst length of
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n slots is given by [7, Chap. 8.2.2],

(4.1)

P(TL) o pEn(l _pE) if0<n< MESs,
pE"ES if n =mgs,

where pg is the bursting probability and mpgg is the truncation limit.
Immediately following its burst, a node senses the channel for a survival
verification slot. A node only survives the elimination phase if this slot
is idle. The elimination phase will last for the duration of the longest
bursting time including the survival verification slot.

3. The Yield phase: The nodes remaining from the elimination phase will
in the yield phase select a random number of yield slots from a uniform
distribution, i.e. U{0,1,...,mys}, where myg is the window size. The
node(s) selecting the minimal time will win the contention and access
the channel and all other nodes will defer access. Default values of the
parameters are pp = 0.5, mps = 12 and myg = 9.

channel access cycle

L 4

I
|
o i i i i | i
Node1 ! | | /Y oo\ |
P i | i o
Node2 | | | | L p
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Node3 | | SN
o RRYERYEAYEER
Node 4 | ! i/ \i/ i \/ v Data Frame ACK
:“—":“—V: 4—'3 3& P )
IFS Prioritization Elimination Yield Transmission
phase phase phase phase
Priority assertion Survival

burst verification
Interval

Figure 4.7: An example of four nodes trying to access the channel according
to the synchronized channel condition.

Figure 4.7 illustrates an example of four nodes operating under the synchro-
nized channel condition. Nodes 1, 3 and 4 have the same priority, [ = 2, while
node 2 has a lower priority, I = 3. The three nodes then assert their priorities
in the priority assertion slot and then transmit bursts with lengths according
to (4.1). Node 1 and 4 select the longest burst and survive the elimination
phase. In the yield phase, node 4 selects the minimal yield time and accesses
the channel.

HiperLAN Type 1 did not become the commercial success ETSI hoped for
and no or few products have been available on the market. The EY-NPMA
is very different from the CSMA/CA MAC protocols. The channel bursting
technique found in the elimination phase is very powerful in resolving channel
conflicts even with a very large number of nodes. The BEB approach used in
IEEE 802.11 cannot provide the same performance.
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Motivation of This Work

IEEE 802.11 is currently the de facto WLAN standard and the relatively low
cost of its products and ease of deployment have contributed to its success.
WLAN networks are currently installed in many locations like airports, hotels,
city centers etc. The number of users in these networks is constantly increasing
as well as the number of networks. The WLAN technologies standardized by
ETSI, HiperLAN, have not been very successful and currently there are no
competitive standards to IEEE 802.11.

An efficient MAC protocol is crucial in a wireless network to achieve high
user data rates, or high utilization of the channel. The physical and MAC lay-
ers both play important roles in achieving this. However, much of the research
focus, in increasing the data rates, is currently on the physical layer. One exam-
ple is the Multiple Input/Multiple Output (MIMO) technique, where multiple
transmit/receive antennas are used to increase the capacity [27]. Very few im-
provements have been done to the MAC layer of IEEE 802.11, that has almost
remained the same since it was first introduced in 1997.

Task Group n (TGn) is currently working on the IEEE 802.11n standard
and has the ambition to increase the user data rate beyond 100 Mbps. Im-
provements to both the physical and the MAC layers will hopefully lead to this
goal. However, TGn is currently only focusing on reducing the overhead asso-
ciated with headers, IFS, ARQ), etc, and not the overhead caused by collisions
between senders [27]. The medium access control algorithm in DCF has been
criticized for its poor performance and relatively low channel utilization, e.g.
see [3, 12], especially in the case when there is a large number of senders in the
network. The pursuit of higher data rates may increase this problems, since a
higher capacity allows for a larger number of users. Several improvements to
the DCF, based on more efficient adaptation of the CW have been proposed,
e.g. see [4, 28, 2, 16].

To support a multitude of services in a WLAN, e.g. voice over IP or video
streaming, the network should provide some type of service differentiation tech-
niques. The need for an efficient MAC scheme becomes even more evident when
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introducing QoS support. The prioritization of nodes or classes should not
waste capacity and preferably yield deterministic results. IEEE 802.11 has no
support for QoS and works on a best effort basis. A large number of research ef-
forts has proposed modifications to introduce support for QoS in IEEE 802.11,
e.g. see [18] for a review. The new amendment IEEE 802.11e adds support
for QoS but most of the fundamental problems in the medium access control
algorithm, EDCA, remain the same as in DCF. The EDCA is a rather complex
standard and uses multiple contention parameters to achieve differentiation be-
tween priority classes. The default values of these parameters only yield good
performance for a limited number of scenarios, e.g. see [15], and therefore the
access point has the flexibility to adapt the parameters dynamically. 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] since it becomes more difficult to determine the capacity shares for
each priority class [14].

5.1 Main Research Problems

The main focus of this thesis is on the MAC layer. More specifically, the work
deals with distributed algorithms for medium access control in wireless local
area networks. The main research problems of interests are (but not limited
t0):

e MAC algorithms or improvements to existing algorithms with the purpose
of achieving efficient conflict resolution and thus minimize the collision
probability. High utilization of the channel can then be achieved. The
networks of interest are assumed to potentially have a large number of
senders.

e Algorithms to achieve efficient service differentiation, and thus support
QoS, between senders or classes that have different priorities or prefer-
ences. These algorithms should preferable yield deterministic results.

5.2 Methods and Tools

This section describes the tools and methods used to analyze the MAC pro-
tocols presented in this thesis. The analyzing procedure usually involves the
steps in order described below:

1. Simple Simulations: Initial simulations provide an overview of the per-
formance of the algorithm. Usually an initial prototype of the algorithm
is implemented in a programming language such as Matlab or Python.
The model is usually very simplistic with many assumptions regarding
the physical layer, e.g. no propagation delay or capture effects. This
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step can play an important role in estimating appropriate intervals for
parameter values to be used in the extended simulations.

2. Extended Simulations: The algorithm is implemented in a simulation
environment, e.g. the Global Mobile Information Systems Simulation
Library (GloMoSim) [30] or the Network Simulator (NS-2), with more
detailed and extensive models of the physical and other layers. More
realistic simulation results can then be achieved. These simulations are
often more CPU intensive because of the more detailed models of each
layer. Since the main focus is on the MAC layer performance, then often
simpler radio and traffic models are assumed, with the purpose of isolating
the behavior of the MAC layer.

3. Analytical Modeling: An analytical model of the algorithm provides a
very powerful tool in analyzing its performance. However, numerous as-
sumptions are often necessary in deriving models with tractable proper-
ties. Some of the common assumptions are, traffic saturation, no hidden
terminals and no capture effects. An analytical model greatly simplifies
the study of what effects the parameters have on the performance of the
algorithm. It is a common practice to verify the model with simulations.

Deriving an analytical model of the algorithm is generally the most chal-
lenging part. Some algorithms exhibit state dependencies between each con-
tention phase, e.g. IEEE 802.11 DCF and i-EDCA (paper VI), that make the
modeling more complicated. For other protocols like PREMA (paper III) and
TGBD (paper VII) each contention is independent from the previous. This
greatly simplifies the analysis.

5.3 Future and Ongoing Work

Several aspects of the proposed algorithms need to be studied further. Below
is a list of planned or ongoing work.

1. An analytical model of i-EDCA. Modeling the i-EDCA protocol is non-
trivial since each contention phase is dependent on the previous. Several
attempts have been made to model the performance using Markov chains,
similar to the work by Bianchi [1]. However, none of the models have
resulted in enough accuracy and new approaches are required.

2. Extended studies of i-EDCA. Several properties of the protocol remain to
be studied, e.g. coexistence of i-EDCA and EDCA stations in the same
network, tuning of parameters, other traffic, ad hoc, and hidden terminal
scenarios etc.

3. A study of PREMA for Multicast traffic. PREMA was originally intended
for multicast traffic, but it was decided to present the protocol as a gen-
eral conflict resolution algorithm because of its performance. A study

21



Chapter 5. Motivation of This Work

comparing the performance of EMCD (paper II) and PREMA for mul-
ticast traffic is currently ongoing. PREMA is expected to outperform
EMCD in most scenarios. Including the two—stage backoff model, Paper
VII, in this study might be of interest.

There are many other research ideas waiting to be studied. An additional
study is to compare the two-stage backoff model with SEMA (Paper V) and
EMCD in terms of bursting efficiency. Furthermore, the prioritization in the
two—stage backoff model can be made more generic by considering similar pri-
ority vectors as used in the PREMA algorithm.
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Summary of Contributed
Papers

A brief summary of the contributed papers in this thesis is presented in this
chapter. The papers are placed in chronological order.

6.1 Paper I

In paper I, we focus on achieving service differentiation in the uplink of an
IEEE 802.11 network. A utility function, describing the sensitivity to changes
in throughput, is associated to each user and is assumed to be private. The
goal is then to maximize the aggregated utility of the network according to the
following optimization problem

max > Us(rs) (6.1)
r sES
such that > r, <C, r,>0,
seS

where Us(rs), is the utility achieved by user s having the rate rs and C is
the maximum achievable capacity. This optimization problem can be subdi-
vided into a user and a network problem and if the problems are solved si-
multaneously, provided that the Lagrange multiplier (A) mediates between the
problems, then (6.1) is maximized [13].

Two algorithms are proposed, one for the user problem and one for the
network problem. The Lagrange multiplier can be viewed as a price per unit
of throughput. Each station tries independently to solve the user problem by
adjusting its backoff counter according to the shape of its utility function and
A

The access point is responsible for setting A, referred to as the congestion
price. The price level affects the contention level in the network and if set too
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high the channel will be under-utilized. A too low price on the other hand
will cause heavy contention in the network resulting in frequent collisions and
retransmissions. There is an optimal price A that will maximize the aggregated
throughput in the network. It is very difficult to know this optimal price in
advance due to many uncertainty factors like the number of contending stations,
type of utility functions etc. We have adopted an iterative approach to achieve
close to an optimal price by adjusting the price according to feedback in terms
of throughput. The approach utilizes a well known congestion technique called
multiplicative increase and linear decrease to control the contention level in the
network. When a sufficient level of congestion builds up and the throughput
starts to drop then a multiplicative increase in price is carried out to force
stations to decrease the traffic load.

Results from simulations show that service differentiation is achieved ac-
cording to the shape of the utility functions. Furthermore, our approach comes
very close in optimizing the sum of all utilities compared to a centralized ref-
erence model where all the utility functions are known a priori.

6.2 Paper II

Compared to unicast traffic, multicast is not protected by any ARQ mechanism
in 802.11 networks and collisions with other multicast and unicast transmissions
are not detected. A collision detection algorithm for multicast transmissions in
IEEE 802.11 networks is proposed in Paper II. The algorithm which we refer
to as Early Multicast Collision Detection (EMCD) is an extended version of
the algorithm originally proposed by Rom [23] and is designed to be used in an
IEEE 802.11a network.

A multicast sender introduces an early pause in the transmission and per-
forms an additional clear channel assessment when using EMCD. If a collision
with another multicast or unicast sender is detected the transmission is aborted,
after a predetermined interval, and a retransmission is scheduled. Otherwise
the sender continues with the remaining part of the transmission.

Teo
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[] Not trasmitted if collision is
detected

Figure 6.1: Different lengths of T, generated by three senders.

EMCD operates in three phases, the first phase is the vanguard transmission
(T) the second phase is the carrier sensing operation and the third phase is the
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main (7},,) or jamming transmission. The length of the vanguard transmission
is derived as follows

Ty = Thin + nAstepv (62)
where
T — Thi
nGU{O,M}, (6.3)
Astep

where T},,;5, is the minimum allowed or possible transmission time, Agep, is
the smallest time difference that can be detected between two vanguard trans-
missions from different senders by the CCA and T¢py is the maximum duration
of the vanguard transmission, including the Collision IFS (CIFS). Figure 6.1
shows a collision between three multicast senders that choose different lengths
of the T,. Sender 2 (S2) detects the collision first and continues by jamming the
channel until the end of T p; to allow the other senders to detect the collision.

An analytical model of the algorithm is derived and results show that mul-
ticast senders achieve increased reliability for their transmissions compared to
the standard case. Furthermore, Simulation results show that multicast traf-
fic gains priority compared to unicast traffic that minimizes the effect of the
unbalanced contention between up and downlink.

6.3 Paper III

In Paper III, a novel channel bursting MAC protocol with service differentia-
tion capabilities is proposed, called Prioritized Repeated Eliminations Multiple
Access (PREMA). PREMA takes the concept of performing an additional car-
rier sensing, as in EMCD, one step further. In PREMA a channel noise burst
is transmitted and its length is sampled from a geometric distribution with
parameter g. Whereas the length of the vanguard transmission in EMCD is
chosen from a uniform distribution. Each node will perform a carrier sense im-
mediately following the completion of the burst. Nodes sensing a busy channel
will leave the contention while other nodes perform an additional channel noise
burst and so on. On average if ¢ = 0.5, less than two nodes will remain after
the first burst. A node may access the channel if it has sensed the channel idle
h times. The algorithm is described in pseudo code in Algorithm 1. PREMA
is mainly intended for resolving channel conflicts, and results in very low prob-
ability of collisions. The protocol is very flexible and prioritization of classes
can be achieved by tuning the value of ¢ for each class in each time slot.
Figure 6.2 illustrates an example of six nodes contending for access. Nodes
1 and 4 select the longest channel burst in the first contention phase. These
nodes will transmit another burst in the next phase while the other nodes will
leave the contention. Node 4 wins the contention and transmits its packet.
Results from an analytical model of PREMA show that the collision prob-
ability is almost independent of the number of contending nodes. Hence the
channel utilization is very high compared to that of IEEE 802.11. Extensions
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Algorithm 1 PREMA
1: Sense channel idle for Ty, > Start
2: idleSlots = 0,1 =1
3: while idleSlots < h do

4: if A; = tx then > Sample from stoch. var. A;
5: TRANSMITNOISE(T)

6: else // A; =cs

7 if busy =SENSECHANNEL(7T) then

8: goto start

9: else
10: idleSlots = idleSlots + 1
11: end if

12: end if

13: i=1+1

14: end while

15: TRANSMITMESSAGE(Tr,)
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Figure 6.2: An example of six nodes contending for access by repeatedly trans-
mitting bursts. Grey and white trapezoids are energy bursts and carrier sense
(CS) operations, respectively

for hidden terminal scenarios are provided and are shown in simulations to
provide adequate performance.

6.4 Paper 1V

In Paper IV, an analytical model of the EY-NPMA protocol, used in HiperLAN
Type 1, with the assumptions of untruncated eliminations and saturated traffic
conditions is proposed. Because of the assumption of untruncated eliminations,
powerful approximations of the probability that m out of n nodes survive the
elimination phase and its length can be utilized that make the model less com-
plex.

Results show that the model accurately predicts performance and optimal
parameters within a few percent compared to that of an existing model. Results
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also show that the truncation limit has little effect on the performance, and
when there is a large number of nodes it may be a limiting factor.

6.5 Paper V

One drawback using MAC protocols like PREMA and EY-NPMA is the in-
crease in interference generated by the elimination phases, where nodes fre-
quently transmit channel bursts. This interference may cause problems to
neighboring networks, especially on a license free band. Moreover, transmit-
ting channel bursts in each contention is not energy efficient.

Paper V proposes a MAC protocol, called Silent Elimination Multiple Ac-
cess (SEMA), with the goal to minimize the number of bursts required to resolve
the channel conflict. Instead of transmitting a channel burst with a length of r
slots, only a short channel burst in slot r is transmitted, i.e. nodes will refrain
from transmitting in the first slots, 0,1, ..., —1, and only transmit in the last
slot, r. We refer to this elimination as silent elimination.

The normal elimination phase lasts until the end of longest channel burst,
signaled by an idle channel. Nodes will leave the contention if they sense a busy
channel after completing their channel bursts. The channel will not be idle until
the node with the longest burst ceases to transmit. In silent elimination, the
channel might be idle before this event and nodes may wrongly believe that
they are the winners when another node has not yet transmitted its burst.
Thus, another termination criteria is required. In SEMA, a number of k idle
subsequent slots is used as a termination criteria, and nodes that have bursted
last, before k idle slots, survive the silent elimination phase.

Ni s/\s v
N ¢ ¢ T .

2 s s klidle slots lin a row
Na s/\s l
N [} [}

4 s/ \s v/ Data Frame
Ns s/\s
Ne s/\s

Tis'  Silent elimination phase Yield phase ¥ Uniform backoff

Figure 6.3: A scenario with six nodes operating under silent elimination. Grey
and white trapezoids are energy bursts and carrier sense (CS) operations, re-
spectively

Figure 6.3 shows a scenario with six nodes operating under the silent elim-
ination. Nodes 1 and 4 select the longest burst and will sense k idle slots.
The other nodes transmit earlier bursts and cannot sense the channel idle for
k subsequent slots and leave the contention.

A recursive analytical model based on successive conditioning is derived for
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Figure 6.4: The expected number of surviving nodes (a) and expected length
of the elimination phase (b) for normal and silent elimination as functions of
the number of nodes.

the silent elimination phase. Two different yield phases with one or multiple
winners are also studied. Figure 6.4 shows the expected number of survivors
and the length of the elimination phase for silent and normal elimination for
different values of k. A lower value of k increases the expected number of
survivors but also decreases the expected length of the elimination. Results
also show that the required number of burst slots per successful transmission
can at least be halved compared to normal elimination without any significant
change in channel utilization.

6.6 Paper VI

The new standard IEEE 802.11e EDCA has been criticized for its poor perfor-
mance and complexity. In Paper VI, we propose an improved EDCA protocol
(i-EDCA) with a random interframe space scheme and a modified backoff al-
gorithm.

Only CW differentiation is used in i-EDCA as opposed of using both ATFSN
and CW differentiation in EDCA. This results in a simpler protocol where the
priority of each AC is completely determined by its size of the CW. The algo-
rithm is expresses in pseudo—code in Algorithm 2 and here BO is the backoff
counter and RIFS is the length of the AIFS. We have compared the i-EDCA
with a fixed contention window scheme where the optimal CW sizes that max-
imize the channel utilization, for a specific set of priorities, are used. The
simulation results show that i-EDCA achieves very similar results as the case
with optimal CWs for varying number of stations in each AC, see Figure 6.5.

Using optimal CWs is difficult since it requires a central controller, e.g. the
access point, with full knowledge over the network, to compute and distribute
the CWs to the stations in the network. This is not required in i-EDCA.
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Figure 6.5: The aggregated throughput for each AC in i-EDCA and for each
AC in the fixed CW scheme that uses optimal CWs.

Algorithm 2 Improved EDCA

10:
11:

1
2
3
4:
5:
6
7
8
9

: if Previous transmission on channel has ended then

if BO =0 then
BO := UniRnd{0,...,CW[AC1]}
end if
RIFS := UniRnd{1,...,H} > Random IFS
if Channel idle for RIF'S slots then
while channel is idle do
Set BO := BO —1
if BO =0 then
TRANSMITMESSAGE
end if
end while
else > BO < BOmax
BO := BO+UniRnd{1, min(K, BOmas: — BO)}
end if

: end if
: Repeat from (1)

Results also show that i-EDCA achieves better fairness then EDCA since the
backoff counter of each station is independent from the number of collisions
experienced.

6.7 Paper VII

In paper VII, we derive the optimal stationary backoff distribution that max-
imizes the probability of a successful transmission under the assumption that
the number of nodes is Poisson distributed. We show that the optimal distribu-
tion has non—decreasing shape, i.e. the probability of selecting a large number
of backoff slots should be larger than the probability that a small number of
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slots is chosen.

We then, motivated by the shape of the optimal distribution, propose
the heuristic Truncated Geometric Backoff Distribution (TGBD) scheme. In
TGBD, the backoff is selected according to BO = max(L — X,0), where
X ~ Geo(p), ie. P(X = z) = pg¢*,z = 0,1,.... and L is the truncation
limit or window length. Results show that the probability of a successful trans-
mission and hence the channel utilization is relatively insensitive to the number
of contending nodes in the network.

By introducing multiple truncation limits L;, differentiation between pri-
ority classes can be achieved. We provide a simple approximation that gives
the relative share of the capacity for a node in a priority class compared to
nodes in other classes. Results show that this extended backoff scheme easily
outperforms the much more complex QoS standard, IEEE 802.11e EDCA.

We also propose a two—stage backoff model, where nodes in the first stage
select backoff times according to the TGBD. Nodes will then transmit a short
channel burst to eliminate other nodes with larger backoff times. Only a few
number of nodes will remain from the first stage. The optimal backoff distribu-
tion approaches the uniform distribution when the number of contending nodes
approaches zero. This motivates the use of a uniform backoff distribution in
the second stage.

Results show that the two-stage backoff model yields very high channel
utilization, almost independent of the number of contending nodes. Thus there
is little need of tuning its parameters when the number of nodes increases.
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