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Abstract

IEEE 802.11 Wireless Local Area Network (WLAN) is one of the most widely deployed
wireless network technologies in the world today. The success of IEEE 802.11 mainly
owes to its cost effectiveness, easy deployment and high data transmission rates.

However, 802.11 MAC (Medium Access Control) algorithm is unable to support
modern multimedia applications which require certain level of quality of service (QoS)
guarantees in terms of consistent, in time and reliable data transfer. This lack of QoS
support is a big hurdle in the evolution of multimedia applications over IEEE 802.11
networks.

Therefore, enabling QoS support in the IEEE 802.11 networks has been the focus of
research activities for some time. The IEEE 802.11 Working Group is currently working
on an enhanced version of the 802.11, known as 802.11e, to provide support for QoS.
The access mechanism of 802.11e, referred to as Enhanced Distributed Channel Access
(EDCA), assigns different types of data traffic with different priorities based on the QoS
requirements of the traffic, and for each priority, uses a different set of medium access
parameters to introduce QoS support.

This thesis presents the implementation of IEEE 802.11e EDCA simulation model in
GloMoSim (Global Mobile Information System Simulator), which is a popular simulation
software for wireless networks. Next it presents the performance evaluation of IEEE
802.11e EDCA with the help of a wide range of simulation scenarios in GloMoSim.
The evaluation also includes the study of the role of different parameters IEEE 802.11e
EDCA utilizes to realize service differentiation as well as the performance comparison
of 802.11 and 802.11e.

The evaluation results depict that IEEE 802.11e introduces an effective and optimal
mechanism to provide QoS support based on the requirements of traffic and thereby
significantly improves the overall network performance.
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Chapter 1

Introduction

1.1 Problem Specification

1.1.1 Background

The IEEE 802.11 Wireless Local Area Network (WLAN) [1] is one of the most widely
deployed wireless network technologies in the world today. With the enhanced versions
802.11b and 802.11a, it supports data transmission rates of up to 11 and 54 Mbps,
respectively.

The basic MAC (Medium Access Control) mechanism of 802.11 is called Distributed
Coordination Function (DCF). DCF is based on distributed channel access and employs
CSMA (Carrier Sense Multiple Access) protocol for the medium access. IEEE 802.11
also defines an optional access mechanism, called Point Coordination Function (PCF),
based on centrally controlled access. Most of the 802.11 installations today use DCF,
whereas the PCF is hardly implemented mainly due to its complex design and inefficient
access mechanism.

Although IEEE 802.11 has become more and more popular due to its low cost and
easy deployment, it does not provide quality of service (QoS) support. QoS refers to the
ability of network to provide some consistent services for data transmission, and mea-
sured in terms of qualitative characteristics, such as throughput, delay, jitter and packet
loss, which describes quality of data traffic over a network. Basically all types of data
traffic are treated equally in both DCF and PCF, regardless of the QoS requirements of
the traffic, which vary from application to application. Specifically, multimedia applica-
tions such as audio/video streaming, teleconferencing, Internet telephony and interactive
games require certain level of QoS guarantees. Lost packets or delays can seriously de-
stroy the performance of these applications. Some kind of service differentiation must
be employed to let higher priority multimedia traffic get better served. This inability of
802.11 MAC mechanism in providing QoS support is a big hurdle in the adaptation of
modern multimedia applications in 802.11 networks.

Thus, a lot of research works have been carried out to enhance the QoS support in
IEEE 802.11 networks. IEEE 802.11 Working Group is currently focusing on an en-
hanced version of IEEE 802.11, known as 802.11e [2], in order to support Quality of
Service. IEEE 802.11e is in its standardization process and the final draft has been
released. IEEE 802.11e defines two new mechanisms for distributed and centrally con-
trolled access, which are basically the improved versions of DCF and PCF in the origi-
nal standard. The distributed access mechanism of 802.11e is called EDCA (Enhanced

1



2 Chapter 1. Introduction

Distributed Channel Access), and supports Quality of Service by introducing service
differentiation. Different types of traffic are assigned with different priorities based on
their QoS requirements, and service differentiation is introduced by using a different set
of medium access parameters for each priority.

1.1.2 Task
The task is divided into two parts. The first part is to implement the IEEE 802.11e
EDCA in GloMoSim (Global Mobile Information System Simulator) [3], which is a
simulation software for mobile and wireless networks, developed by Parallel Computing
Laboratory at UCLA. GloMoSim is built using a layered approach similar to the OSI
seven layers network architecture, with standard APIs between the layers. A wide range
of protocols are supported at each layer. IEEE 802.11 DCF is currently one of the
several protocols available at the MAC layer.

The second part of the task is to evaluate the performance of IEEE 802.11e EDCA in
comparison to IEEE 802.11 DCF using the implemented 802.11 EDCA. More specifically,
the goal is to study the effectiveness of EDCA’s service differentiation mechanism in
providing QoS support to different types of data traffic and to evaluate its performance
with the help of a wide range of traffic scenarios and performance metrics.

1.2 Outline
The report is organized as follows: Chapter 2 presents an overview of IEEE 802.11 and
its medium access mechanism. Chapter 3 discusses the importance of quality of service
(QoS) and the limitations of IEEE 802.11 in providing QoS support. Chapter 4 provides
with an introduction of IEEE 802.11e and its QoS enhanced medium access mechanism,
EDCA. Chapter 5 presents an overview of GloMoSim and its architecture. Chapter
6 provides with the details of the design and implementation of IEEE 802.11e EDCA
in GloMoSim. Finally, Chapter 7 presents evaluation of IEEE 802.11e QoS scheme in
comparison to IEEE 802.11 with the help of a wide range of simulation scenarios.



Chapter 2

Introduction to IEEE 802.11

2.1 Introduction

In 1997, IEEE (Institute of Electrical and Electronics Engineers) released the 802.11
Wireless Local Area Network (WLAN) standard [1]. As the name suggests, it belongs
to the group of popular IEEE 802.x standards, e.g., IEEE 802.3 Ethernet [4] and IEEE
802.5 Token Ring [5]. IEEE 802.11 defines Media Access Control (MAC) and Physical
(PHY) layers specifications for wireless LANs. Three different Physical layer speci-
fications were defined, namely, Frequency Hopping Spread Spectrum (FHSS), Direct
Sequence Spread Spectrum (DSSS) and Infrared (IR), with the maximum data trans-
mission rate of up to 2 Mbps. The DSSS and FHSS Physical layers operated in the
license free 2.4 GHz ISM (Industrial, Scientific and Medical) band.

With the passage of time, while the original MAC remained intact, the technology
continued evolving with the new Physical layer specifications.

In 1999, IEEE introduced two enhanced Physical layer specifications 802.11b [6] and
802.11a [7] with data transmission rates of up to 11 and 54 Mbps, respectively. 802.11b
is also based on DSSS and operates in the 2.4 GHz band, and, 802.11a is based on
OFDM (Orthogonal Frequency Division Multiplexing) and operates in the 5 GHz band.
In 2003, IEEE released 802.11g [8] that extended 802.11b Physical layer to support data
transmission rates of up to 54 Mbps in the 2.4 GHz band.

IEEE 802.11 gained immense popularity due to its cost effectiveness and easy deploy-
ment. Today IEEE 802.11 hotspots1 are available at offices, campuses, airports, hotels,
public transport stations and residential places, making it one of the most widely de-
ployed wireless network technologies in the world.

IEEE 802.11 defines two different architectures, BSS (Basic Service Set) and IBSS
(Independent Basic Service Set). In a Basic Service Set, number of wireless stations,
called STAs2, are associated to an AP (Access Point). All communications take place
through the AP. In an Independent Basic Service Set, STAs can communicate directly
to each other, providing that they are within each other’s transmission range. This form
of architecture is facilitated to form a wireless ad-hoc network in absence of any network
infrastructure.

Several BSS can be connected together via a Distribution System (DS) to form an
extended network, called Extended Service Set (ESS). Figure 2.1 illustrates the archi-

1The area where IEEE 802.11 access is available is referred to as hotspot.
2For simplicity, we prefer to use the word station instead of STA throughout the report.

3



4 Chapter 2. Introduction to IEEE 802.11

tecture of IEEE 802.11 BSS.
IEEE 802.11 MAC defines two different access mechanisms, the mandatory Dis-

tributed Coordination Function (DCF) which provides distributed channel access based
on CSMA/CA (Carrier Sense Multiple Access with Collision Avoidance), and the op-
tional Point Coordination Function (PCF) which provides centrally controlled channel
access through polling.

Figure 2.1: Architecture of IEEE 802.11 network.

In DCF, all stations contend for the access to the medium, in distributive manner,
based on the CSMA/CA protocol. For this reason the access mechanisms is also referred
to as contention-based channel access. In PCF, a Point Coordinator (PC), which is most
often collocated in AP, controls the medium access based on the polling scheme, such
that the PC polls individual stations to grant access to the medium based on their
requirements. As in PCF stations do not contend for the medium and instead the
medium access is controlled centrally, the access mechanism is sometimes referred to as
contention-free channel access.

Only DCF is explained in the next section as it is the basis for the Enhanced Dis-
tributed Channel Access (EDCA) introduced in IEEE 802.11e, which we focus in this
work.

2.2 DCF (Distributed Coordination Function)

DCF is the basic access mechanism of 802.11 and is based on Carrier Sense Multiple
Access (CSMA). CSMA works as listen-before-talk, i.e., before transmitting a frame,
the station senses the medium (carrier sensing). If the medium is found idle at least for
DIFS (DCF Inter-Frame Space) time period, the station starts transmission, and other
stations wait until medium becomes idle again at least for DIFS time period.

As the destination station successfully receives a frame, it acknowledges by sending
back an ACK frame after SIFS (Short Inter-Frame Space) time period. Figure 2.2
illustrates the mechanism.

SIFS is the shortest of the three Inter-Frame Spaces (IFS) defined in IEEE 802.11 to
control the access to the medium. IFS relationships can be seen in Figure 2.3 (other parts
of figure are explained in next section). Subsequent frame transmissions are separated
by these inter-frame spaces depending on the priority of the frame exchange sequence,
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Figure 2.2: DCF basic access mechanism.

i.e., higher the priority of the frame exchange sequence, shorter is the inter-frame space
used between the frames. The SIFS between the data and ACK frames, as seen in
Figure 2.2, therefore prevents other stations to transmit at the same time the receiver
transmits the ACK frame and thereby resulting in transmission failure, because other
stations have to wait for the DIFS time prior to start transmission which is longer than
SIFS. Thus, in this way, a station transmitting the ACK frame is given priority over the
stations trying to transmit data frames.

The second shortest inter-frame space, PIFS (PCF Inter-Frame Space), is used by AP
in the PCF, the optional access mechanism of IEEE 802.11, in which PC/AP centrally
controls the access to the medium by polling individual stations. In PCF, PC/AP is
given priority over ordinary stations such that it has to wait PIFS instead of longer
DIFS prior to transmitting a frame.

The values of inter-frame spaces are dependent on the underlying Physical layer
(PHY) and are defined in relation to a slot time. Slot time is derived from propagation
delay, transmitter delay, and other PHY dependent parameters [9]. PIFS consists of a
SIFS plus one slot time and DIFS consists of a SIFS plus two slot times.

Figure 2.3: Medium access and IFS relationships.

Two types of carrier sensing are used to determine whether the medium is idle or
busy. With Physical Carrier Sensing, the wireless channel is sensed itself at the Physical
layer. On the other hand, Virtual Carrier Sensing is used at the MAC layer, such that as
a station receives a frame that is not directed to it, it examines the duration field in the
frame header, which specifies the time required to transmit the frame and to receive the
ACK frame in response, and then defers the access to the medium for that particular
period of time. The process is described in more detail in Section 2.2.3.

2.2.1 Collision Avoidance and Backoff Procedure

The above scenario may lead to collisions if two or more stations sense the medium idle
and try to transmit at the same time. In order to avoid such collisions, station has to
wait an additional time period prior to transmitting if the medium is sensed busy in
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the DIFS period, or, if the medium was busy just before the station started waiting the
DIFS period. In these situations, the station defers access until the medium becomes
idle, and chooses a random backoff value, which specifies the time period, measured in
time slots, the station has to wait in addition to the DIFS after the medium becomes idle.
This additional random delay in form of backoff helps to avoid collisions, otherwise all
stations would try to transmit as soon as medium becomes idle for the DIFS period. This
mechanism is called Collision Avoidance (CA), and thus the whole access mechanism is
referred to as CSMA/CA.

The reason of using Carrier Sensing with Collision Avoidance instead of Collision
Detection (CSMA/CD) used in wired networks, e.g., IEEE 802.3 Ethernet [4], is lack of
collision detection capabilities in wireless networks. In wired networks, transceiver has
the ability of receiving and transmitting simultaneously and therefore is able to detect
collisions, but in wireless networks, the stations very often do not have the ability of
simultaneous operation. Even if the station has the ability of receiving while transmit-
ting, the fundamental characteristics of wireless communication do not allow it to detect
other signals. Compared to the wired communication where the signal strength in the
wire/cable does not drop below an acceptable level3 and thus makes it possible for the
sender to detect the colliding signal, in wireless communication it is not possible because
in free space the strength of signal decreases proportionally to the square of distance
to the sender. Moreover, various types of interferences and noises, and fading further
attenuate the signal strength, thereby making it difficult for the sender to detect other
signals in presence of its own signal, because the strength of its own signal is several
magnitudes higher than the strength of the signal being detected [9, p. 70].

After choosing the backoff value, as the medium is sensed idle at least for DIFS time
period, the station starts decrementing its backoff timer by one for each time slot. If the
medium becomes busy during this backoff process, the station backoffs, i.e., it pauses
its backoff timer. The backoff timer is then resumed as soon as the medium is sensed
idle for the DIFS period again. The station is allowed to transmit as the backoff timer
reaches zero.

While a new station has to choose a new backoff value, the station which attempted
first continues to count down its paused backoff timer instead of choosing a new one.
Thus, in this way a station that attempted first and thus waited longer is given advantage
over a station that attempted after it, because it only has to wait for its remaining backoff
time.

The random backoff value is uniformly chosen4 from the interval [0, CW], called
the Contention Window. At the first transmission attempt, CW is set to the minimum
Contention Window size, CWmin. After each unsuccessful transmission, CW is doubled,
actually increased exponentially, using the equation (2 x (CW + 1) - 1), until it reaches
the maximum Contention Window size, CWmax. The values of CWmin and CWmax
are dependent on the underlying Physical layer (PHY). For the most commonly used
Physical layer, DSSS PHY, the values are 31 and 1023 respectively, in which case the
Contention Window size increases in the form of 31, 63, 127, 255, 511, 1023, as shown
in Figure 2.4. For this reason, the mechanism is also referred to as exponential backoff.

An unsuccessful transmission (in other words, a collision) is determined if the sender
station does not receive ACK frame within a specified ACK timeout period. After the

3The strength of the signal in wire is directly proportional to the length of the wire. Thus if the
length of wire stays within standardized limit, more or less same signal strength can be assumed all
over the wire [9, p. 70].

4A better choice would be to use the word draw or get instead of choose because the backoff value
is not explicitly chosen according to desire and instead is drawn randomly.
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Figure 2.4: Exponential increase of Contention Window.

ACK timeout period, the station assumes that a collision has occurred and enters into
the backoff period again after waiting for medium to be idle for DIFS, such that the new
backoff value is chosen from the doubled CW. With the doubled CW size, the probability
of a bigger random backoff value is higher, which reduces the probability of the stations
colliding again.

DCF specifies a retransmit limit (also referred to as retry limit), i.e., the number of
times a frame can be retransmitted. If an unsuccessful transmission is determined after
reaching the retransmit limit, the frame is dropped.

The CW size is reset to CWmin after each successful transmission. The backoff
mechanism is also used after a successful transmission before sending the next frame,
i.e., if the sender station has another frame to send just after receiving ACK frame for
the previous frame, it waits the medium to be idle for the DIFS time and chooses a new
backoff value. This is referred to as post backoff, as it is done after the transmission not
before. The post backoff ensures that there is at least one backoff interval between two
consecutive transmissions. It allows other stations to decrement their backoff timers and
thereby to get access to the medium.

The backoff procedure shows that the scenario described earlier, i.e., station trans-
mitting immediately without waiting the backoff time, is rare, and only happens in the
situations when, the time the frame arrives at MAC layer, the last post backoff has al-
ready been finished, i.e., the transmission queue is empty, and the medium has been idle
longer than the DIFS time period. Only then the frame can be transmitted immediately
after the DIFS time period. The frames immediately following this frame have to be
transmitted after backoff, until the transmission queue becomes empty again.

The Collision Avoidance mechanism does not totally eliminate the risk of collisions.
Collisions may still occur if the backoff timers for two or more stations reach zero at the
same time, or if two or more stations accidentally get the same backoff values.

The latter also indicates that the probability of collision is inversely proportional to
the size of Contention Window, i.e., smaller the Contention Window size, greater the
rate of collisions and vice versa. Although a bigger Contention Window size reduces
probability of collisions, it results in higher delays and inefficient bandwidth utilization.

An example of DCF operation follows next for further explanation of the backoff
procedure and collision. It also highlights the important role of DIFS and CWmin and



8 Chapter 2. Introduction to IEEE 802.11

CWmax parameters5 in the access mechanism process.

2.2.2 Example of DCF Operation

Figure 2.5 illustrates an example scenario to explain the operation of DCF with backoff
procedure. Here three stations are contending for the medium. The time Station 3 gets a
frame to send, as the medium is idle and there is no ongoing backoff process, the station
starts its transmission immediately after sensing the medium idle for the DIFS time
period. The transmission is indicated by busy in the figure, and includes the complete
frame exchange sequence of data + SIFS + ACK, as seen in Figure 2.2. Stations 1 and
2 arrive meanwhile and try to sense the medium idle for DIFS time period, but after
sensing it busy, they defer the access.

Figure 2.5: DCF access mechanism with backoff procedure.

After the transmission finishes and the medium becomes idle, all three stations wait
it idle for the DIFS time period and then choose the random backoff values. Here
it is assumed that the backoff values chosen by stations 1, 2 and 3 are 10, 19 and 25,
respectively. The backoff performed by the Station 3 immediately after the transmission
of first frame is referred to as post backoff, as described earlier. All three stations
then invoke the backoff procedure by decrementing their backoff timers with each idle
time slot. The station with the smallest backoff value, Station 1, is able to count its
timer down to zero first, and thus wins the access to the medium. As Station 1 starts
transmission, stations 2 and 3 pause their backoff timers, indicated by BO in the figure.
After the medium becomes idle again, all three stations wait for the DIFS and start
backoff procedure again. While Station 1 chooses a new backoff value of 10, stations
2 and 3 resume their paused backoff timers. As the remaining backoff time of Station
2 is also 10, both Station 1 and Station 2 start transmitting at the same time after
counting their timers down to zero. This leads to a collision. As stations 1 and 2 start
transmission, Station 3 senses the medium busy and pauses its backoff timer. Stations 1
and 2, being unaware of the collision (because of the reason described in Section 2.2.1),
wait for the ACK frames from the receiver stations. As no ACK is received within the
ACK timeout period, both stations assume that a collision has occurred, and thus, after
waiting for the DIFS time period, double their Contention Windows and choose new
backoff values. As the remaining backoff time of Station 3 is smaller compared to the
new backoff values of stations 1 and 2, Station 3 is able to transmit first after waiting
for the backoff time, and stations 1 and 2 pause their backoff timers.

5As these parameters are used to contend for the medium, they are sometimes referred to as con-
tention parameters.
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2.2.3 RTS/CTS Mechanism

An additional mechanism, RTS/CTS, is defined to solve the hidden terminal problem
found in wireless networks that use CSMA. With RTS/CTS, the sender and receiver per-
form a handshake mechanism by exchanging RTS (Request To Send) and CTS (Clear
To Send) control frames. The procedure is shown in Figure 2.6. After waiting the DIFS
time, prior to transmit the data frame, the sender sends a RTS frame to the receiver,
and the receiver responds with a CTS frame after waiting a SIFS time. The CTS frame
indicates that the handshake is successful and ensures that the medium has been re-
served for the particular sender and receiver for the transmission.

Figure 2.6: Frame exchange sequence with RTS/CTS mechanism.

RTS/CTS uses Virtual Carrier Sensing, such that the RTS and CTS frames include
the duration of the complete frame exchange sequence, inclusive of SIFS and ACK. All
stations within the receiving range around the sender and receiver set their NAV (Net-
work Allocation Vector) after receiving the RTS and CTS frames, and thus are informed
that they have to wait until the current transmission finishes. Here an important thing
to note is that the sets of stations receiving RTS and CTS frames can be different. NAV
is a timer and is decremented in the similar way the backoff timer is decremented. The
station is allowed to transmit after its NAV reaches to zero.

Collisions can only occur at the beginning when the RTS frame is transmitted, as
two or more stations may start transmitting, either RTS or data frames, at the same
time. Such collisions are determined if the sender does not receive the CTS frame within
a specified CTS timeout period. In that case, the sender transmits the RTS frame again.
As the size of the RTS frame is significantly smaller compared to that of data frame,
the RTS/CTS mechanism provides a mean of fast recovery from collisions, because the
sender becomes aware of failure and may retransmit more quickly compared to the case
when long data frame is transmitted and failure is determined after ACK timeout.

As seen in Figure 2.6, here again the SIFS intervals between RTS, CTS and data
frames prevent other stations to transmit and thereby interrupting the transmission.

RTS/CTS mechanism shall be used for large data frames. Using it for small data
frames may result in significant overhead causing inefficient capacity utilization and
higher delays.

2.3 Summary

IEEE released the 802.11 Wireless Local Area Network (WLAN) standard in 1997.
While the original standard supported maximum data transmission rate of 2 Mbps,
in 1999, its enhanced versions 802.11b and 802.11a increased data rates to 11 and 54
Mbps, respectively. IEEE 802.11 MAC defines two different access mechanisms. The
mandatory Distributed Coordination Function (DCF) and an optional Point Coordina-
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tion Function (PCF). Most of the 802.11 installations today deploy DCF, and PCF is
hardly implemented due to its complex design.

DCF is based on Carrier Sense Multiple Access (CSMA). Before transmitting a
frame, the station senses the medium, and if the medium is found idle at least for DIFS
(DCF Inter-Frame Space) time period, the station starts transmission. Otherwise, if the
medium is found busy during the DIFS period, the station defers access and chooses a
random backoff value that specifies the additional time it has to wait after the medium
becomes idle again. As the medium becomes idle for the DIFS time period again, the
station starts decrementing its backoff time. If medium becomes busy during this backoff
process, the station pauses the backoff timer, and resumes it as the medium becomes
idle for the DIFS period again. The station is allowed to transmit as the backoff timer
reaches to zero. The additional random backoff time helps avoiding collision, which
is defined as the situation when two or more stations transmit at the same time and
result in unsuccessful transmissions. As the destination station receives the frame, it
acknowledges by sending back an ACK frame after SIFS (Short Inter-Frame Space) time
period. SIFS, like DIFS, is one of the three inter-frame spaces (IFS) defined to control
the medium access.

The random backoff value is uniformly chosen in the range (0, CW), where CW
is called the Contention Window. CW is initialized to the minimum size CWmin and
doubled after each unsuccessful transmission, until it reaches the maximum Contention
Window size, CWmax. CW is reset to CWmin after every successful transmission.

An additional mechanism RTS/CTS is defined that allows the sender and receiver
to handshake by exchanging RTS (Request To Send) and CTS (Clear To Send) frames
prior to transmitting the data frame. In this way, the medium is reserved such that all
stations which received RTS or CTS frames defer the access until the transmission is
finished.



Chapter 3

Quality of Service and Limitations of
IEEE 802.11

3.1 Introduction

The term Quality of Service (QoS) refers to set of qualitative and quantitative charac-
teristics, such as throughput, packet loss, delay, jitter and bandwidth utilization, which
describes the quality of data traffic over a network.

QoS can be seen from the network or application point of view. The application has
certain QoS requirements, and the network capable of fulfilling these requirements is
said to support QoS.

QoS requirements vary from application to application and can be classified in three
dimensions: bandwidth, delay, and data loss [10].

Bandwidth: Bandwidth is one of the most important parameters and refers to the
amount of data that can be delivered during a given period of time. Greater the band-
width an application receives, larger the amount of data it can transfer and vice versa.
Several other terms used interchangeably for bandwidth are data rate, transmission rate,
bit rate, and capacity. For an application which requires to transfer data on a constant
rate, any decrease in bandwidth results in undesired delays and data loss. Such an
application is referred to as bandwidth-sensitive application. Multimedia applications
such as streaming media, Internet telephony i.e., VoIP (Voice over IP), and videocon-
ferencing, typically fall in this category. These applications require constant bandwidth
and may seriously suffer because of variations in bandwidth [10]. Due to bandwidth-
sensitive characteristic of these applications, they are sometimes referred to as inelastic
applications [11]. Elastic applications, on the other hand, do not put tight constraints
on bandwidth, i.e., they can tolerate variations in bandwidth. Elastic applications are
generally data oriented. Some examples are email, file sharing, web, and instant mes-
saging applications. Bandwidth is often measured with respect to throughput, which is
the data transfer rate, measured as the number of bits transmitted per second.

Delay: Interactive real-time applications such as Internet telephony i.e., VoIP (Voice
over IP), videoconferencing, VR (Virtual Reality) environments, and multiplayer net-
work games are very sensitive to delays and enforce tight constraint on in time data
transfer [10]. High delays severely destroy the performance of these applications.

11
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An important measurement is the end-to-end delay, which is the total delay from the
time the application at the sender side generates a packet to the time the application
at the receiver side receives it. End-to-end delay includes all types of delays that may
occur during the whole transmission, particularly transmission delay, propagation delay
and any queueing delays [10, p. 38-39]. The transmission delay is the time required
to transmit data into the wireless channel, and directly depends on the available band-
width. For example, a packet with 1024 bytes of data takes approximately 8 ms to be
transmitted with the available bandwidth of 2 Mbps. Propagation delay depends on the
velocity of propagation of the signal across the transmission media [12], which, in the
case of free space is equal to the speed of light, i.e., 3 x 108 m/s. Queueing delay refers
to the time a packet has to wait in the queue before it is transmitted. The length of the
queueing delay of a packet depends on the number of earlier arriving packets already
waiting in the queue [10].

End-to-end delay, constraints are tightly applied in voice applications, and packet
with delays above a few tens of milliseconds are considered useless. An example is
Internet telephony, where end-to-end delays of more than 150 milliseconds are often
unacceptable [10].

Another form of delay, often referred to as jitter, is defined as the variation in delays,
and of high importance particularly in constant bit rate multimedia applications. Since
the decoder application at the receiver application must decode the received data ac-
cording to the bit rate it was encoded with at the sender application, high variations in
delay (jitter) results in problems in decoding the data. Most of the real-time multimedia
applications are very sensitive to jitter and buffering techniques are applied to reduce
its effects, such that packets are first buffered in a buffer/queue at the receiver side,
and then the decoding process is started. The number of packets buffered contained in
the buffer before output starts is determined by the maximum expected jitter and the
actual bit rate of data [12].

Data Loss: Most of the multimedia applications are classified as bandwidth and delay-
sensitive but are generally loss-tolerant, i.e., they require strict bandwidth and delay
guarantees but can tolerate certain amount of data/packet losses. Data/packet loss
in these applications results in slightly reduced quality of output (e.g., jerks in video
or voice output), but can be neglected to some extent. The effects of such losses on
the application quality, and the amount of tolerable losses strongly depends on the
application and the coding technology used [10]. On the other hand, data oriented
applications such as email, file transfer, and web documents are generally loss-sensitive.
They can tolerate occasional delays and low bandwidth but require reliable data transfer.

3.2 QoS Limitation of IEEE 802.11 DCF

IEEE 802.11 is based on best-effort service model, i.e., the protocol makes its best-effort
to deliver frames from the sender to receiver as quickly as possible, but it does not make
any guarantees about delay, bandwidth and packet loss. Basically it serves all types of
applications in the same way, irrespective of what QoS requirements an application may
have. There is no support for service differentiation. Bandwidth, delay and loss-sensitive
applications are served in the same way, on the best-effort basis. As a result, all types
of data traffic suffer from same amounts of delays, losses and variations in bandwidth
as the network becomes congested.



3.2. QoS Limitation of IEEE 802.11 DCF 13

Figure 3.1 shows the throughput and end-to-end delay results for four different types
of traffic streams generated by a station. The four traffic types are modeled as video,
voice, best effort and background, based on their characteristics, i.e., packet size, inter-
val, and bit rate, as shown in Table 7.3. As seen in Figure 3.1a, regardless of the QoS
requirements of different traffic streams, all four traffic streams are served equally and
thus experience same amounts of degradations in bandwidth. Figure 3.1b presents the
same throughput results as in Figure 3.1a but in normalized form, which is the ratio of
the data actually transmitted to the total offered data. It is evident from the results
that all four types of data traffic receive almost same ratios of the total bandwidth, and
suffer from similar degradation as the network becomes saturated. Figure 3.1c shows
the end-to-end delay results. As it is seen, each of the four streams faces same amount
of delay regardless of the delay requirements of the traffic/application.

(a) Average throughput (absolute). (b) Average throughput (normalized).

(c) Average end-to-end delay.

Figure 3.1: Throughput and delay results for four different applications in
802.11.

The point is that all stations/traffic compete for the medium with the same priority.
There is no differentiation mechanism to guarantee bandwidth, delay and jitter for high
priority multimedia traffic. Some kind of service differentiation must be employed to
let certain types of traffic get better served. This lack of guarantees is a big hurdle in
providing QoS services for multimedia applications in 802.11 networks.
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The Internet Engineering Task Force (IETF) has defined two different frameworks,
Integrated Services (IntServ) [13] and Differentiated Services (DiffServ) [14], to support
QoS for the traffic over Internet. Compared with wired networks, to provide QoS in
wireless networks is more challenging since wireless networks have limited bandwidth,
and suffer from higher bit error rates because of many factors such as propagation loss,
noise, interference, multipath, shadowing, fading, weather and so on.

Realizing the importance of QoS, the modern packet-oriented telecommunication
networks are also employing QoS support mechanisms. GPRS (General Packet Radio
Service) enables users to specify a QoS-profile, which determines the priority of service
the user is acquiring. Three priorities are defined, high, normal and low, to support QoS
for different types of applications. Additionally, three classes are defined, know as relia-
bility class, delay class, and throughput class, to let the users specify the packet loss, delay
and throughput constraints [9]. Similarly, UMTS (Universal Mobile Telecommunication
System)[15] also defines four different service classes based on the delay requirements
of the traffic. The classes are named conversational, streaming, interactive, and back-
ground. Here the conversational class has the most strict delay requirements since it is
intended for real time voice conversation applications. The streaming class is defined
for audio/video streaming and have relatively lower delay constraints. The other two
classes are defined for low priority data oriented traffic [16].

Thus, with the evolving need of QoS enabled networks, a large amount of research
work has been carried to enhance the QoS capabilities of 802.11 since last few years.
Some of the comprehensive studies on quality of service issues and enhancement in
802.11 networks are found in [17, 18, 19, 20, 21, 22]. A different approach to provide QoS
support, discussed in [23], is based on utility functions which express user or application
utility as a function of allocated resources, such as bandwidth, and the techniques to
optimize these functions.

For last four, five year, parallel to the activities in the research community, the IEEE
802.11 Working Group has also been working on a new version of 802.11, called 802.11e
[2], to introduce QoS support in 802.11 networks. 802.11e has been available in draft
forms, and recently the final version of the draft, draft 13th, has been released. The
next chapter provides a comprehensive description of 802.11e and its QoS enhanced
MAC mechanism. Some of the good performance evaluation works based on different
draft versions of the 802.11e standard we consulted are found in [24, 20, 25, 26, 27, 28,
29, 30, 31, 32, 19, 33, 34, 35, 36, 37, 38, 39].

3.3 Summary
The term Quality of Service (QoS) refers to set of characteristics, such as throughput,
packet loss, and delay, which describes the quality of data traffic over a network. Ap-
plications have certain QoS requirements and the network capable of fulfilling these
requirements is said to support QoS. QoS requirements vary from application to appli-
cation and can be classified in three dimensions. Bandwidth: Greater the bandwidth an
application receives, larger the amount of data it can transfer and vice versa. Bandwidth
is often measured in terms of throughput, which is the data transfer rate measured as
the number of bits transmitted per second. For applications which require data transfer
with constant rate, any variations in bandwidth results in undesired delays and data
loss. Such applications are referred to as bandwidth-sensitive applications. Delay: In-
teractive and real-time multimedia applications such as VoIP, videoconferencing and
network games are very sensitive to delays. A common measurement, end-to-end delay,
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is the total delay from the time the sender application generates a packet to the time it
is received by the receiver application. End-to-end delay constraints are tightly applied
in voice applications and packet with delays above a few tens of milliseconds are consid-
ered useless. Data Loss: In contrast to multimedia applications which are bandwidth
and delay sensitive but are generally loss-tolerant, the data oriented applications such
as email, file transfer, and web documents are loss-sensitive. Data/packet losses in these
applications result in partial or complete corruption of data.

802.11 MAC mechanism is unable to provide QoS support for different types of
applications. Basically it serves all types of applications in the same way irrespective
of what QoS requirements an application may have. There is no support for service
differentiation. This proved to be a big hurdle for adaptation of modern multimedia
applications which are very sensitive to variations in bandwidth and delay.

Realizing the importance of QoS, different QoS enhanced mechanisms have been
introduced in wired networks (Internet) and in modern telecommunication networks
such as GPRS and UMTS. Basically the data traffic is assigned with different priorities
based on its QoS requirements and then served accordingly. Different priorities and
classes have been introduced for bandwidth, delay and loss sensitive applications/traffic.
IEEE 802.11 Working Group has also been working on a new version of 802.11, called
802.11e, to introduce QoS support in 802.11 networks and recently the final version of
the draft standard has been released.
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Chapter 4

Introduction to IEEE 802.11e

4.1 Introduction
IEEE is currently working on a new standard, called IEEE 802.11e [2], which is an
enhanced version of the legacy1 802.11 MAC in order to support quality of service
(QoS). IEEE 802.11e is in standardization process and the final draft has been released.

IEEE 802.11e supports quality of service by introducing priority mechanism. All
types of data traffic are not treated equally as it is done in the original standard, instead,
802.11e supports service differentiation by assigning data traffic with different priorities
based on their QoS requirements. Furthermore, four different Access Categories (AC)
have been defined each for data traffic of a different priority. Access to the medium is
then granted based on the priorities of data traffic, such that each frame with a particular
priority is mapped to an Access Category, and service differentiation is realized by using
a different set of contention parameters to contend for the medium, for each AC.

In IEEE 802.11e, the AP and STA that provides QoS services are referred to as
QAP (QoS Access Point) and QSTA2 (QoS Station) respectively, and the BSS they are
operating in is called QBSS (QoS Basic Service Set).

IEEE 802.11e introduces a new coordination function, called Hybrid Coordination
Function (HCF), to provide QoS support. Subsequent sections describe HCF together
with the detailed description of its service differentiation mechanism.

4.2 HCF (Hybrid Coordination Function)
IEEE 802.11e defines a new coordination function called Hybrid Coordination Function
(HCF). HCF is a centralized coordination function that combines the aspects of DCF and
PCF with enhanced QoS mechanisms to provide service differentiation. HCF provides
both distributed and centrally controlled channel access mechanisms similar to DCF
and PCF in the original standard. The distributed, contention-based channel access
mechanism of HCF is called Enhanced Distributed Channel Access (EDCA), and the
centrally controlled, contention-free channel access mechanism is called HCF Controlled
Channel Access (HCCA).

IEEE 802.11e introduces Transmission Opportunity (TXOP), defined as the time
period during which a QSTA has the right to transmit. In other words, in 802.11e

1The word legacy is often used to refer to the original 802.11 standard.
2For simplicity, most of the times in this report we use the word station for both STA and QSTA.

17
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when a station gets access to the medium, it is said to be granted the TXOP. TXOP is
characterized by a starting time and a maximum duration, called TXOP Limit. As a
QSTA gets the TXOP, it can then start transmitting frames such that the transmission
duration does not exceed the TXOP limit. TXOP Limit is specified by the QAP.

The next section describes EDCA, the distributed access mechanism of HCF. The
detailed functionality of the centrally controlled access mechanism HCCA is beyond the
scope of this report as we focus on the EDCA.

4.3 EDCA (Enhanced Distributed Channel Access)

The EDCA provides differentiated, distributed access to the medium using different
priorities for different types of data traffic. The detailed description of the components
and operation of EDCA is presented next.

4.3.1 Access Categories (ACs)

EDCA defines four Access Categories (ACs) for different types of data traffic, and service
differentiation is introduced such that for each AC, a different set of parameters is used
to contend for the medium. These parameters are referred to as EDCA parameters and
are described in the next subsection.

Frames from different types of data traffic are mapped into different ACs depending
on the QoS requirements of the traffic/application the frames belong to. The four Access
Categories are named AC_BK, AC_BE, AC_VI and AC_VO, for Background, Best
Effort, Video and Voice data traffic, respectively, where AC_BK has the lowest and
AC_VO has the highest priority.

Each frame from the higher layer arrives at the MAC layer along with a priority
value. This priority value is referred to as User Priority (UP) and assigned according to
the type of application/traffic the frame belongs to. There are eight different priority
values ranging from 0 to 7.

Priority User Priority (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 4.1: User Priority (UP) to Access Category (AC) mappings.

How to assign such a priority to each frame is a higher layer implementation issue.
Interestingly, the draft standard does not specify anything how such a priority is assigned
at the higher layers. Generally, it can be assigned by application generating the traffic, or
by the user using the application. The latter solution indicates that every application has
to be updated in order to be compatible with 802.11e. Another possibility would be to
adaptively assign the priority at the Application layer, based on the traffic characteristics
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e.g., data rate, packet3 interval, packet size etc. How this priority will travel through
different layers down to the MAC layer further indicates that modifications at the higher
layers would be inevitable.

At the MAC layer, a frame with a particular UP is further mapped to an AC. ACs
are derived from the UPs as illustrated in Table 4.1.

4.3.2 EDCAF (Enhanced Distributed Channel Access Function)

Every station maintains four transmit queues one for each AC, and four independent
EDCAFs (Enhanced Distributed Channel Access Function), one for each queue, as il-
lustrated in Figure 4.1. EDCAF is an enhanced version of DCF, and contends for the
medium on the same principles of CSMA/CA and backoff, but based on the parameters
specific to the AC it is contending for4. Next section discusses these parameters, referred
to as EDCA parameters .

Figure 4.1: Four ACs, each with its own queue, AIFS, CW and backoff timer.

4.3.2.1 EDCA Parameters

An EDCAF contends for medium based on the following parameters associated to an
AC:

• AIFS - The time period the medium is sensed idle before the transmission or
backoff is started.

• CWmin, CWmax - Size of Contention Window used for backoff.

• TXOP Limit - The maximum duration of the transmission after the medium is
acquired.

3A packet at the MAC layer is generally referred to as frame. Therefore sometimes the words packet
and frame are used interchangeably.

4AC and EDCAF are sometimes referred interchangeably because of very close relationship between
them.
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The values of EDCA parameters5 are different for different ACs. The higher priority
ACs wait a small AIFS time period while the lower priority ACs have to wait a longer
AIFS time before they can access the medium. The size of Contention Window varies
such that the higher priority ACs choose backoff values from a smaller Contention Win-
dow compared to the lower priority ACs. TXOP Limit is also set in a way that the
higher priority ACs get the access to the medium for longer durations. Basically, the
higher the priority of an AC, the smaller the AIFS, CWmin and CWmax, and larger the
TXOP Limit. As the values of EDCA parameters are AC specific, they are sometimes
referred to as AIFS[AC], CWmin[AC], CWmax[AC] and TXOP Limit[AC].

Thus, basically the main difference between DCF and EDCAF is that EDCAF uses
AC specific parameters AIFS[AC], CWmin[AC] and CWmax[AC] instead of using fixed
values DIFS, CWmin, and CWmax.

EDCA parameters are periodically advertised by the QAP. QAP can adapt these pa-
rameters dynamically depending on the network conditions. The draft standard specifies
default values of EDCAF parameters if not advertised by the QAP.

A brief description of each of the EDCA parameters and its role in providing service
differentiation is presented in next section.

AC CWmin CWmax AIFSN TXOP Limit

FHSS DSSS

AC_BK CWmin CWmax 7 0 0

AC_BE CWmin CWmax 3 0 0

AC_VI (CWmin+1)/2-1 CWmin 2 6.016ms 3.008ms

AC_VO (CWmin+1)/4-1 (CW+1)/2-1 2 3.264ms 1.504ms

Table 4.2: Default EDCA parameter values.

AIFS (Arbitration Inter-Frame Space) - The minimum time period for which the
medium must be sensed idle before an EDCAF/station may start transmission or backoff
is not the fixed value DIFS, as it is in DCF, but is a variable value, AIFS, that depends
on the AC for which the EDCAF is contending for. AIFS is derived from the following
equation:

AIFS = AIFSN x aSlotTime + aSIFSTime,

where aSlotTime is the slot time, aSIFSTime is the SIFS time period and AIFSN
(Arbitration Inter-Frame Space Number) is used to determine the length of the AIFS.
AIFSN specifies the number of time slots in addition to the SIFS time period the AIFS
consists of. Different AIFSN values are used for different ACs such that the high priority
ACs use smaller values compared to the low priority ACs. The minimum possible value
of AIFSN is 2. As a DIFS is equal to 2 x aSlotTime + aSIFSTime, it shows that
the minimum length of AIFS is same as of DIFS. For QAP operating in HCCA, the
minimum possible value of AIFSN is 1, which makes it equal to PIFS as PIFS is 1 x
aSlotTime + aSIFSTime.

The default AIFSN values for all four ACs can be seen in Table 4.2. Figure 4.2
further explains how priority is given to different ACs based on the AIFS time periods.

5The terms EDCA parameters, AC parameters, QoS parameters, and contention parameters are
used interchangeably to refer to these parameters throughout the report.
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Figure 4.2: Prioritization based on AIFS.

The smaller AIFSN value for a higher priority AC explains that the corresponding
EDCAF has to wait shorter time period before it can start transmission or counting
down its backoff timer compared to the EDCAF for a low priority AC. In this way,
the higher priority ACs are guaranteed greater share of the bandwidth. Moreover,
smaller AIFS lengths ensure that the higher priority ACs will not suffer from long de-
lays, which are vary critical for the delay-sensitive applications/traffics, as discussed in
Section 3.1. The lower priority ACs may suffer from longer delays because of the larger
AIFS durations they have to wait, but since these ACs are designed for delay-tolerant
applications/traffics, certain amount of delays do not degrade their performance beyond
an acceptable limit.

CWmin and CWmax - The minimum and maximum Contention Window size limits
are not fixed as it is in DCF, but are variable depending on the AC. The higher priority
ACs have smaller CWmin and CWmax values compared to lower priority ACs. The
default values of CWmin and CWmax parameters for each of the four ACs are presented
in Table 4.2. The Contention Window parameters specific for the physical layers are
presented in Table 4.3.

FHSS DSSS

CWmin 15 31

CWmax 1023 1023

Table 4.3: Contention Window parameters for different Physical layers.

A smaller Contention Window for an AC will cause the corresponding EDCAF to
choose smaller random backoff values, and thereby waiting shorter time period in ad-
dition to AIFS as the medium becomes idle. It gives such an AC priority over the AC
with a larger Contention Window, which results in larger backoff values and thereby
longer delays.

As seen in Table 4.2, for the commonly used Physical layer DSSS, the CWmin values
for lower priority ACs, AC_BE and AC_BK, are same as it is for the legacy 802.11
DCF, but these values for higher priority ACs, AC_VO and AC_VI, are as small as one
half or quarter of those of the lower priority ACs. This results in smaller backoff values
for the high priority ACs and thereby shorter medium access delays. The negative aspect
of small Contention Window sizes for higher priority ACs is, that they suffer from higher
number of collisions. The reason is, as described in Section 2.2.1, that the probability
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of choosing the same backoff values or counting the backoff timers to zero at the same
time increases with the decreasing size of Contention Windows.

CWmax values for high priority ACs are also set such that they are equal or less
than the CWmin values for the lower priority ACs, i.e., Contention Windows are non-
overlapping. This shows that after doubling the Contention Window size in case of an
unsuccessful transmission, i.e., collision, its size still remains smaller than the CWmin
size of lower priority ACs. Furthermore, it also indicates that while a low priority AC
has to double its CW size after each unsuccessful transmission, until it reaches the
CWmax, and with higher probability, has to choose a bigger backoff value for each
retransmission, the Contention Window size of a high priority AC becomes constant
after fewer retransmissions, allowing it to consistently choose smaller backoff values
and thereby winning access to the medium. In this way, high priority ACs are given
consistent and greater share of the bandwidth in the situations when the network has
become congested. On the other hand, this may severely degrade the performance of
the low priority ACs since they might not be able to decrement their backoff timers
because of the smaller post backoff durations of the higher priority ACs. The situation
is further explained with an example later in this section.

As it can be seen in Table 4.2, the default values for CWmin and CWmax for both
AC_BE and AC_BK are same, but priority is given to AC_BE over AC_BK by as-
signing it a much smaller AIFSN, i.e., 3 compared to 7, indicating that AC_BK has
to wait four additional slots prior to starting transmission or backoff procedure. It also
shows that AC_BK suffers from much high delays compared to the other ACs.

TXOP (Transmission Opportunity) - As described above, TXOP is the time
duration an EDCAF may transmit after winning access to the medium. TXOP is
characterized by a maximum duration, called TXOP Limit. As an EDCAF gets the
TXOP, it can then start transmitting frames such that the transmission duration does
not exceed the TXOP Limit. The transmission duration covers the whole frame exchange
sequence, including the intermediate SIFS periods and ACKs, and the RTS and CTS
frames if RTS/CTS mechanism is used.

Table 4.2 shows the default TXOP limits for different ACs. A non zero value of
TXOP Limit indicates that the EDCAF may transmit multiple frames in a TXOP, pro-
vided that the transmission duration does not exceed the TXOP Limit and the frames
belong to the same AC. This is then referred to as Contention Free Bursting (CFB).
The consecutive frame transmissions in a TXOP are then separated by SIFS time pe-
riods instead of AIFS plus the post backoff periods, as illustrated in Figure 4.3. It is
important to note that the multiple frame transmission is granted to EDCAF (or AC)
and not to the station, i.e., it is only allowed for the transmission of frames of the same
AC as of the frame for which the TXOP was obtained.

Figure 4.3: Contention Free Bursting (CFB).

If RTS/CTS mechanism is used with CFB, then the RTS CTS frames handshake is
done only once, before the first frame, instead of for every frame in the CFB.
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The TXOP Limit of zero indicates that CFB is disabled, and thus only one frame, in
addition to RTS/CTS if enabled, can be transmitted in a TXOP. In that case, if there
is a risk that the transmission duration of the first frame may exceed the TXOP limit,
then the frame should be fragmented.

As it can be seen in Table 4.2, the default values of TXOP limits for the low priority
ACs, AC_BK and AC_BE, are zero, indicating that CFB is disabled for these ACs. For
high priority ACs, CFB allows to seize the medium for certain amount of time periods,
which results in significantly reduced delay. However, too large TXOP limits for high
priority ACs may result in higher delays for the low priority ACs.

Thus, service differentiation is introduced through TXOP limits by allowing higher
priority ACs to gain continuous access to the medium for longer time periods compared
to the lower priority ACs.

In the case when CFB is enabled, the virtual carrier sensing is applied such that the
Duration field in frame header is set to the remaining duration of the whole TXOP and
thus all stations receiving the frame set their NAVs for the duration of whole TXOP
instead of that of one frame, i.e., first frame in TXOP, plus the intermediate SIFS times
and ACK.

4.3.3 Example of EDCA Operation

Besides the different AIFS, CWmin, CWmax and TXOP limit values for different ACs,
the rest of medium access mechanism is same as in DCF, i.e., as the medium becomes
idle at least for AIFS time period, the EDCAF chooses a random backoff value from
its Contention Window and starts decreasing its backoff timer. The EDCAF can start
transmission as its backoff timer reaches to zero.

Figure 4.4 shows an example of EDCA operation to further explain how individual
EDCAFs in a station contend for the medium, assuming that all four EDCAFs have
frames to transmit.

Figure 4.4: EDCA access mechanism.

Figure 4.4 shows all four EDCAFs inside a station contending for the medium. The
current Contention Window size and backoff value for each of the AC/EDCAF is also
shown. As the EDCAFs for higher priority ACs, AC_VO and AC_VI, have to wait
smaller AIFS time periods, they starts counting their backoff timers down prior to
EDCAFs for lower priority ACs, AC_BK and AC_BE. The figure assumes the default
EDCA parameter values. As the default AIFSN values for AC_VO and AC_VI are
same, i.e., 2, the corresponding EDCAFs start to count their backoff timers down at
the same time. EDCAFs for AC_BK and AC_BE have to wait some additional slots
because of their longer AIFS time periods. As a high priority AC has smaller minimum
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and maximum Contention Window limits compared to a lower priority AC, EDCAF for
a high priority AC most of the time gets smaller backoff values and thus has to wait less
time, as shown in the example.

As an EDCAF gets access to the medium, others pause their backoff timers, and
continue to count down as soon as the medium becomes idle again for the AIFS time
period. Thus, at a certain time, a lower priority EDCAF will have smaller backoff value
because while the higher priority EDCAF has to choose a new backoff value for every
next frame, the lower priority EDCAF continues to count down its paused backoff timer.
This avoids the starvation of the lower priority ACs in a similar way it is avoided for
different stations in the original standard, as described in Section 2.2.1.

The example clearly shows the role of EDCA parameters in achieving the service
differentiation, i.e., a higher priority AC gets the larger share of the bandwidth by
transmitting more frames compared to a lower priority AC. It also shows that the ED-
CAF for lowest priority AC, AC_BK, is starved. The reason is that since it has to
sense the medium to be idle for a much longer AIFS time period, most of the time it
is unable to decrement its backoff timer because another EDCAF starts transmitting
and hence the medium becomes busy before its AIFS is finished. The other big reason
is the smaller Contention Window sizes for high priority ACs, which with high likeli-
hood results in shorter post backoff durations. As seen in Figure 4.4, the EDCAF for
AC_BK is able to decrement its backoff timer either if there are no pending frames for
high priority ACs, or, if the EDCAFs for AC_VO and AC_VI get post backoff values
greater than 5 and the EDCAF for AC_BE gets post backoff value greater than 4.

Internal Collisions - As shown in Figure 4.4, as the four EDCAFs at the AC trans-
mit queues behave like virtual stations inside the real station such that each EDCAF
contends for the medium independently of other EDCAFs, there exist two levels of con-
tention, internal contention among different EDCAFs/ACs inside the same station, and
external contention among different stations. This may result into a situation where
more than one EDCAF in the same station count their backoff timers to zero and try to
transmit at the same time. This leads to a situation referred to as internal collision or
virtual collision. In such situation, the access to the medium is granted to the EDCAF
for the highest priority AC among the colliding EDCAFs, and the lower priority collid-
ing EDCAF doubles its Contention Window and backoffs, just as if an external collision
occurred. Figure 4.5 shows an example of internal collision.

Figure 4.5: EDCA access mechanism and internal collision.

As described above, after the internal collision, out of the colliding EDCAFs the ED-
CAF for lower priority AC, AC_BE, doubles its Contention Window and chooses a new
backoff value, and the EDCAF for higher priority AC, AC_VI, starts the transmission
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without any backoff. This explains that the traffic of higher priority AC does not suffer
from additional delays after the occurrence of internal collisions, although it may starve
the lower priority AC even more, i.e., it will take long time for EDCAF for AC_BE to
count its new backoff of 39 down to zero. This condition may be far worse if EDCAF
for AC_BK collides; it will hardly be able to decrement its backoff timer after higher
priority EDCAFs will have transmitted dozens of frames.

An external collision occurs if backoff timers of the EDCAFs at two or more stations
reach zero at the same time, or, if the EDCAFs at two or more stations accidentally get
the same backoff values and win access to the medium. Similar to the original standard,
after the external collision the colliding EDCAFs increase (double) their Contention
Windows and choose new backoff values, and the rest of the EDCAFs retain their paused
backoff timers. Figure 4.6 shows an example of external collision where EDCAFs for
AC_VO and AC_VI in two different stations count their backoff timers down to zero
and try to transmit at the same time. After determining the collision, both colliding
EDCAFs double their Contention Windows and start decrementing the newly chosen
backoff values while other EDCAFs in both stations continue to decrement their paused
backoff timers.

Figure 4.6: EDCA access mechanism and external collision.

4.4 Architecture and Important Frame Formats
Together with HCF and its two access mechanisms EDCA and HCCA, IEEE 802.11e
also includes the two coordination functions from the original 802.11, DCF and PCF,
in order to provide backward compatibility. Figure 4.7 illustrates the architecture of
802.11e MAC.

For backward compatibility, a QSTA can also operate in a non-QoS BSS (nQBSS)
by associating itself to a non-QoS AP (nQAP), in case a QAP is not available. On the
other hand, a non-QoS STA (nQSTA) may also associate with a QAP in a QBSS, such
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that it operates just like an ordinary STA in 802.11 and the transmissions from QAP to
nQSTA do not use frame formats specific for QoS services.

Figure 4.7: IEEE 802.11e MAC architecture.

The centrally controlled, contention-free channel access mechanism of HCF, i.e.,
HCCA, uses a centralized coordinator called HC (Hybrid Controller), which is collocated
in QAP. HC operates concurrently with the EDCA just like in the legacy 802.11, i.e.,
a Contention Free Period (CFP) is followed by a Contention Period (CP), such that
the EDCA operates in CP while HC operates both in CP and CFP. This is in contrast
with legacy 802.11 where PC can only operate in CFP. It indicates that HC is capable
of polling QSTAs both in CP and CFP, and explains why it is referred to as Hybrid
Controller.

The one bit QoS subfield in Frame Control field of MAC header indicates whether
the station is acting as a QSTA or an nQSTA. The field is set to 1 if the station is
QSTAs, and 0 otherwise. Figure 4.8 shows the QoS subfield in the MAC header.

Figure 4.8: MAC data frame header and QoS subfield.

At MAC layer, each frame is assigned a priority in the form of a traffic identifier
(TID). TID field in the newly added QoS Control field in the MAC header contains
this TID value. UP of the frame is then determined based on this TID value, such that
when QAP receives a frame from a QSTA, it gets the UP value from TID field, ranging
from 0 to 7. Figure 4.9 illustrates the QoS Control and TID fields in the MAC header.

The priority value in TID field is supported only if the station has its QoS subfield
in the Frame Control field set to 1, i.e., the station is associated with a QAP and thus
working as a QSTA. If no QAP is available and a QSTA is associated with an ordinary
AP, i.e., nQAP, then the QSTA is functioning just like an ordinary STA, which is
indicated by setting the QoS subfield to 0. In that case, the TID value is meaningless and
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Figure 4.9: TID field in QoS Control field.

all frames from the station are treated as frames with priority of Contention, indicating
that they shall be transmitted without any priority, as it is done in the DCF. Similarly,
if an ordinary station, i.e., STA or nQSTA, is associated with a QAP, all frames from
the station are treated as frames with priority of 0.

The Queue size field in QoS Control field of the frame header, as seen in Figure 4.9,
specifies the total number of frames of the particular priority/TID the station have in
its AC transmit queue, excluding the current frame.

TXOP are obtained both in EDCA and HCCA, such that the former is referred to as
EDCA TXOP, and the later is referred to as HCCA TXOP or Polled TXOP. An EDCA
TXOP is obtained as soon as a QSTA wins access to the medium while operating in
EDCA. A HCCA TXOP is granted by the HC while operating in HCCA, such that the
HC polls individual stations to grant HCCA TXOPs based on their requirements.

A QSTA can specify the intention to transmit multiple frames in a TXOP by setting
the Duration/ID field in the frame header, such that it also includes the time required
to transmit the additional frames. While operating in HCCA, a QSTA can request the
TXOP of particular duration by setting the TXOP duration requested subfield of QoS
Control field shown in Figure 4.9. The TID field in that case indicates the AC for
which the TXOP is being requested. The HC/QAP may then assign a TXOP of the
size requested or of a smaller size.

EDCA parameters are defined in EDCA Parameter Set element, and are periodically
advertised by the QAP in selected frames (beacons). QAP can adapt these parameters
dynamically, depending on the network condition. Figure 4.10 shows the structure of
EDCA Parameter Set element.

Figure 4.10: EDCA Parameter Set element.

The values of EDCA parameters are specified in the subfields AIFSN, ECWmin,
ECWmax, and TXOP Limit, in the EDCA Parameter Set element. All QSTAs that
receive the EDCA Parameter Set element from QAP update their EDCA parameter
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Figure 4.11: QoS Capability element and QoS Info field.

values and use new values to contend for the medium. The draft standard specifies the
default values of EDCA parameters if not advertised by the QAP, as presented in Table
4.2.

Every time QAP updates the EDCA parameters, it increments the value of EDCA
Parameter Set Update Count field in QoS Info field in the QoS Capability element sent
in selected frames. The QSTAs use this information to confirm that they are using the
latest set of EDCA parameters. The structure of QoS Capability element is illustrated
in Figure 4.11.

4.5 Summary

IEEE 802.11e is an enhanced version of IEEE 802.11 WLAN standard to support quality
of service (QoS). IEEE 802.11e provides support for QoS by introducing service differen-
tiation. Four Access Categories (ACs) are defined to serve different types of data traffic.
These Access Categories are named AC_BK, AC_BE, AC_VI and AC_VO, for Back-
ground, Best Effort, Video and Voice data traffic types, respectively. At the higher
layers, each frame from a traffic stream is assigned a priority value, called User Priority
(UP), ranging from 0 to 7. At the MAC layer this priority is mapped to one of the
four Access Categories. For each Access Category, an enhanced version of DCF, called
Enhanced Distributed Channel Access Function (EDCAF), contends for the medium
based on a different set of contention parameters. These parameters are: (1) AIFS -
the time period the medium is sensed idle before the transmission or backoff is started,
(2) CWmin, CWmax - size of the Contention Window used for backoff, and, (3) TXOP
Limit - the maximum duration of TXOP (Transmission Opportunity), which is the time
period during which an EDCAF has the right to transmit after the medium is acquired.
AIFS (Arbitration Inter-Frame Space) is derived from the equation AIFS = AIFSN x
Slot Time + SIFS, where AIFSN (Arbitration Inter-Frame Space Number) specifies the
number of time slots in addition to the SIFS time period an AIFS consists of. The
values of EDCA parameters are AC specific and are set in a way that a higher priority
AC waits a shorter AIFS time period before it can access the medium, chooses backoff
values from a smaller Contention Window, and occupies the medium for a longer time
period, compared to a lower priority AC. Basically, the higher the priority of an AC, the
smaller the AIFS, CWmin and CWmax, and larger the TXOP Limit. These parameters
are referred to as EDCA Parameters and are periodically advertised by the AP. The
standard specifies the default values for EDCA Parameters if not advertised by the AP.

Besides the different sets of EDCA parameters for different ACs, the rest of medium
access mechanism is same as in DCF, i.e., as the medium becomes idle for the AIFS
time period, the EDCAF chooses a backoff value and starts decreasing its backoff timer.
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Transmission is started as the backoff timer reaches to zero.
As the four EDCAFs inside the station contend for the medium independently of each

other, it may result into a situation where more than one EDCAF in the same station
count their backoff timers to zero and try to transmit at the same time. This is then
referred to as internal collision and is resolved such that among the colliding EDCAFs,
the EDCAF for higher priority Access Category transmits and the lower priority EDCAF
backoffs, just as if an external collision occurred.

A new feature of 802.11e, called Contention Free Bursting (CFB), enables an EDCAF
to transmit multiple frames once the medium/TXOP is acquired, without contending
for the medium for every frame. The consecutive frame transmissions are separated by
SIFS time periods. The transmission duration of CFB is bounded by TXOP Limit.
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Chapter 5

Introduction to GloMoSim

5.1 Introduction
GloMoSim [3] stands for Global Mobile Information System Simulator and is a scalable
simulation environment for mobile and wireless networks, developed at UCLA Parallel
Computing Laboratory. GloMoSim is a discrete event simulator built using PARSEC
[40], a C based environment designed for parallel simulations, also developed at UCLA
Parallel Computing Laboratory. GloMoSim is built using a layered approach similar to
the OSI seven layers network architecture, with standard APIs between layers. This
makes it easy to implement and integrate new protocols and models at different layers.
A wide range of models and protocols are supported at different layers as shown in
Table 5.1. GloMoSim is a scalable simulator and has capabilities to simulate thousands
of mobile nodes.

Layers Protocols

Mobility Random Waypoint, Random Drunken, Trace Based

Radio Propagation Two-Ray and Free Space

Radio Model Noise Accumulating

Packet Reception Models SNR bounded, BER based with BPSK/QPSK

modulation

Data Link (MAC) CSMA, IEEE 802.11 and MACA

Network (Routing) IP with AODV, Bellman-Ford, DSR,

Fisheye, LAR scheme 1, ODMRP, WRP

Transport TCP and UDP

Application CBR, FTP, HTTP and Telnet

Table 5.1: Protocols and models supported at each layer.

5.2 Architecture
GloMoSim is designed using a layered approach with standard APIs between layers, as
shown in Figure 5.1. The layered design benefits from the features of modular devel-
opment, such that the layers as well as the protocols and models at different layers are
treated as independent modules and can be modified or replaced without affecting other
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layers. The modular design allows people to develop and implement new protocols at
different layers such that the design conforms with the standard API used between the
layers. The plug and play feature enables people to work without the concern for the
inner working of the simulator.

Figure 5.1: Architecture of GloMoSim.

GloMoSim is written in C and utilizes PARSEC (Parallel Simulation Environment
for Complex Systems) [40], which is a simulation environment developed for parallel
and sequential execution of discrete event simulations. By discrete event it means that
the execution is mainly based on event handling, i.e., the execution consists of set of
events and as an event occurs, the appropriate action is taken in its response. An event
is defined as an incident which results in the change of state of the system. A certain
event or combination of events may invoke other events and so on, and this is how the
execution proceeds. Some examples are arrival of packet at a particular layer, expiry of
a timer, etc. Events only occur at discrete units of time are not permitted to occur in
between these units of time.

GloMoSim is freely available for educational purposes. However the free version only
supports the sequential execution of simulations.

5.3 Summary

GloMoSim Global Mobile Information System Simulator is a scalable simulation en-
vironment for mobile and wireless networks, developed at UCLA Parallel Computing
Laboratory. GloMoSim is a discrete event simulator written in PARSEC, a C based
language. GloMoSim is built using a layered approach similar to the OSI seven layers
network architecture. A wide range of models and protocols are supported at differ-
ent layers. The layered design benefits from the features of modular development, and
enables people to develop and implement new protocols at different layers. GloMoSim
supports parallel and sequential execution of discrete event simulations. By discrete
event it means that the execution is mainly based on event handling. The execution
consists of set of events, where event is defined as an incident which results in the change
of state of the system. As an event occurs, the appropriate action is taken in its response.
A certain event or combination of events may invoke other events and so on, and this
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is how the execution proceeds. GloMoSim is freely available for educational purposes.
However the free version only supports the sequential execution of simulations.
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Chapter 6

Design and Implementation

The chapter presents an overview of the design and implementation of IEEE 802.11e
EDCA in GloMoSim v2.03. GloMoSim currently supports IEEE 802.11 DCF together
with many other MAC protocols. The task was to design and implement IEEE 802.11e
EDCA on the basis of the available DCF design.

The following sections describe the design of important EDCA components, that
includes priority, AC transmit queues, Access Category and EDCAF, together with the
details of updates to the input and output of the system.

6.1 Inclusion of Priority

One of the first implementation issues was to decide how to assign priority to a frame
(or application). As discussed in Section 4.3.1, the draft standard states that each frame
from the higher layer arrives at the MAC layer along with a priority value (called User
Priority), but it does not specify how such a priority is assigned and carried through the
higher layers. However, assuming that the most appropriate way would be to have this
priority assigned by the application itself, in our design the priority is specified along
with the specification of the application in the input file, as described in the following
section.

6.1.1 Defining Priority

The line defining a CBR application in the input file app.conf now includes the priority
as the 8th parameter:

CBR <src><dest><items to send><item size><interval><start time><end time><priority>

The value of priority parameter ranges from 0 to 3, enabling total four priorities to be
assigned. The draft standard defines 8 different priorities which then are mapped into 4
ACs (Access Categories) at the MAC layer (see Section 4.3.1), but we found it sufficient
to use only 4 priorities and then map them directly to 4 ACs. Another difference is that
in our design priority is used in opposite order, i.e., 0 is the highest and 3 is the low-
est priority. The reason for using it in opposite order is described in subsequent sections.
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Below is an example how a 802.11e scenario with CBR applications is defined in the
app.conf file. The example shows two stations with multiple CBR applications gener-
ating traffics of different priorities.

CBR 1 0 100 512 0.05S 0S 0S 0
CBR 1 0 100 1460 0.9S 9S 0S 3
CBR 1 0 50 512 0.25S 20S 0S 1
CBR 1 0 50 1024 1.5S 0S 40S 2
CBR 2 0 20 512 0.07S 15S 0S 2
CBR 2 0 30 1460 0.1S 20S 0S 0
CBR 2 0 20 512 1.10S 0S 30S 1
CBR 2 0 30 512 0.25S 20S 0S 1
CBR 2 0 30 1024 0.2S 10S 0S 0

The design has been updated such that the value of priority parameter does not have
any effect when a MAC protocol other than 802.11e is used.

As we only modified CBR to adapt for the priority, therefore only CBR application
can be used with 802.11e.

6.1.2 Adaptation of Priority

Priority is carried from Application layer to Network layer in the same way it is done
to carry priority of different applications and routing protocols in the existing design.
Figure 6.1 shows the adaptation of priority at different layers.

At the Network layer, priority is included in the IP header in the field ip_tos and
sent to the MAC layer. At the MAC layer, this is next mapped into the corresponding
AC. As described in Section 4.3.1, 802.11e defines 4 different ACs, namely, AC_BK,
AC_BE, AC_VI and AC_VO, for Background, Best Effort, Video and Voice data
traffic, respectively. Table 6.1 shows how priority is mapped to AC.

Priority Access Category

0 AC_VO

1 AC_VI

2 AC_BE

3 AC_BK

Table 6.1: Priority to Access Category Mapping.

6.2 Implementation of AC Transmit Queues

Four AC transmit queues have been implemented at MAC layer. In the existing design of
GloMoSim, Network layer also contains three queues for the IP protocol. These queues
are used to give priority to certain applications on others, and to routing protocols on
applications. One possible design was to use same queues as 802.11e AC transmit queues
as well, but we found it better to implement 802.11e AC transmit queues at MAC layer
to remain sincere to the standard.
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Figure 6.1: Adaptation of priority.

6.2.1 IP Queues in the Existing Design

In the existing design, there are three queues for IP protocol at the Network layer. These
queues, called IP Queues, are used to give priority to packets associated to different
applications and routing protocols. The packets related to routing protocols are assigned
the highest priority of 0 and are inserted in the first queue, packet from application CBR
are assigned priority of 1 and are inserted in second queue, and packets from rest of the
applications (FTP, Generic FTP, HTTP and Telnet) are assigned priority of 2 and are
inserted in third queue. While forwarding a packet to MAC layer, packets are retrieved
in the order of priority, i.e., packets from the first queue are retrieved first, then from
the second queue and then from the third queue. As routing packets are always inserted
in first queue, they are always sent first.

6.2.2 802.11e AC Transmit Queues

Four queues have been added at the MAC layer as the 802.11e AC Transmit Queues.
When using 802.11e as the MAC protocol, the Network layer IP queues are bypassed
and packets are directly inserted into AC transmit queues at MAC layer. Packets are
then retrieved and dequeued from AC transmit queues throughout the simulation.

The CBR packets are inserted in these four queues such that the packets of highest
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priority 0 (AC_VO) are inserted in the first queue, packets of next highest priority 1
(AC_VI) are inserted in the second queue and so on.

As described in previous section, we used priorities in opposite order, i.e., 0 is the
highest and 3 is the lowest priority. This is done to avoid modifications in the existing
code, especially in the routing protocols files, because, as described above, the existing
design uses priorities in this order, i.e., routing packets are assigned the highest priority
of 0.

AC Transmit Queue Source

1 CBR with priority 0 (AC_VO),

Routing Protocols

2 CBR with priority 1 (AC_VI)

3 CBR with priority 2 (AC_BE),

FTP, HTTP and Telnet

4 CBR with priority 3 (AC_BK)

Table 6.2: AC transmit queues used for different types of applications.

In our design, routing packets are also inserted into the first queue, i.e., the queue
for packets with priority of AC_VO. This shows that routing protocols packets are
transmitted with the priority of AC_VO. Another possible design was to use a separate
queue for routing packets so that they could always be transmitted prior to CBR packets
with priority of AC_VO, but it leads to the confusion that which EDCAF, in other
words, what AC parameter values, should be used to transmit routing packets. But
in principle as routing packets are always transmitted before data packets, we found it
feasible to use same queue for both type of packets.

As we did not modify the rest of the applications (FTP, Generic FTP, HTTP and
Telnet) to adapt for the 802.11e protocol, the packets of these applications are always
inserted in the third of the four AC transmit queues, i.e., queue for AC_BE, because
they are already assigned with priority of 2 in the existing design.

Note that if 802.11e is used as the MAC protocol but with an application other than
CBR, then the fourth AC transmit queue, i.e., queue for AC_BK, will always remain
empty. Moreover, if both 802.11e and CBR are used, and any of the other applications,
i.e., FTP, Generic FTP, HTTP, Telnet, is also used, then third AC transmit queue,
i.e., queue for AC_BE, will contain packets of both CBR and that application. Table
6.2 summarizes how packets associated to different applications are inserted into AC
transmit queues when 802.11e is used as the MAC protocol.

6.3 Implementation of EDCA

Four Access Categories (ACs) have been implemented each with its own AC transmit
queue and channel access function, EDCAF, as illustrated in Figure 6.2. Each of the
EDCAFs implements an independent instance of CSMA/CA protocol with backoff.
These EDCAFs at AC transmit queues behave like virtual stations inside the real station
and contend for the medium independently of each other.

Following sections describe the key data structures used in the implementation of
EDCA.



6.3. Implementation of EDCA 39

Figure 6.2: AC transmit queues and EDCAFs.

6.3.1 M802_11eAccessCategory

Access Category (AC) is defined by the data structure M802_11eAccessCategory, illus-
trated in Figure 6.3.

Figure 6.3: Data structure for Access Category.

As it is seen above, the data structure contains fields to keep the values of EDCA
parameters, i.e., AIFS, CWmin, CWmax, and, TXOPLimit. Here the field name keeps
the name of AC, i.e., the designations assigned by the draft standard to represent Access
Categories, namely AC_BK, AC_BE, AC_VI, and, AC_VO.

6.3.2 M802_11eEDCAF

EDCAF is defined by the data structure M802_11eEDCAF. Important fields of M802_11eEDCAF
are illustrated in Figure 6.4.

The data structure GlomoMac802_11e, that contains all necessary parameters and
states related to the MAC 802.11e, now keeps four EDCAFs, namely EDCAF_BK,
EDCAF_BE, EDCAF_VI, and EDCAF_VO, that are instances of data structure
M802_11eEDCAF illustrated in Figure 6.4.

As it is seen from the design, each of the four EDCAFs keeps its own state, current
size of Contention Window (CW), current backoff timer (BO), and, NAV, just like in
DCF in the existing design of GloMoSim for the 802.11 MAC.

The EDCAF keeps the information of the AC it contends for in the instance of
M802_11eAccessCategory (see Figure 6.3). The EDCA parameters, AIFS, CW_MIN,
CW_MAX, and TXOP_Limit, are initialized to the values in the input file config.in if
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Figure 6.4: Data structure for EDCAF.

specified by the user, or, to the default values, otherwise. The default EDCA parameter
values defined by the draft standard are presented in Table 4.2.

The data structure also contains the information such as number of packets the
EDCAF/AC has to send (i.e, number of packets in the AC transmit queue), number
of packets sent, retransmissions due to ACK and CTS timeouts, number of packets
dropped due to retry limit, number of packets lost due to queue overflow, and, number
of times EDCAF collided with other EDCAFs (internal collisions). The information of
total MAC delay, number of times EDCAF set its backoff, sum of all backoff values,
and, sum of Contention Window sizes, is used to calculate average MAC delay, average
backoff value and average Contention Window size, respectively.

6.3.3 GlomoMac802_11e

The data structure GlomoMac802_11e represents the MAC of the entire station. Since a
station contains four EDCAFs one for each AC, as described in Section 4.3.2, the data
structure GlomoMac802_11e keeps four EDCAFs, namely EDCAF_BK, EDCAF_BE,
EDCAF_VI, and EDCAF_VO, that are instances of data structure M802_11eEDCAF,
illustrated in Figure 6.4. Contrary to the design of DCF for 802.11, data structure
GlomoMac802_11e does not keep MAC information related to the MAC functionality,
since that is now kept by individual EDCAFs. Figure 6.5 shows important fields of
GlomoMac802_11e.

As it is seen in Figures 6.4 and 6.5, and described above, information such as num-
ber of packets the EDCAF/AC has to send, numbers of packets sent, retransmissions
due to CTS and ACK timeouts, number of packets dropped due to retry limit, and,
number of packets lost due to queue overflow, is kept in M802_11eEDCAF instead of
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Figure 6.5: Data structure for 802.11e.

GlomoMac802_11e because it is more relevant to individual EDCAF compared to the
overall station. On the other hand, information such as number of packets received
(both unicast and broadcast), and, number of RTS packets ignored, is contained in
GlomoMac802_11e instead of M802_11eEDCAF since this information is more relevant to
entire station compared to individual EDCAF. The fields totalInternalCollisions and
queuesAreEmpty keep the information of total number of internal collisions occurred
between EDCAFs and whether the AC transmit queues are empty or not, respectively.

6.3.4 Working of EDCA
As a frame arrives at MAC layer, first its priority is mapped into AC, as described in
previous sections. Next the frame is inserted into corresponding AC transmit queue.

Each of the four EDCAFs which receives frame in its AC transmit queue from the
above layer starts contending for the medium independently of other EDCAFs, behaving
like a virtual station inside the real station. This means in a station maximum four
EDCAFs contend for the medium, depending if all of them have frames to send. As
an EDCAF for higher priority AC has to wait a smaller duration of AIFS, it starts
counting down its backoff timer prior to an EDCAF for lower priority AC. Moreover,
as a higher priority AC has smaller minimum and maximum Contention Window limits
compared to a lower priority AC, EDCAF for higher priority AC most of the time gets a
smaller backoff value and thus has to wait less time. As an EDCAF is able to access the
medium, other EDCAFs in the same station pause their backoff timers, and continue to
count down once the medium becomes idle again for the AIFS time period. Thus, at
a certain time, a lower priority EDCAF will have smaller backoff value because while
the higher priority EDCAF has to choose a new backoff value for every next frame, the
lower priority EDCAF continues to count down its paused backoff timer. The whole
process is illustrates in Figure 4.4 in Section 4.3.3. The example assumes that all four
EDCAFs have packets to send and the medium has been busy.

Just like in the original design, an EDCAF can transmit a frame immediately after
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AIFS, without waiting for backoff time, in case the time the frame arrives at the MAC
layer, the last post backoff has already been finished, i.e., the corresponding AC transmit
queue is empty, and the medium has been idle longer than the AIFS time period. In
case there are more than one EDCAF with pending frames, then the EDCAF at the
highest priority AC queue transmits and others choose backoff values. On the other
hand, if the medium is sensed busy, as indicated either by the virtual (NAV) or physical
carrier sensing, then all EDCAF (EDCAFs with frames in their queues) choose backoff
values after waiting the medium idle at least for the AIFS time period. The EDCAF
which counts its timer down to zero first gets access to the medium and others pause
their backoff timers.

As an EDCAF finishes transmission of a frame and has a pending frame in its AC
queue, it performs the post backoff after waiting the medium to be idle at least for the
AIFS time period. Other EDCAFs which paused their backoff timers (in case there were
more than one EDCAF with frames to send) also continue to decrement their backoff
timers after waiting for the AIFS time period. In case there is an EDCAF which did
not contend for the medium the last time, i.e., its queue was empty at that time, but
has pending frame now, then it also chooses backoff value after waiting for the AIFS
time period.

Internal collisions may occur if the backoff timers for two or more EDCAFs reach zero
at the same time, or when two or more EDCAFs accidentally get the same backoff values,
in which case the EDCAF with higher priority AC gets the access to the medium and
the lower priority EDCAF doubles its Contention Window and chooses a new backoff
value, as shown in Figure 4.5.

As a station receives a frame that is not directed to it, while all four EDCAFs set
their NAVs to the time required to transmit the frame and to receive the corresponding
ACK, only the EDCAFs which have frames to send start decrementing their NAV timers.
As the NAV for an EDCAF expires, it waits the medium to be idle for the AIFS time
period, chooses a backoff value (if no backoff value was already chosen), and starts
decrementing its backoff timer.

An unsuccessful transmission, i.e., an external collision, is determined if the sender
EDCAFs at the colliding stations do not receive ACK frame within a specified ACK
timeout period. In that case, in a colliding station, all EDCAFs with pending frames
contend for the medium again, such that the EDCAF which faced unsuccessful trans-
mission chooses a new backoff value from a doubled Contention Window, and together
with other EDCAFs which paused their backoff timers, continues to count its backoff
timer down after waiting the medium to be idle for the AIFS time period. Figure 4.6 in
Section 4.3.3 explains the external collision and the subsequent actions.

6.3.4.1 States of M802_11eEDCAF

As it is seen from Figures 6.4 and 6.5, both data structures M802_11eEDCAF and Glomo-
Mac802_11e maintain their own states.

Just like in the design for the original standard in GloMoSim, an EDCAF enters into several
states like a real station. The only exceptions are the transmitting states M802_11E_X_ACK and
M802_11E_X_CTS, and the waiting state M802_11E_S_WFDATA. An EDCAF does not enter into
the transmitting states M802_11E_X_ACK and M802_11E_X_CTS because ACK and CTS frames
are not transmitted by any particular EDCAF and instead by the overall station. As the trans-
mission of ACK and CTS frames does not have anything to do with EDCA parameters, and as
they are transmitted after SIFS (following the reception of data or RTS frame) which is of the
same length for all ACs, it is not necessary that they are transmitted by any particular EDCAF.
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Therefore after an ACK or CTS frame is transmitted, the whole station enters into the corre-
sponding state instead of any particular EDCAF. The third state an EDCAF does not enter into is
the waiting state WFDATA, which the station enters into after transmitting the CTS frame.

Another possible design was to include the priority/AC information in the header while
transmitting a data or RTS frame, to know at the receiver side which EDCAF at the sender side
sent it and thus which EDCAF at the receiver side should transmit the corresponding ACK or
CTS frame, and wait for data frame in the latter case. The design was canceled because of the
unnecessary computation.

6.4 Updates to the System Input
The system enables user to specify a range of parameter values in the input file config.in. It
includes the EDCA parameter values as well as some other important parameters as described
in the following subsections.

6.4.1 EDCA Parameter Values
The draft standard states that the AP is capable to adapt the values of EDCA parameters dynami-
cally, according to the network conditions. In our design, therefore, the user is allowed to specify
the desired EDCA parameter values in input file config.in. It allows the user to run simulations
with different EDCA parameter values besides the default values specified by the standard, in
order to get more realistic results. Figure 6.6 illustrates how EDCA parameter values are speci-
fied in the config.in file.

Figure 6.6: Specifying EDCA Parameters in config.in file.

6.4.2 AC Transmit Queue Sizes
The draft standard does not specify anything about the AC transmit queue sizes for individual
ACs. Anyhow, since some of the important simulation results are heavily influenced by the
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queue sizes, such as end-to-end delay and packet loss ratio, in our design the user is allowed to
specify the desired queue sizes in the input file. Figure 6.7 illustrates how the queues sizes are
specified in the config.in file.

Figure 6.7: Specifying AC transmit queue sizes in config.in file.

6.4.3 AC Retry Limits
Although the draft standard indicates that the station maintains retry counter for each AC, it
does not specify any values for retry limits for individual ACs. The retry limit values used in the
original standard are 7 and 4 for short and long retry limits, respectively. But for 802.11e, using
the same values for all four ACs does not look accurate. Since the higher priority traffic, e.g.,
voice or video, is very sensitive to end-to-end delays, bigger retry limit values for higher priority
ACs may have significant effect on their performance. It is due to the reason that bigger values of
retry limits result into higher end-to-end delays (because of higher number of retransmissions).
Therefore, the user is enabled to specify the desired retry limit values in the input file. Figure 6.8
shows how retry limit values are specified in the config.in file.

Figure 6.8: Specifying AC retry limits in config.in file.

6.5 Updates to the System Output
The statistics information related to the 802.11e MAC layer is printed in the output file glomo.stat,
just like it is done for the other layers. A wide range of useful information is printed to the
output file for each AC. It includes number of packets sent, number of retransmissions, number
of packets drops and losses, average MAC delay, average Contention Window size, average
backoff value, and number of internal collisions. Figure 6.9 illustrates a snapshot of glomo.stat
file.

The Application layer has also been updated to print the important information for each
AC. It includes the important information of end-to-end delay, number of packets received, and,
throughput. A snapshot of the glomo.stat file is presented in Figure 6.10.
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Figure 6.9: MAC layer statistics in glomo.stat file.

Figure 6.10: Application layer statistics in glomo.stat file.
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The priority/AC has not been included in any of the frame headers, including the MAC
header. Instead, the priority field has been added only in the data structures representing the
CBR Server and CBR Client. At the Application layer, the CBR Client sets its priority to the value
specified in the app.conf file, includes the priority information in the data structure CBRData
and adds the CBRData in the packet before forwarding packet to the Transport layer. At the
Application layer at the receiver side, the corresponding CBR Server retrieves the priority of the
packet (or CBR Client) from the CBRData. We found these modifications enough to print the
statistics in glomo.stat file, instead of including the priority in all headers.

6.6 Summary
GloMoSim currently supports IEEE 802.11 DCF together with many other MAC protocols. The
task was to design and implement IEEE 802.11e EDCA on the basis of the available DCF design.
One of the first implementation issues was to decide how to assign priority to a packet. The most
appropriate method has been adapted such that the priority is assigned at the Application layer,
which then travels down to the MAC layer through different layers. For it the syntax defining
a CBR application in the input file app.conf has been updated to includes the priority. At the
Network layer, priority is included in the IP header and sent to the MAC layer.

For the implementation of EDCA, four Access Categories (ACs) have been implemented each
with its own AC transmit queue and EDCAF. Access Category is defined by the data structure
M802_11eAccessCategory, which contains fields to keep the values of EDCA parameters, AIFS,
CWmin, CWmax and TXOPLimit. EDCAF is defined by the data structure M802_11eEDCAF,
which enables an EDCAF to keep its state, Contention Window, backoff timer and NAV, just like
in DCF in the existing design of 802.11 in GloMoSim. The data structure GlomoMac802_11e, that
represents the overall MAC layer of a station, keeps four instances of M802_11eEDCAF as the
EDCAFs for the four ACs.

As a frame arrives at MAC layer, first its priority is mapped into AC and then it is
inserted into corresponding AC transmit queue. As an EDCAF receives frame, it starts
to contend for the medium independently of other EDCAFs. The EDCAF for a high
priority AC has to wait less for the medium because of its smaller AIFS, CWmin and
CWmax values. As an EDCAF is able to access the medium, other EDCAFs pause their
backoffs timers, and resume as the medium becomes idle again for AIFS period.

In case of an internal collision, the EDCAF with the highest priority AC among
the colliding EDCAFs gets access to the medium and others backoff. In case of an
unsuccessful transmission (external collision), in the colliding station, all EDCAFs with
pending frames contend for the medium again such that the colliding EDCAF chooses a
new backoff value from a doubled Contention Window while others resume their paused
backoff timers.

The draft standard states that the AP is capable of adapting the values of EDCA
parameters dynamically, according to the network conditions. Therefore, in our design
the user is allowed to specify the desired EDCA parameter values in input file config.in.
In addition to EDCA parameters, the user is also enabled to specify transmit queue
sizes and retry limits for all ACs. The output has been updated to print the information
for 802.11e layer as well as the Application (CBR) layer in the output file glomo.stat. A
wide range of statistics information is printed for all ACs.
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Evaluation

7.1 Introduction

This chapter presents the performance evaluation of IEEE 802.11e EDCA MAC mech-
anism using the 802.11e EDCA model we implemented in GloMoSim. The evaluation
phase is divided into two parts. The first part evaluates the IEEE 802.11e EDCA QoS
scheme with some simple scenarios in order to more clearly observe the role of individual
EDCA parameters in providing service differentiation. It also serves as the verification
of our IEEE 802.11e EDCA design. The second part focuses on the evaluation of EDCA
by considering some more realistic simulation scenarios. Comparisons of 802.11e EDCA
and 802.11 DCF are also presented to analyze their performance with respect to dif-
ferent real world traffic scenarios. For 802.11 DCF, the model already implemented in
GloMoSim is used.

Performance Metrics - The performance metrics we used for verification and evalu-
ation are as follow:

• Throughput: The amount of data transferred in a given amount of time, usually
expressed in bits per second (bps). Throughput is directly proportional to the
available bandwidth/capacity.

• End-to-end delay: The total delay from the time the application at the sender
side generates a packet to the time the application at the receiver side receives
it. As the term suggests, end-to-end delay includes all types of delays occur at
different layers as well as those occur during the transmission, i.e., transmission
delay, propagation delay, queueing delays etc. [10, p. 38-39].

As discussed in Section 3.1, end-to-end delay is the most critical parameter for
interactive real-time multimedia applications such as Internet telephony, video-
conferencing, VR (Virtual Reality) environments, and multiplayer network games
[10, p. 83]. These applications enforce tight constraints on in time data trans-
fer and frames with delay of more than a few tens of milliseconds are often not
acceptable.

• MAC delay: MAC delay is defined as the delay occurs from the time a packet
arrives at the MAC layer and the station starts to contend for it, to the time
it is successfully transmitted and the corresponding ACK frame is received in
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response. Thus, in contrast to end-to-end delay which includes all types of delays,
MAC delay only includes the delay specific to the MAC operation, i.e., accessing
the medium and then successfully transmitting. Another reason of considering
MAC delay in addition to end-to-end delay is that the latter is highly influenced
by the delay a frame experiences at the queue, known as the queuing delay [10,
p. 38], as discussed in Section 3.1, which makes it difficult to study the traffic
performance particularly in highly loaded network situations.

• Collision Rate: A collision occurs if two or more stations try to transmit at the
same time. It may happen if the backoff timers for two or more stations reach
zero at the same time, or if two or more stations accidentally get the same backoff
values. Collisions result in retransmissions, which in turns result in wastage of
bandwidth.

• Internal Collision Rate: While external collisions occur among stations, internal
collisions occur when two or more EDCAFs inside the same station try to transmit
at the same time.

As discussed in Section 2.2.1, the collision rate (both internal and external) is
highly dependent on the Contention Window size, i.e., larger the Contention Win-
dow size, lower the number of collisions and vice versa. The reason is that the
probability of choosing same backoff values, or of decrementing backoff timers to
zero at the same time, increases with decreasing size of Contention Window.

• Packet Transmission Ratio: The ratio of packets successfully transmitted to the
total number of packets arrived at the MAC layer to transmit. Packet transmission
ratio is directly proportional to the throughput. Higher the received throughout,
higher the number of packets transmitted and vice versa.

• Packet Loss: A packet is lost due to queue overflow (at the sender side), i.e., by
the time the packet arrives at the MAC layer, the corresponding AC transmit
queue is already full. The packet loss rate is directly proportional to the through-
put/bandwidth. Higher the throughput, faster the packets are transmitted and
thus lower the chances of packet losses.

Packet loss is also highly dependent on two parameters, the size of the queue,
and, the inter-packet arrival interval. Larger the size of the queue, the lower the
number of packet losses and vice versa, and, smaller the packet arriving interval,
the higher the number of packet losses and vice versa.

• Packet Drops: A packet is dropped after reaching the retransmit limit (or retry
limit), as discussed in Section 2.2.1. Packet drop is directly proportional to collision
rate. Higher the collision rate, higher the number of retransmissions and thus
higher the packet drop rate.

Next section presents the simulation model used for the evaluation together with
important Physical (PHY) and MAC layer parameters.

7.2 Simulation Model
Network Topology - The basic network topology consists of an AP and varying
number of stations depending on the simulation scenario, as illustrated in Figure 7.1.
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All communications take place between the stations and the AP, i.e., there is no direct
communication between stations. All stations are stationary, and transmission powers
are set such that all stations are within each other’s transmission ranges.

Figure 7.1: Basic network topology used for simulations.

EDCA Parameters - The default set of EDCA parameters is used as specified in the
standard [2], and is summarized here in Table 7.1 for the DSSS PHY, for the comfort
of the reader.

AC CWmin CWmax AIFSN

AC_VO 7 15 2

AC_VI 15 31 2

AC_BE 31 1023 3

AC_BK 31 1023 7

Table 7.1: Default EDCA parameter values.

PHY Parameters - The legacy 802.11 PHY is used for simulations because currently it
is the only available 802.11 PHY in GloMoSim. The legacy 802.11 PHY offers maximum
data transmission rate of 2 Mbps. This proved to be a hurdle in simulating more realistic
traffic scenarios since most of the 802.11 installations today are based on 802.11b and
802.11a PHYs with maximum data transmission rates of 11 and 54 Mbps respectively,
and thus are able to support multimedia applications of much higher bit rates.

Important parameters for legacy 802.11 DSSS PHY are presented in Table 7.2.

Data Rate 2 Mbps

aSlotTime 20 µs

aSIFSTime 10 µs

Table 7.2: Important PHY parameters.

Furthermore, if not stated otherwise, the following assumptions are made about the
simulations.

• The RTS/CTS mechanism is disabled.

• The placement of stations is randomly determined by the simulator.
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• Static routing protocol is used by all stations.

• Frame fragmentation is disabled.

• The size of each AC transmit queue is 100 frames.

• The Two-Ray propagation path loss model is implemented.

• All traffic/application types are configured as CBR (Constant Bit Rate).

• UDP is implemented as the Transport layer protocol.

• The standard radio model with accumulated noise is applied.

• The CFB functionality is disabled, i.e., only one data frame is allowed to be
transmitted after the medium is acquired.

• Every simulation is run for 200 seconds.

7.3 Evaluation Part 1

The section presents the performance evaluation of 802.11e QoS mechanism with the
help of a set of simple scenarios. Evaluation with simple scenarios enables to more
efficiently observe the effect of EDCA parameters in providing service differentiation.
Moreover, it also serves as the verification of our EDCA design. Additionally, the role
of individual EDCA parameters (AIFSN, CWmin and CWmax) in providing service
differentiation is also studied.

Two scenarios are considered. In Scenario 1, one station is transmitting traffic
streams corresponding to all four ACs to the AP, such that the load is increased from
0.1 to 4.0 Mbps by increasing the data rate of each traffic stream. Scenario 2 is similar
to Scenario 1 except that the number of stations is increased to ten.

The two scenarios help to study the performance of traffic streams of all four ACs in
both lightly and highly loaded network situations. Moreover, evaluation with one and
ten stations allows to observe the performance of ACs with and without the presence of
external contention, respectively.

Next two sections present the results and discussions for the two scenarios defined
above. For each scenario, three additional cases are considered such that the EDCA
parameters are switched off one by one in order to observe the influence of individual
EDCA parameters on service differentiation. In the first case, the AIFSN for all four
ACs is set to a fixed value. This eliminates the role of AIFS and thereby allows to study
the role of CWmin and CWmax in realizing service differentiation. Similarly, in second
case, same CWmin and CWmax values are used for all four ACs to study the service
differentiation based on only AIFS. In the third case, service differentiation based on
both AIFS and CWmin and CWmax is eliminated by using the same values of both
parameters for all ACs.

The performance metrics considered are throughput, average end-to-end delay, MAC
delay, packet transmission ratio, packet loss, and the internal collision rate. Fixed packet
size of 1024 bytes is used for traffic of all four ACs in order to clearly observe the
performance of each AC, specifically for throughput and delay results which are heavily
influenced by the packet size.
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7.3.1 Scenario 1: Results and Discussions

This section presents the results for the Scenario 1 described above. Figure 7.2 shows
the results for the six performance metrics: throughput, end-to-end delay, MAC delay,
transmission ratio, and internal collisions. Discussion on the results for each of the
performance metrics follows next.
Throughput : Figure 7.2a presents the average throughput results for all four traffic
streams, and clearly shows how differentiation is introduced through different ACs.
While the throughput for low priority ACs starts to drop as the network becomes con-
gested, the high priority ACs, AC_VI and AC_VO, keep receiving the constant shares
of bandwidth. Throughput for the traffic streams of two lowest priority ACs, AC_BK
and AC_BE, starts to drop as the total network load approaches to 1.6 and 1.9 Mbps,
respectively. The early drop in throughput for the low priority ACs before network
becomes saturated1 is mainly due to the effect of starvation. As the AIFS time periods
and Contention Window sizes for high priority AC are much smaller than those for lower
priority ACs, most of the time the lower priority ACs are not able to decrement their
backoff timers, as illustrated in Figure 4.4, and therefore are starved. The throughput
of low priority ACs then keeps dropping gradually as the network starts to become
saturated.

As there is only one station transmitting in this scenario, there is no external con-
tention present, and thus the relative performances of ACs are only influenced by the
internal contention among them, which makes it easier to understand the impact of
EDCA parameters on the AC performances. External contention is taken into account
in Scenario 2 in which total ten stations are transmitting, and thus the effectiveness of
802.11e QoS scheme will be more clearly observable.

End-to-end delay : Figure 7.2b illustrates the average end-to-end delay faced by the
traffic streams. From the figure, the effectiveness of service differentiation scheme is
evident, seeing that while the delay for the low priority ACs, AC_BK and AC_BE,
increases exponentially as the network starts to become congested, the delay for high
priority ACs, specifically that of AC_VO, remains consistent.

The end-to-end delay is very critical for real-time and interactive multimedia appli-
cations such as teleconferencing and internet telephony, as discussed in Section 3.1 and
in beginning of the chapter. In these applications the packets delivered with end-to-end
delay of more than a few tens of milliseconds are often not acceptable. The performance
of QoS scheme with respect to end-to-end delay is further analyzed in the next section
where the simulation results for the more realistic scenario with ten stations are dis-
cussed.

MAC delay : Figure 7.2c shows the average MAC delay faced by the traffic streams. By
comparing Figures 7.2b and 7.2c, we see that while both MAC and end-to-end delay
figures are almost same initially, the effect of queueing delay becomes evident as the
network becomes saturated, in that the end-to-end delay increases exponentially. It is
because the frames start to face longer delays while residing in the AC transmit queues
due to the fact that the high priority ACs get the maximum share of bandwidth, i.e.,
low priority ACs are starved, as discussed above.

1The term saturated refers to the situation when the total data being transmitted is more than the
maximum capacity/bandwidth of the network. Another term often used is overloaded.
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(a) Average throughput. (b) Average end-to-end delay.

(c) Average MAC delay. (d) Average packet transmission ratio.

(e) Average packet loss. (f) Average internal collisions.

Figure 7.2: Results for Evaluation Part 1, Scenario 1.

Packet transmission ratio: Figure 7.2d shows the average packet transmission ratio for
each of the ACs. The results for each AC traffic are in accordance with the results shown
in Figure 7.2a, as the higher the bandwidth/throughput, the higher the packet trans-
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mission ratio and vice versa. As seen from the figure, the lower priority ACs, AC_BK
and AC_BE, are only able to transmit below 30% and 10% percent of the total packets
as the network becomes saturated.

Packet loss: Figure 7.2e shows the average packet loss for each of the ACs. As seen in
the figure, there is no packet loss for the traffic stream of AC_VO, but other ACs suffer
from high losses as the network approaches to its saturation point. This is in accordance
with the results shown above. Comparing it to the results shown in Figure 7.2a, we see
that higher the bandwidth share (throughput) for an AC, higher the number of pack-
ets transmitted for that AC, and thus lower the chances that the AC transmit queue
becomes full and packets are lost. Comparing it to the results shown in Figure 7.2b,
we see that both the average end-to-end delay and average packet loss for an AC starts
to increase at the same point, indicating that as the queues start to fill toward their
maximum sizes, the packets starts to face higher end-to-end delays and the number of
lost packets starts to increase.

Internal collisions: Figure 7.2f illustrates the internal collisions faced by all four traffic
streams, as well as the aggregated internal collisions. The drawback of smaller Con-
tention Window sizes is very evident here in that the more than 90% of the total internal
collisions occur between the higher priority ACs AC_VO and AC_VI, which have the
minimum Contention Window sizes of 7 and 15 respectively, as presented in Table 7.1.

7.3.1.1 Service Differentiation based on CWmin and CWmax

This section presents the results for the first of the three additional cases considered
for the two scenarios. In the first case, same AIFSN value of 2 is used for all ACs. As
described above, the aim is to observe the role of CWmin and CWmax in providing
the service differentiation. Figure 7.3 presents the results for the same six performance
metrics considered above for the original case.

Figure 7.3a shows the average throughput results for all four traffic streams. As it is
seen, the CWmin and CWmax parameters are greatly effective in providing priorities to
different ACs. The traffic streams for high priority ACs, AC_VO and AC_VI, receive
larger share of bandwidth due to their smaller CWmin and CWmax values, 7 and 15, and,
15 and 31, respectively, as presented in Table 7.1. On the other hand, the throughput
for the lower priority ACs, AC_BK and AC_BE, drops much earlier because of the
larger CWmin and CWmax values they have.

As it is seen, setting the AIFSN values to 2 for all ACs does not have much effect
on the throughput performance of traffic streams for AC_VO and AC_VI, since the
AIFSN value for both of the ACs is already 2, as shown in Table 7.1. Thus, by setting
the value to 2 for all ACs, the aim is to eliminate the priority the high priority ACs
receive in terms of AIFS.

Studying the results further, the relatively big margin between the throughput for
AC_VI and those of AC_BK and AC_BE is thus due to the fact that the values of
CWmin and CWmax for AC_BK and AC_BE are two times bigger than those for
AC_VI.

There is only a small difference between the throughput results for AC_BK and
AC_BE, because both ACs have the same value of CWmin and CWmax, i.e., 31 and
1023, respectively, as shown in Table 7.1. One might wonder why AC_BE receives a
little better throughput than AC_BK even though both have the same values of AIFSN,
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(a) Average throughput. (b) Average end-to-end delay.

(c) Average MAC delay. (d) Average packet transmission ratio.

(e) Average packet loss. (f) Average internal collisions.

Figure 7.3: Results for Evaluation Part 1, Scenario 1, CWmin/CWmax based
differentiation.

CWmin and CWmax. The reason is, as described in Section 4.3.2.1, that as two or more
ACs collide internally, the higher priority AC is granted the access to medium and the
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lower priority AC backoffs. Thus, the difference in throughput results for AC_BK and
AC_BE depicts the priority given to AC_BE in case of internal contention.

Comparing Figures 7.2a and 7.3a, it is observed that the throughput for AC_BK
does not drop as drastically as it is in the original case. It is mainly due to the fact that
the AIFSN value for AC_BK in the original case is much bigger, i.e., 7 compared to 2.
The fact is more notable in the results presented in next sections for the Scenario 2.

Figures 7.3b, 7.3c, 7.3d and 7.3e show results for end-to-end delay, MAC delay,
transmission ratio, and packet loss, respectively, and are in accordance to the results
for throughput; the traffic streams for AC_VO and AC_VI are well served and achieve
priority over traffic for lower priority ACs, and, the results for traffic streams for AC_BK
and AC_BE are different with small margins due to their same CWmin and CWmax
values.

Figure 7.3f shows the internal collisions as faced by all four traffic streams. As it is
seen, AC_BK and AC_BE suffer from almost same number of collisions, which is in
accordance to their same CWmin and CWmax values. The traffic for higher priority ACs,
AC_VO and AC_VI, still suffers from higher collisions because of their small CWmin
and CWmax values. An interesting observation is the influence of AIFSN values on the
number of internal collisions. A comparison between Figures 7.2f and 7.3f shows that
using same AIFSN values greatly increases the number of internal collisions, particularly
for AC_BK and AC_BE, and the aggregated number of internal collisions are roughly
doubled. Although the CWmin and CWmax values for AC_BK and AC_BE are same
in both results and thus the probability of collisions should be same in terms of CWmin
and CWmax, but using same AIFSN values in the second case drastically increased the
number of internal collisions among AC_BK and AC_BE.

7.3.1.2 Service Differentiation based on AIFS

In order to study the effect of AIFS on service differentiation, this section presents the
results for the same scenario as above, but such that this time the CWmin and CWmax
values are set to fixed values 31 and 1023, respectively, for all four ACs. Figure 7.4
presents the results for the six performance metrics considered above.

Figure 7.4a illustrates the average throughput results for all four traffic streams.
The stronger role of AIFSN in providing service differentiation is very evident from the
results. From high to low priority AC, the relative differences in throughput results
clearly reflect the AIFSN values of ACs, i.e., 2, 2, 3 and 7. The large difference between
throughput of AC_BE and AC_BK compared to others shows the influence of using
the AIFSN value as big as 7.

A comparison of Figure 7.4a with Figures 7.2a and 7.3a shows that the throughput
for traffic stream of AC_BK does not degrade as much as for the other two cases. An
interesting point here is that the values for AIFSN, CWmin and CWmax for AC_BK are
same in the two cases shown in Figures 7.2a and 7.4a, but while its throughput continues
to drop in the first case, it remained consistent in the second one. It shows that the
low priority ACs are served better when only AIFS is used for service differentiation.
But no conclusions can be drawn since, as specified earlier, these results are without the
presence of any external contention, which may dramatically change the results.

From Figure 7.4f, the influence of using same and large CWmin and CWmax values
on the number of internal collisions is evident seeing the dramatic drop in the internal
collisions. Comparing it to Figures 7.2f and 7.3f further strengthens the conclusion.

Comparing the role of CWmin and CWmax, and, AIFSN, in providing the service
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(a) Average throughput. (b) Average end-to-end delay.

(c) Average MAC delay. (d) Average packet transmission ratio.

(e) Average packet loss. (f) Average internal collisions.

Figure 7.4: Results for Evaluation Part 1, Scenario 1, AIFS based differentia-
tion.

differentiation, specifically in terms of throughput and internal collisions, shows that
AIFS provides more efficient service differentiation compared to CWmin and CWmax.
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Finally, in the last of the three additional cases, the effects of both EDCA parameters
are switched off. Figure 7.5 presents the results.

As discussed before, the slightly better performance of a high priority AC compared
to a low priority AC even when EDCA parameters for all four ACs have been set to same
values is due to the fact that as two or more ACs contending for the medium internally
collide, i.e., if the backoff timers for two or more ACs reach zero at the same time, then
the highest priority AC among the colliding ACs is granted the access to the medium
and others backoff. The procedure is explained with an example in Section 4.3.2.1.

Figure 7.5f again illustrates the strong influence of using the same AIFSN values
on internal collisions, as discussed in Section 7.3.1.1. Comparing Figures 7.4f and 7.5f
shows that using the same AIFSN value in addition to CWmin and CWmax for all ACs
dramatically increased the internal collisions which were very low when only CWmin
and CWmax values were kept same.

7.3.2 Scenario 2: Results and Discussions

While the first scenario serves mainly as the verification of service differentiation mech-
anism of IEEE 802.11e and our EDCA design as well, this section shows the results for
a more realistic scenario in that the number of stations is now increased to ten. Two
more performance metrics are taken into account, namely packet drops and external col-
lisions. These metrics were meaningless for the first scenario since there was no external
contention present and thus collisions and packet drops were not possible.

The same packet size of 1024 bytes is used for the traffic streams of all four ACs in
order to closely observe the effectiveness of the EDCA parameters in providing service
differentiation. More realistic traffic patterns with packet sizes and bit rates used by the
real world applications are considered in the second part of the evaluation, presented in
Section 7.4.

Figures 7.6 and 7.7 present the results for the eight performance metrics. Discussions
on the results for each of the performance metrics follow next.
Throughput : Figure 7.6a presents the average throughput results for all four ACs, and,
like Figure 7.2a, clearly shows the effectiveness of QoS scheme realized by introducing
different ACs for data traffic of different priorities.

The throughput results for the traffic streams of high priority ACs, AC_VO and
AC_VI, show that they receive constant share of bandwidth even in the saturation
conditions. Throughput for AC_VI traffic stream drops when network is loaded with
2.4 Mbps of data, whereas, throughput for AC_VO traffic starts to decrease near the 3
Mbps point, although does not drop as quickly as for the AC_VI traffic.

The throughput results for high priority traffic show that the scheme is able to sup-
port multimedia applications, especially the bandwidth-sensitive inelastic applications,
with a reasonable quality of service. As discussed in Section 3.1, bandwidth-sensitive,
inelastic applications require constant share of bandwidth for successful operation.

Observing the performance of traffic streams for low priority ACs, it is straight-
forward to conclude that they receive very small bandwidth as the network becomes
saturated. The traffic stream for AC_BK becomes starved mainly due to the fact that
it experiences both levels of contention, namely, internal and external. A comparison
of Figures 7.2a and 7.6a further explains the influence of external collision on the star-
vation of traffic stream for AC_BK. But still the influence of internal contention on
the starvation of AC_BK is greater compared to that of external contention, mainly
because AC_BK always has to compete internally with three high priority ACs which
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(a) Average throughput. (b) Average end-to-end delay.

(c) Average MAC delay. (d) Average packet transmission ratio.

(e) Average packet loss. (f) Average internal collisions.

Figure 7.5: Results for Evaluation Part 1, Scenario 1, no AIFS and
CWmin/CWmax differentiation.

act just like three contending stations. Any further introduction of contending stations
thus makes the situation even worse and performance decreases drastically.
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(a) Average throughput. (b) Average end-to-end delay.

(c) Average MAC delay. (d) Average packet transmission ratio.

Figure 7.6: Results for Evaluation Part 1, Scenario 2.

The influence of external contention seen from Figures 7.2a and 7.6a is also due to
the fact that the contending stations are transmitting the traffic of higher priority ACs.
The starvation condition would be less worse if the contending stations transmit only
traffic of low priority ACs.

The observations regarding starvation of low priority ACs are also presented in sim-
ulation studies in [20] and [18].

End-to-end delay : Figure 7.6b shows the average end-to-end delay faced by the four
traffic streams. As discussed in Section 3.1 and in beginning of this chapter, end-to-end
delay is the most critical parameter for interactive and real-time multimedia applications.
These applications are highly sensitive to in time delivery of data and frames with delay
of more than a few tens of milliseconds are often useless. Thus the performance of
high priority ACs, AC_VO and AC_VI, which are mainly designed for multimedia
applications, is of high importance.

As it is seen from Figure 7.6b so far, 802.11e successfully supports QoS for the traffic
streams of AC_VO and AC_VI, in that they maintain the low delay figures up until
the network becomes overloaded. The delay for the AC_VI is below 90 ms and that for
AC_VO is below 70 ms which should be acceptable for most of the multimedia video
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(a) Average packet loss. (b) Average internal collisions.

(c) External collisions. (d) Average packet drop.

Figure 7.7: Results for Evaluation Part 1, Scenario 2.

and voice applications.
A point to note here is that the actual delay for voice should be much less because

for this scenario the packet size for AC_VO is 1024 bytes which is too big for most of
the voice applications used today. Larger the size of packet, greater the delay and vice
versa. Evaluation with some more realistic scenarios is presented in the second part
in Section 7.4, in which traffic characteristics used by the real world applications are
considered.

The relatively earlier increase in the delay for AC_VI compared to AC_VO is in
accordance to the traffic types they are designed for, i.e., video streaming applications
can tolerate some delays but voice applications apply more stringent constraints on delay.
The delay for the low priority ACs, AC_BK and AC_BE, increases exponentially as
the network starts to become congested. But as these ACs are mainly designed for the
delay-tolerant applications, certain amount of delay does not degrade their performance
beyond an acceptable limit. As discusses in Section 3.1, data oriented applications
such as email, file transfer, web, and instant messaging are generally delay-tolerant but
enforce high constraints on reliable data transfer, i.e., they cannot tolerate packet losses.

As discussed in Section 3.1, certain real-time multimedia applications are very sen-
sitive to delays and packets with delays beyond an acceptable limit are useless at the
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receiver side, because the data is required to be decoded at the receiver side with the
same rate it was encoded at the sender side. For these applications sometimes only
studying the average end-to-end delay is not enough since the average might be rather
low even if a large number of packets delivered with unacceptable delays. Thus, another
interesting study is to investigate how the delays of packets are distributed, i.e., how
many packets suffered from delays beyond the acceptable limit, as studied in [20].

Another performance metric, referred to as jitter, is defined as the variation in de-
lays, and of high importance particularly in the multimedia applications that require
data delivery with constant bit rates, as discussed in Section 3.1. An example is video
and teleconferencing applications in which the received data must be decoded at the
same bit rate it is encoded at the sender side. Any variations in the timing of receiving
the data therefore results in problems in decoding. Most of the multimedia applications
are very sensitive to jitter and in order to minimize its effects, buffering techniques are
utilized such that certain number of packets are buffered at the receiver side before the
decoding process stars [12, p. 46]. Generally, the larger the amount of jitter, the larger
the buffers required to mitigate its effects, which results in additional delays before the
output starts (e.g. video streaming). Investigation studies about performance of EDCA
with respect to jitter can be found in [26] and [18].

MAC delay : Figure 7.6c shows the average MAC delay for each of the traffic streams.
The improvement in delay performance of high priority ACs, AC_VI and AC_VO,
over the lower priority ACs is clearly observable in that they maintain consistent delay
figures in the highly loaded situations, while the low priority ACs suffer from large delays.

Packet transmission ratio: Figure 7.6d presents the average packet transmission ratio
results for the four ACs. As seen, the traffic stream for AC_BK is completely starved
the point the network is overloaded, such that the packet transmission ratio goes down
to zero indicating that it is not able to transmit any packets at all. The ratio for AC_BE
does not drop as low as that for AC_BK although it is also able to transmit only 5% of
total packets after the network becomes saturated. The difference between the perfor-
mance of the two ACs is mainly because of the large difference in their AIFSN values
as seen in Table 7.1. AC_BK has to wait three additional slots before it can access the
medium or start decrementing backoff timer.

Packet loss: Figure 7.7a shows the average packet loss results for the four traffic streams.
The results are in accordance with the throughput results in Figure 7.6a; the higher
the throughput a traffic stream receives, the lower the packet loss it suffers from. As
described in beginning of the chapter, a packet is lost if by the time it arrives at MAC
layer, the corresponding AC transmit queue is already full.

As discussed in Section 3.1, the data oriented applications are generally more sensi-
tive to packet losses than the multimedia applications, and are relatively less sensitive
to delays too. A possible strategy therefore would be to use larger queue sizes for the
ACs designed for data applications, i.e., AC_BK and AC_BE, compared to the ACs for
multimedia applications, i.e., AC_VO and AC_VI. It will improve the packet loss ratio
for the data oriented applications. Although it will result in increased delays too, but
certain amounts of delays are negligible for data applications such as email, file transfer,
web, etc.

Internal collisions: Figure 7.7b shows the result for internal collisions faced by all four
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traffic streams, as well as the aggregated internal collisions. As it is seen, the internal
collisions among the low priority ACs are as few as none, while those for higher priority
ACs are very high, which shows the drawback of small Contention Window sizes as
discussed in Section 7.3.1, and further in subsections 7.3.1.1 and 7.3.1.2.

Collisons: Figure 7.7c shows the total number of collisions (external) occurred among
the stations. As it is observed, the number is very high, which is mainly due the fact that
most of the collisions occurred while transmitting AC_VO or AC_VI packets, because
of their small Contention Window sizes. Later in this section, the individual effect of
AIFS and CWmin and CWmax on the collision rate is studied. A comparison study of
collisions in 802.11 and 802.11e is also presented in the subsequent sections.

Packet drops: Figure 7.7d shows the average packet drops for all ACs. This performance
metric was not considered for Scenario 1 because Scenario 1 does not consider external
contention, i.e., there is only one station transmitting and therefore it does not have
to contend with other stations. Revising from Section 2.2.1, a packet is dropped after
the number of retransmissions reaches to the retry limit. The higher packet drops for
traffic streams for AC_VO and AC_VI are due the fact that the collision rate (or rate
of unsuccessful transmissions) for these ACs is much higher compared to the lower ACs,
because of their small Contention Window sizes. It is in accordance to the number of
collisions shown in 7.7c.

The higher number of packet drops for AC_VO and AC_VI does not question the
effectiveness of the service differentiation scheme, since, as discussed in Section 3.1,
the multimedia applications these ACs are design for, specifically the video streaming
applications, are generally loss-tolerant, i.e., they require strict bandwidth and delay
guarantees but can tolerate certain amounts of packet losses. Packet loss in these appli-
cations results in slightly reduced quality of output (e.g., jerks in video or voice output),
but can be neglected to some extent. Additionally, as the data oriented applications
are very sensitive to packet losses, the results for AC_BK and AC_BE show how effec-
tive the service differentiation mechanism is in providing QoS supports to different ACs
according to the traffic/applications they are designed for.

The packet drop rate as well as the delay is dependent on the number of retransmis-
sions. The higher the number of retransmissions, the larger the delay and the packet
drop rate. Furthermore, the maximum number of retransmissions is bounded by the
retry limits. Thus the retry limit values for individual ACs should be set such that the
ACs for real-time multimedia applications have smaller values and the ACs for data
oriented applications have larger values. Large values of retry limits result in higher
delays but smaller number of packet drops, which is acceptable for the data oriented
applications since the main concern is the reliable data transfer, and, small values of
retry limits result in higher number of packet drops but lower delays, which is desirable
for real-time multimedia applications.

Interestingly, the standard does not specify any values for retry limits for ACs. It
has been left up to the user to choose retry limit values for different ACs. In our
implementation, the user is allowed to chose different retry limit values for different
ACs, as seen in Section 6.4.3.
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7.3.2.1 Service Differentiation based on CWmin and CWmax

This section presents the results for the same scenario as above, but with AIFSN values
set to 2 for all ACs. The aim is to observe the impact of CWmin and CWmax parameters
in realizing service differentiation for different ACs. Figures 7.8 and 7.9 show the results
for the same eight performance metrics considered before.

(a) Average throughput. (b) Average end-to-end delay.

(c) Average MAC delay. (d) Average packet transmission ratio.

Figure 7.8: Results for Evaluation Part 1, Scenario 2, CWmin/CWmax based
differentiation.

Figure 7.8a shows the average throughput results for all four traffic streams. As it is
seen, the traffic streams for AC_BK and AC_BE receive equal amounts of bandwidth
resources due to their same CWmin and CWmax values, i.e., 31 and 1023, respectively.
The small difference is due to the fact, as discussed in Section 7.3.1.1, that a higher
priority ACs is always given priority over a lower priority AC if the two accidently
tries to access the medium at the same time. The relatively smaller difference between
throughput results of AC_BK and AC_BE comparing to the results for CWmin and
CWmax based differentiation in Scenario 1 in Figure 7.3a explains that the impact of
internal contention reduces in comparison to the external contention with the increasing
number of contending stations.

A significant observation is that the performance of AC_BK is improved signifi-
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(a) Average packet loss. (b) Average internal collisions.

(c) External collisions. (d) Average packet drop.

Figure 7.9: Results for Evaluation Part 1, Scenario 2, CWmin/CWmax based
differentiation.

cantly; it is not starved as terribly as in the earlier two cases. The improvement confirms
that the primary reason of starvation of AC_BK is its large AIFSN value of 7. The
heavy influence of AIFSN on the performance of AC is described in detail with the help
of Figure 4.4 in Section 4.3.3.

From the results, it is concluded that the starvation of low priority ACs can be
avoided by using the same AIFSN values for all ACs and only varying the CWmin and
CWmax, a behavior also investigated in the simulation studies in [20] and [18].

An interesting study would be to investigate the performance of AC_BK with an
AIFSN value smaller than 7 (but still greater than that of AC_BE). AIFSN of 5 could
be a good choice.

Figures 7.8b and 7.8c present the results for average end-to-end delay and MAC
delay, respectively, and show that while using the same AIFSN for all ACs decreases
the delay for AC_BK, it results in negative effect on the delays of higher priority ACs.
Specifically, the delays for AC_VO and AC_VI increased with approximately 20 ms
and the delay for AC_BE increased with approximately 10 ms, even though the former
two still have the AIFSN of 2 and the latter one now has a AIFSN one slot less than its
original AIFSN of 3. The reason, basically, is that eliminating the AIFSN prioritization
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decreases the margin of priority a high priority AC has on a lower priority AC, and thus
all ACs contend for the medium with lower differentiation among them.

Figure 7.8d shows the average packet transmission ratio results for all four ACs.
The results are in accordance to the throughput results in Figure 7.8a, in that the
traffic stream for AC_BK is not starved completely and is able to transmit 6-8% of
packets in the saturated condition.

Figure 7.9b shows the internal collisions as faced by all four ACs. Comparing it
to Figure 7.7b further strengthens the observation that using same AIFSN for all ACs
greatly increases the number of internal collisions, particularly among AC_BK and
AC_BE. Moreover, the drop in results after the load is reached to 1.2 Mbps also shows
that the impact of internal contention decreases with the increase in external contention.

Figure 7.9c shows the total external collisions occurred among the stations. Com-
paring it to Figure 7.7c shows that using same AIFSN does not have much influence on
total number of external collisions. The reason, as described earlier, is that the external
collisions are mainly due to the high priority ACs, AC_VI and AC_VO, which has
small CWmin and CWmax values, and since there is no change in the AIFSN, CWmin
and CWmax values for these ACs in this case of the scenario, the number of external
collisions does not decrease. The earlier increase in the external collisions compared to
Figure 7.7c is due the fact that now lower priority ACs, AC_BK and AC_BE, are also
contributing towards the external collisions since they are also receiving considerable
share of bandwidth.

Figure 7.9d shows the average packet drop results for the four traffic streams. Traffic
streams for AC_VO and AC_VI still face high packet drops similar to the results in
Figure 7.7d. It is for the obvious reason that CWmin and CWmax values are same in
both cases. The results differ in that this time traffic streams for AC_BK and AC_BE
also face packet drops. This is in accordance to the throughput results in Figure 7.8a
comparing to Figure 7.6a, which shows that this time AC_BK and AC_BE are receiving
higher throughput too, concluding that with increase in throughput, more packets are
sent and thus more collisions occur resulting in higher packet drops.

7.3.2.2 Service Differentiation based on AIFS

This section presents the results for the same scenario as above, but such that this time
the CWmin and CWmax values are set to fixed values 31 and 1023, respectively. As
before, the aim is to observe the role of AIFS in providing service differentiation. Figures
7.10 and 7.11 present the results for the same eight performance metrics we considered
above for the original case.

Figure 7.10a shows the average throughput results for the four ACs. Comparing
it to the results for CWmin and CWmax based differentiation in Figure 7.8a shows
that AIFS provides superior and more reliable service differentiation. The reasons are:
(1) The throughput received by an AC is directly in accordance to its AIFSN value.
AC_VI and AC_VO receive almost equal share of bandwidth because of their same
AIFSN values of 2, and AC_BE and AC_BK receive throughput according to their
AIFS values of 3 and 7. (2) The large margin between throughput results of AC_VI and
AC_BE shows that even AIFS difference of a single slot time is very effective in realizing
service differentiation, a fact also studied in [25]. (3) AIFS provides consistent and more
reliable differentiation independent of the different network conditions. It is in contrast
to the CWmin and CWmax based service differentiation which becomes less effective with
increase in network congestion. It is because as the traffic/stations increases, number
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(a) Average throughput. (b) Average end-to-end delay.

(c) Average MAC delay. (d) Average packet transmission ratio.

Figure 7.10: Results for Evaluation Part 1, Scenario 2, AIFS based differentia-
tion.

of collisions/retransmissions also increases because of the small CWmin and CWmax
values, and, the average Contention Window size also increases resulting in reduced
impact of CWmin on service differentiation.

An important fact is that under lightly loaded network conditions, the role of CWmax
in introducing service differentiation is less significant compared to that of CWmin. It
is because as there are less collisions/retransmissions, most of the times the Contention
Window size does not approach to CWmax. The role of CWmax becomes more and more
stronger with the increase in network congestion, since, as described in Section 2.2.1,
Contention Window size is doubled after each unsuccessful transmission until it reaches
to CWmax. Moreover, once set to CWmax, it stays there until the frame is successfully
transmitted. It also indicates that in congested network situations, larger CWmax values
for AC_VO and AC_VI could remarkably reduce the collision rate, which is the primary
reason of lowered performance of CWmin and CWmax based differentiation.

Comparison between Figures 7.10a and 7.8a shows that the throughput results for
AC_VO and AC_VI traffic in AIFS based service differentiation are slightly lower,
and the traffic for AC_BK is almost completely starved. The reason of starvation, as
discussed in Sections 7.3.1.1, 7.3.1.2 and 7.3.2, is that AC_BK has AIFSN value of 7
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(a) Average packet loss. (b) Average internal collisions.

(c) External collisions. (d) Average packet drop.

Figure 7.11: Results for Evaluation Part 1, Scenario 2, AIFS based differentia-
tion.

which is too big in comparison to the AIFSN values of other ACs. It shows that AIFS
based service differentiation is highly sensitive to the AIFSN values and too big AIFSN
values for lower priority ACs lead them to starvation. The results helps to conclude that
in lightly loaded situations, CWmin and CWmax based differentiation serves both the
high and low priority ACs slightly better in terms of throughput compared to the AIFS
based differentiation.

A comparison of results for the normal scheme (when both AIFS and CWmin and
CWmax are used for differentiation) and the AIFS based differentiation, presented in
Figures 7.6a and 7.10a respectively, leads to the interesting observation that the latter
significantly increased throughput for AC_BE, although it has same AIFSN, CWmin
and CWmax values in both cases. The same thing was also observed from Figures 7.2a
and 7.4a. The obvious reason is that the bandwidth is distributed among all four traffic
streams, and thus the more one traffic stream receives the less the other traffic streams
receive. In other words, AC_BE received higher throughput because high priority ACs,
AC_VI and AC_VO, received lower throughput. It also shows that high priority ACs
are provided differentiation on the expense of lowered performance of lower priority ACs.

Figure 7.11b shows the internal collisions as faced by all four ACs. Comparing it
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to Figure 7.9b strengthens the claim that using different values of AIFSN drastically
reduces the number of internal collisions. The fact was also observed in Section 7.3.1 in
Figures 7.3f and 7.4f.

Figure 7.11c shows the total external collisions occurred among the stations. Com-
paring it to Figures 7.7c and 7.9c shows that using same and larger CWmin and CWmax
values for all ACs, as well as different AIFSN values, have big influence on external col-
lisions, which have reduced to one half of those in earlier cases.

Together from the results of internal and external collisions so far, it is concluded
that the larger the difference in AIFSN values, the lower the number of collisions, both
internal and external, and vice versa. The effect is also studied in [19].

Figure 7.11d shows dramatic decrease in average packet drops compared to the results
in Figure 7.9d; it decreased from average (approximately) 12 packets to as low as average
0.12 packets. The results are in accordance to the external collision results in Figure
7.11c, and show the huge influence of CWmin and CWmax values on the average number
of packet drops.

Finally, in the last of the three additional cases, both EDCA parameters are switched
off. The results can be seen in Figures B.1 and B.2 presented in Appendix B.

7.3.3 Throughput Comparisons

After studying the effectiveness of service differentiation scheme of EDCA as well as the
roles of individual EDCA parameters, in this section, an overall comparative study is
presented.

7.3.3.1 EDCA Parameter Aggregated Throughput Comparison

In the first comparison study, aggregated AC throughput results are compared for the
four cases studied in Scenarios 1 and 2 in Sections 7.3.1 and 7.3.2, respectively, i.e.,
the EDCA parameters are switched off one by one. For each of the four cases, the
aggregated throughput is calculated by adding the throughput values corresponding to
all four traffic streams. Figure 7.12 shows the comparison results.

(a) Aggregated throughput comparison with 1 sta-
tion.

(b) Aggregated throughput comparison with 10 sta-
tions.

Figure 7.12: Aggregated throughput comparison of EDCA parameters.
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Results and Discussions: Figure 7.12a shows the results for the 1 station case. As it
is seen, there is not much difference in the aggregated throughput in absence of external
contention. Figure 7.12b presents the results for the case of 10 stations. It is evident
from the results that the aggregated throughput for AIFS based service differentiation is
higher compared to the normal case when both AIFS and CWmin and CWmax are used
for this purpose. On the other hand, CWmin and CWmax based service differentiation
receives the lowest aggregated throughput, which, as thoroughly discussed in Sections
7.3.1 and 7.3.2, is mainly because of the small CWmin and CWmax values for high
priority ACs resulting in high collision rate. The observation is also presented in studies
in [20] and [25]. Thus considering the results together with the results presented in
Sections 7.3.1 and 7.3.2, and specifically in Section 7.3.2.2, it is further concluded that
AIFS based differentiation enables greater aggregated throughput compared to CWmin
and CWmax based service differentiation which suffers from reduced throughput because
of the high collision rate.

Another notable observation is that the normal scheme, i.e., using both AIFS and
CWmin and CWmax for service differentiation, receives lower throughput compared to
the AIFS based and CWmin and CWmax based differentiation schemes. It further con-
cludes that service differentiation is provided on the expense of lower overall throughput.

Seeing the remarkably superior performance of AIFS in realizing service differenti-
ation together with the fact that CWmin and CWmax based differentiation is highly
suffered because of the high collision rate as the network becomes congested, one might
wonder why not only AIFS is chosen for service differentiation by the IEEE Working
Group. One reason could be that as more likely initially not all 802.11 networks could
be upgraded to 802.11e at once, and instead 802.11e and 802.11 networks would coexist
(802.11e provides backward compatibility, see Section 4.4), CWmin and CWmax based
service differentiation would ensure 802.11e AC_VO and AC_VI traffic priority over
802.11 stations. It is because as the AIFS for AC_VO and AC_VI is equal to DIFS in
802.11, the service differentiation for these ACs would be achieved solely on the basis
of their smaller CWmin and CWmax values (7 and 15, and, 15 and 31, respectively)
compared to 31 and 1023 in 802.11.

7.3.3.2 802.11 and 802.11e Aggregated Throughput Comparison

In second comparison study, aggregated throughput results of 802.11 DCF and 802.11e
EDCA are compared, for both cases of 1 and 10 stations. The traffic pattern is same as
used for the two scenarios above, i.e., each station is transmitting traffic corresponding
to all four traffic types, packet size for all traffic types is 1024 bytes, and, the total load
is increased by increasing the load corresponding to each traffic stream. The aggregated
throughput is the result of adding the throughput values for all four traffic streams. The
comparison results are presented in Figure 7.13.
Results and Discussions: As seen in Figure 7.13a, compared to 802.11 DCF, 802.11e
EDCA provides slightly better results in terms of throughput. As the results are for the
single station case, no consideration is given to the external contention. Figure 7.12b
shows the comparison results for 10 stations. It presents very important fact that the
EDCA receives lower throughput in comparison to DCF, which helps to conclude that
EDCA provides service differentiation on the expense of lower throughput, as discussed
in the first comparison above, and also presented in [26]. Another important observation
is that while DCF maintains consistent throughput after the network becomes saturated,
the throughput for EDCA keeps dropping gradually with the increase in load. It is
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(a) Aggregated throughput comparison with 1 sta-
tion.

(b) Aggregated throughput comparison with 10 sta-
tions.

Figure 7.13: Aggregated throughput comparison of 802.11 and 802.11e.

mainly because of the small CWmin and CWmax sizes of high priority ACs; with the
increase in traffic load, the collision/retransmission rate increases resulting in wastage
of bandwidth resources.

It should be noted that the goal of EDCA is to provide service differentiation, in
which it is very successful as it is evident from the results presented in Sections 7.3.1
and 7.3.2. Better performance in terms of bandwidth should not be expected since the
basic access mechanism is still based on the contention-based distributed channel access
just like the DCF. The fundamental difference is only that it supports priority based
differentiation.

7.3.3.3 AC Maximum Achievable Throughput Comparison

In the third comparison study, the performances of ACs are compared with respect to
their maximum achievable throughput results. The maximum achievable throughput
for an AC is measured such that one traffic stream corresponding to only one AC is
transmitted by a station.

The packet size of 1024 bytes is used for all ACs, and the total load is increased by
increasing the load for the single traffic stream the station is transmitting. Figure 7.14
shows the comparison results.

Results and Discussions: Figure 7.14a shows the results for the 1 station case. As
it is seen, higher the priority of AC, higher the maximum achievable throughput it
receives, due to smaller EDCA parameter values it uses. Both types of contention,
namely, internal and external, are non-existent in this scenario since only one station
is transmitting traffic corresponding to only one AC. This also shows that CWmax
value does not play any role in this scenario since the Contention Window sizes is never
doubled. A similar study to measure maximum achievable throughput is also presented
in [24].

The results in Figure 7.14b take into account the existence of external contention
since now 10 stations are transmitting, although each station is transmitting traffic
stream corresponding to only one AC. It gives us very important and interesting result
that AC_VO receives the lowest maximum achievable throughput. It is due to the fact
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(a) Maximum achievable throughput comparison
with 1 station.

(b) Maximum achievable throughput comparison
with 10 stations.

Figure 7.14: Maximum achievable throughput comparison of ACs.

that AC_VO has very small CWmin and CWmax values, 7 and 15, respectively, and thus
suffers from high number of collisions. High collision rate results in wasted bandwidth
resources and thus severally degrades the traffic performance. The maximum throughput
AC_VO receives is only 1.2 Mbps compared to 1.7 Mbps in the case without external
contention. From the figure, it is seen that the similar degradation in throughput is
also faced by the traffic of AC_VI, also due to the small CWmin and CWmax values,
although the results are significantly better due to the slightly larger values, 15 and 31,
compared to 7 and 15 for AC_VO, a behavior also studied in [18].

The significantly reduced performance of these high priority ACs highlights their
weak points. It shows that the performance of a high priority AC drops with the addition
of every new station transmitting the traffic of high priority AC. A large number of
stations with AC_VO or AC_VI traffic will severally destroy the traffic performance of
every individual station.

This problem introduces the importance of an admission control mechanism, which
enables the AP to allow or disallow a new station, or a new traffic stream within a
station, to use a high priority AC, according to network conditions. The requirement of
such an admission control mechanism is also expressed in performance studies in [27],
[20], [35], [41] and [32].

A possible solution for the above problem would be to dynamically increase the
CWmin and CWmax values with every new station or traffic stream being added to the
network. The impact of such a solution on the performance of high priority traffic is
presented in [18] and [32].

This also points towards the importance of optimizing the traffic performance by
fine-tuning the values of EDCA parameters. The standard specifies that the AP can
dynamically adapt the values for EDCA parameters according to the load on the network
and advertise the updated values to all stations which then use new values to contend
for the medium.

Another interesting observation is that in these types of conditions, AC_BE receives
better throughput compared to all other ACs. Although the CWmin and CWmax values
for both AC_BE and AC_BK are same, AC_BE is served better mainly because of its
smaller AIFSN value of 3 compared to 7 for AC_BK.
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7.4 Evaluation Part 2

In second part of the evaluation phase, some more realistic traffic scenarios are consid-
ered. In order to study the performance of EDCA in hotspots, in each of the scenarios,
the number of stations is increased with the time such that every new station increases
the total network load. Furthermore, instead of using same bit rates and packet sizes
for all ACs, more realistic values are considered based on the real world applications
a particular AC models. The traffic types and their characteristics used for evaluation
part 2 are presented in Table 7.3. It should be noted that the traffic bit rates, specifically
that of video, are set to very small values because of the limitation of 2 Mbps bandwidth
as discussed in the beginning of the chapter. Most of the video applications today use
higher bit rates. Applications with bit rates higher than 1 Mbps are common nowadays.

Total six different scenarios are studied for the second part. Next section presents
the description along with results and discussions for each of the scenarios.

Traffic Type AC Packet Size Interval Rate

(bytes) (ms) (Kbps)

Voice AC_VO 80 22 28

Video AC_VI 1460 122 96

Data (Best Effort) AC_BE 1024 73.1 112

Data (Background) AC_BK 1024 107.8 76

Table 7.3: Traffic characteristics.

7.4.1 Scenario 1

Description : Number of stations increases from 1 to 15, with each station transmitting
streams corresponding to all four traffic types, as summarized in Table 7.3. The goal
is to investigate the performance of individual ACs, i.e., how well traffic corresponding
to a particular AC is served, and, to compare the performance of 802.11e EDCA and
802.11 DCF as well. It is the same scenario as discussed to explain the QoS limitations
of 802.11 in Section 3.2. Similar simulation studies have been carried in [24] and [28].

Just to revise, while in 802.11e the four traffic streams are served with four different
ACs, there is no such mechanism in 802.11 and thus all four traffic streams are served
with same priority.

Four performance metrics are studied, namely, throughput, aggregated throughput,
end-to-end delay, and, number of collisions. The aggregated throughput is measured by
summing up the throughput figures for all four traffic streams. Only external collisions
are studied for the comparison of 802.11e and 802.11 because internal collisions do not
exist in 802.11. Figure 7.15 shows the results.
Results and Discussions: Figures 7.15a and 7.15b present the throughput results
in absolute and normalized forms, respectively. Normalized throughput is the ratio of
the data transmitted to the total data offered, and is presented to more closely ob-
serve the results and for the comparison with Figure 3.1b as well. From the results
it is evident that while 802.11 DCF treats all types of traffic equally, 802.11e EDCA
successfully introduces service differentiation through different ACs. As it is seen, in
802.11, the throughput for all four traffic streams starts to drop equally as the fourth
and fifth stations are added to the network. This clearly shows the fundamental problem
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(a) Average throughput (absolute). (b) Average throughput (normalized).

(c) Average aggregated throughput. (d) Average end-to-end delay.

(e) External Collisions.

Figure 7.15: Results for Evaluation Part 2, Scenario 1.

with 802.11, i.e., all types of traffic are treated equally, there is no means of prioriti-
zation/differentiation, as discussed in Section 3.2. On the other hand, 802.11e enables
the high priority traffic (voice and video) to receive higher and constant throughput
through its service differentiation mechanism. We observe that both voice and video
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traffic streams receive remarkably improved throughput as compared to 802.11. The
throughput for voice starts to drop as the sixth station is added to the network, and the
throughput for video starts to drop as the sixth station is added.

An interesting observation is that although 802.11e enables higher throughput for
voice and video traffic, in comparison to 802.11, the throughput drops more rapidly as the
number of stations increases. The reason is, as discussed before, that the corresponding
ACs, AC_VO and AC_VI, have smaller CWmin and CWmax values, and therefore
as the number of stations increases, the number of collisions also increases resulting
in dramatic drop in performance. It is in accordance with the observation in Section
7.3.3.3 that there should be some mechanism of dynamically increasing the CWmin and
CWmax values with increasing number of contending stations. Larger values of CWmin
and CWmax improve the chances of successful transmissions, a fact also studied in [18]
and [19].

The drastic drop in throughput for background (AC_BK) and best effort (AC_BE)
traffic streams in 802.11e compared to 802.11 once again confirms that 802.11e provides
better service to high priority traffic on the expense of worse performance of low priority
traffic. It also revises the earlier observation that under high loads of high priority traffic,
the low priority traffic is starved. The behavior is also studies in research work in [20]
[26] and [18].

Figure 7.15c presents the aggregated throughput results and reconfirms that 802.11e
provides remarkably improved throughput in comparison to 802.11.

Average end-to-end delay results are presented in Figure 7.15d, which show the effec-
tiveness of service differentiation scheme of 802.11e, in that while in 802.11 all types of
traffic suffer from same amount of delay regardless of their QoS requirements, in 802.11e,
higher priority traffic suffers from significantly lower delays compared to the lower pri-
ority traffic. In 802.11, the delay for all traffic types starts to increase as soon as the
fourth station is added to the network. Comparatively, in 802.11e the delay for traffic
streams of video (AC_VI) and voice (AC_VO) starts to increase with the addition of
sixth and seventh station.

Finally, Figure 7.15e shows the comparison of number of collisions in 802.11 and
802.11e and concludes that 802.11e suffers from much high collision rates, mainly due to
the small CWmin and CWmax values for AC_VI and AC_VO, as discussed throughout
in Sections 7.3.1, 7.3.2 and 7.3.3.

7.4.2 Scenario 2

Description : Two stations are transmitting voice traffic and two other stations are
transmitting video traffic. The total number of stations increases gradually from 4 to
21, such that each increasing station is transmitting two streams of low priority traffic
background and best effort. Such a station is referred to as low priority source in the
results. The goal is to study the performance of high priority traffic with respect to
increasing number of low priority traffic. A performance study of a similar simulation
scenario is presented in [24].

Three performance metrics considered are throughput, end-to-end delay and number
of collisions. The results are presented in Figure 7.16.
Results and Discussions: Figure 7.16a presents the throughput results for 802.11 and
802.11e. Here again the normalized throughput is plotted instead of absolute through-
put, in order to more effectively compare the results for traffic streams with different
bit rates. Moreover, only the throughput results for video and voice traffic are shown
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(a) Normalized throughput. (b) Average end-to-end delay.

(c) External collisions.

Figure 7.16: Results for Evaluation Part 2, Scenario 2.

since the aim is to study the behavior of high priority traffic under high load of low
priority traffic. The aggregated throughput for a traffic type is shown by summing up
the throughput of the two stations transmitting that particular traffic type. The ef-
fectiveness of 802.11e QoS scheme is clearly evident from the results. While in 802.11
the voice and video traffic throughput figures start to drop with the addition of 7th
and 13th low priority source, in 802.11e both voice and video traffic maintain constant
throughput even in the saturated conditions.

Figure 7.16b shows the results for end-to-end delay, and like many observations
before, further confirms the capability of 802.11e in providing service differentiation in
comparison to 802.11. Here we see that in 802.11e, the delays for video and voice traffic
remain under acceptable limit and there is no significant increase with too many stations
are added to the network. On the other hand, under same circumstances, the delay for
voice and video traffic in 802.11 approaches to infinity.

Figure 7.16c presents the results for collisions, and as before, shows that 802.11e
suffers from higher collisions. The relatively smaller difference in number of collisions
for 802.11e compared to 802.11 is due to the fact that only 4 stations are transmitting
with small CWmin and CWmax values, i.e., AC_VO and AC_VI traffic, compared to
17 stations transmitting AC_BK and AC_BE traffic with the CWmin and CWmax
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values same as in 802.11.

7.4.3 Scenario 3

Description : Scenario 3 is similar to Scenario 2, except that this time each increasing
station is also transmitting high priority traffic of voice and video type instead of low
priority traffic. Such a station is referred to as high priority source in the results. The
aim here is to analyze the performance of high priority traffic under increasing load of
of high priority traffic. A similar simulation study is performed in [20].

The same three metrics throughput, end-to-end delay, and, number of collisions, are
considered here. The results are shown in Figure 7.17.

(a) Normalized throughput. (b) Average end-to-end delay.

(c) External collisions.

Figure 7.17: Results for Evaluation Part 2, Scenario 3.

Results and Discussions: Figures 7.17a and 7.17b present the results for throughput
and end-to-end delay, and show that the performance is terribly reversed in this scenario.
The performance of voice and video traffic in 802.11e is by big margin worse than that
of 802.11. From Figure 7.17a, we see that the throughput for voice and video in 802.11e
starts to drop much earlier compared to 802.11. Same results are seen for the end-to-end
delays from Figure 7.17b. It again highlights the major drawback of the 802.11e QoS
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scheme recently studied in Sections 7.3.3.3 and 7.4.1, that too many stations transmitting
high priority traffic severally degrade the overall performance.

Seeing the performance of high priority ACs in this scenario, it is interesting to con-
clude that IEEE Working Group expects high priority traffic (multimedia applications)
users to be a relatively smaller ratio compared to the low priority traffic (data oriented
applications) users in the network at a given time. This is in accordance to the recent
studies that user generated traffic is generally more data oriented, as presented in [42].

Figure 7.17c presents the results for collisions and shows the huge difference in the
number of collisions for 802.11e compared to 802.11. The behavior is not unexpected
since for 802.11e all stations are transmitting traffic of AC_VO and AC_VI types with
CWmin and CWmax values of 7 and 15, respectively, compared to CWmin and CWmax
values of 31 and 1023 in 802.11.

7.4.4 Scenario 4

Description : Scenario 4 is similar to Scenario 2, except that this time the traffic types
are reversed, i.e., two stations are transmitting background traffic and two other stations
are transmitting best effort traffic, and the number of stations is increased gradually such
that every new station is transmitting voice and video traffic. The goal is to study the
performance of low priority traffic under the high load of high priority traffic. A similar
study is presented in [20].

Figure 7.18 presents the results, for the same three metrics considered before.
Results and Discussions: Figure 7.18a presents the throughput results for 802.11
and 802.11e. As expected, in 802.11e the performance of background and best effort
traffic is severally degraded in presence of high priority traffic. As it is seen, background
(AC_BK) is completely starved as soon as 8th station is added to the network. Best
effort (AC_BE) traffic suffers from similar degradation since it receives only 5% (ap-
proximately) share of the network bandwidth. We revisit the conclusion from Sections
7.3.2 and 7.4.1 that high load of high priority traffic starves the low priority traffic.

Observing the better results received by 802.11 in Figures 7.18 and 7.17, it is con-
cluded that 802.11 provides better results when the traffic generated by the users belongs
to same priority. 802.11e enhances the results only when the traffic becomes heteroge-
nous in terms of priority. As we analyzed earlier, 802.11e performs significantly worse if
the traffic is of the same, but of high priority. The reason, as discussed several times, is
the smaller CWmin, CWmax sizes for high priority ACs, AC_VO and AC_VI. It is thus
concluded that in 802.11e, at a given network condition if most of the traffic belongs to
the same priority, no matter what the priority is, then the CWmin and CWmax values
for the corresponding priority/AC should be switched to 31 and 1023, respectively. It
requires continuous monitoring by the AP, which dynamically adapt the CWmin and
CWmax values depending on the ratio of stations generating traffic of same priority.

7.4.5 Scenario 5

Description : The downlink/uplink fairness problem is well known for 802.11 networks.
As the number of uplink transmissions (stations transmitting to AP) increases, the per-
formance of downlink transmissions (AP transmitting to stations) is severally degraded.
The obvious reason is that as the AP also contends for the medium with the same pri-
ority as of an ordinary station, it has to compete with large number of stations to win
the access to the medium. Therefore, as the number of uplink transmissions increase,
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(a) Normalized throughput. (b) Average end-to-end delay.

(c) External collisions.

Figure 7.18: Results for Evaluation Part 2, Scenario 4.

the bandwidth share for AP drops rapidly. (In other words, just like in 802.11e, the
increasing number of high priority traffic starves the lower priority traffic, the increasing
number of uplink traffic starves the AP).

The issue is more crucial for realtime and interactive multimedia applications in
which in time response from the server is of very high importance. For example, in
voice applications (i.e., VoIP), any excessive delays from the server/AP side destroy the
speech quality, or, may even result in termination of the communication.

With the help of this scenario, the aim is to study how well 802.11e is able to
solve the downlink/uplink fairness problem, especially since the main purpose behind
the introduction of 802.11e is to support QoS for realtime and interactive multimedia
applications.

The scenario considers two different cases. In the first case, the stations are trans-
mitting traffic of background and best effort types, and in the second case the stations
are transmitting traffic of voice and video types. For both cases, the number of stations
is increased from 1 to 10, and AP is transmitting traffic corresponding to all four types,
background, best effort, video and voice, to all stations. The two cases are considered for
both 802.11 and 802.11e for comparison reason. Similar simulation studies are presented
in [29] and [28]. Figures 7.19 and 7.20 present the results.
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(a) Normalized throughput (802.11). (b) Normalized throughput (802.11e).

(c) Average end-to-end delay (802.11). (d) Average end-to-end delay (802.11e).

Figure 7.19: Results for Evaluation Part 2, Scenario 5, case 1

Results and Discussions: The results for the first case for 802.11e and 802.11 are
presented in Figures 7.19a and 7.19b, respectively. From the results, the effectiveness of
802.11e QoS mechanism is apparent. While in 802.11, the throughput for the downlink
transmissions for all four traffic types drops drastically, in 802.11e, all four downlink
traffic are well served. Specifically, remarkable improvements are seen in the perfor-
mance of voice and video traffic, which is the primary concern of this scenario. An
interesting observation is that the uplink traffic, specifically, best effort, still receives
good throughput.

Figures 7.20a and 7.20b present the results for the second case. We see that in the
presence of high priority voice and video uplink traffic, 802.11e is still able to show
significant improvements over 802.11. Although the uplink voice and video traffic is still
served better than downlink voice and video traffic, but the downlink traffic does not
suffer from as much drop in performance as it is in 802.11. It is seen that the performance
of voice transmissions between AP and stations remains up to the acceptable limits until
after the 5th and 6th stations are added.

From the above two results, it is concluded that 802.11e effectively solves the up-
link/downlink fairness problem found in 802.11 and thereby efficiently enhances the
capability of network of supporting voice communications.
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(a) Normalized throughput (802.11). (b) Normalized throughput (802.11e).

(c) Average end-to-end delay (802.11). (d) Average end-to-end delay (802.11e).

Figure 7.20: Results for Evaluation Part 2, Scenario 5, case 2.

7.5 Summary

Performance evaluation of IEEE 802.11e EDCA MAC mechanism is presented using the
802.11e EDCA model implemented in GloMoSim. A wide range of performance metrics
is used including throughput, end-to-end delay, MAC delay, collision rate, internal col-
lision rate, packet transmission ratio, packet loss and packet drops. The default set of
EDCA parameters is used as specified in the draft standard. The legacy 802.11 PHY
with data transmission rate of 2 Mbps is used for simulations because currently it is the
only available 802.11 PHY in GloMoSim.

7.5.1 Evaluation Part 1

The evaluation phase is divided into two parts. The first part evaluates 802.11e EDCA
with a set of simple scenarios in order to more clearly observe the role of individual
EDCA parameters (AIFSN, CWmin and CWmax) in realizing service differentiation.
Two scenarios are considered with 1 and 10 stations transmitting traffic corresponding
to all four ACs to the AP, such that the load is increased from 0.1 to 4.0 Mbps by
increasing the data rate of each traffic stream. The two scenarios help to study the
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performance in both lightly and highly loaded network situations, and, with and without
the presence of external contention.

Throughput results for the two scenarios clearly shows the how effectively service
differentiation is introduced through different ACs. Higher the priority of an AC, higher
the throughput it receives and vice versa. While the throughput for low priority ACs
starts to drop as the network becomes congested, the high priority ACs, AC_VI and
AC_VO, keep receiving consistent shares of bandwidth. Results for the Scenario 2, when
the total number of stations is ten, help to conclude that in presence of higher external
contention the low priority ACs receive very small share of bandwidth after the network
becomes congested. The starvation of low priority ACs is not very unexpected since as
they have larger AIFS, CWmin and CWmax values compared to the high priority ACs,
they have to wait much longer before they can access the medium, and under heavily
loaded situations most of the time they are not able to decrement their backoff timers.
AC_BK is completely starved which is due to the fact that its AIFSN of 7 is too big in
comparison to the AIFSN values of other ACs. Another factor is that it experiences both
levels of contention, namely, internal and external. Internal contention has a stronger
influence on the starvation because AC_BK always has to compete internally with three
high priority ACs which act just like three contending stations. Packet transmission ratio
results further highlight this fact showing that ratio for AC_BK goes down to as low
as zero. AC_BE performs relatively well, mainly due to the fact that it has a much
smaller AIFSN value of 3 in comparison to that of AC_BK.

Result for average end-to-end delay are also very promising, in that the delay faced
by a particular AC is according to the requirements of traffic it is designed for. The high
priority ACs, AC_VO and AC_VI, maintain low and consistent delay figures which is
what desirable for the modern multimedia applications. The delay for the low priority
ACs increases exponentially as network becomes congested, but as these ACs are mainly
designed for the delay-tolerant applications, certain amount of delay does not degrade
their performance beyond an acceptable limit.

Internal collisions results for the two scenarios show the drawback of smaller Con-
tention Window sizes in that more than two third of the total collisions occur between
the higher priority ACs, AC_VO and AC_VI, which have CWmin and CWmax values
of 7 and 15, and 15 and 31, respectively. Results for collisions (external) in Scenario
2 further strengthens the fact that high priority ACs suffer from very high number of
collisions, which severely degrades their performance.

Results show that AC_VO and AC_VI suffer from higher number of packet drops,
which is a consequence of their high collision rate, i.e., higher the number of collisions,
higher the number of retransmissions and thus higher the packet drop rate. Though high
packet drop does not question the effectiveness of the service differentiation scheme since
these ACs are designed for multimedia applications which are generally loss-tolerant.

It also points out that the retry limit values for ACs should be set such that the
ACs for multimedia applications (AC_VO and AC_VI) have smaller values and the
ACs for data oriented applications (AC_BK and AC_BE) have larger values, because
large retry limits values result in lower number of packet drops which is desirable for the
data oriented applications, and, small values result in lower delays which is desirable for
real-time multimedia applications.

Next, for each of the two scenarios, three additional cases are considered such that
the EDCA parameters are switched off one by one in order to observe the influence of
individual EDCA parameters on service differentiation.



82 Chapter 7. Evaluation

7.5.1.1 Service Differentiation based on CWmin and CWmax

In the first case, the AIFSN for all four ACs is set to 2. The results show how effectively
service differentiation is introduced through only varying the CWmin and CWmax val-
ues for different ACs. Smaller the CWmin and CWmax values for an AC, higher the
throughput it receives and vice versa. AC_VO receives and highest throughput because
it has the smallest CWmin and CWmax values of 7 and 15, respectively. AC_VI receives
the second highest share of bandwidth. And AC_BK and AC_BE receive equal share
because they have the same CWmin and CWmax values of 31 and 1023, respectively.

From the results it is evident that throughput for AC_BK is improved significantly,
mainly due to the fact that its AIFSN value is set to 2 instead of original value of 7. It
confirms that the primary reason of starvation of AC_BK is its large AIFSN value.

Comparing the throughput results in the two scenarios with one and ten stations
shows that the impact of internal contention reduces in comparison to the external con-
tention with increasing number of contending stations, as in the first case the difference
between throughput of AC_BK and AC_BE is much bigger compared to the second
case when external contention is introduced.

The results again show that AC_VO and AC_VI suffer from higher collisions be-
cause of their small CWmin and CWmax values. It is the biggest weakness of CWmin
and CWmax based differentiation. As the load increases, the number of collisions also
increases resulting in lowered overall throughput. It indicates that only CWmin and
CWmax parameters are not enough for service differentiation, since as smaller values
of these parameters are necessary to introduce differentiation for the high priority ACs,
there is a tradeoff between high throughput and service differentiation. Another sig-
nificant observation is that using same AIFSN values greatly increases the number of
internal collisions, particularly for AC_BK and AC_BE.

An important fact is that in lightly loaded network conditions, the role of CWmax
in introducing service differentiation is less significant compared to that of CWmin,
although it then becomes more and more stronger with the increase in network conges-
tion. It also indicates that in congested network situations, larger CWmax values for
high priority ACs could remarkably reduce the collision rate.

7.5.1.2 Service Differentiation based on AIFS

In the second additional case, the CWmin and CWmax values are set to fixed values 31
and 1023, respectively, to clearly observe the role of AIFS on service differentiation.

By comparing the results to the CWmin and CWmax based differentiation, it is evi-
dent that AIFS provides superior and more reliable service differentiation. The reasons
are: (1) The throughput received by an AC is directly in accordance to its AIFSN value.
From high to low priority AC, the relative differences in throughput figured clearly
reflect the AIFSN values of ACs, i.e., 2, 2, 3 and 7. (2) The large margin between
throughput results of AC_VI and AC_BE shows that even AIFS difference of a single
slot time is very effective in realizing differentiation. (3) AIFS provides consistent and
more reliable differentiation independent of the different network conditions. It is in
contrast to the CWmin and CWmax based differentiation which becomes less effective
with increase in network congestion. It is because as the congestion increases, number
of collisions also increases because of the small CWmin and CWmax values, and, the
average Contention Window size also increases resulting in reduced impact of CWmin
on service differentiation.
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The throughput results show that AC_BK is almost completely starved once again
because of its large AIFSN value of 7. It confirms that AIFS based differentiation is
highly sensitive to the AIFSN values and too big AIFSN values for lower priority ACs
lead them to starvation.

A comparison with the results of the normal scheme (using both AIFS and CWmin
and CWmax for differentiation) shows that the performance of high priority ACs is
slightly lowered in AIFS based differentiation, due to the fact that high priority ACs now
also have same CWmin and CWmax values as of lower priority ACs, i.e., the additional
differentiation based on CWmin and CWmax does not exist. Another observation is
that AC_BE now receives significantly better throughput, which is obvious since as
the bandwidth is distributed among all four traffic streams, the more one gets the less
the others get. It also shows that high priority ACs are provided differentiation on the
expense of lowered performance of lower priority ACs.

Comparison of the results for AIFS based and CWmin and CWmax based differen-
tiation leads to the interesting observation that in lightly loaded situations, the latter
serves both the high and low priority ACs slightly better in terms of throughput.

Comparing to the results of the normal scheme and CWmin and CWmax based
differentiation concludes that there is dramatic reduction in number of internal and
external collisions by (1) using different values of AIFSN for different ACs, and (2)
using large values of CWmin and CWmax.

7.5.1.3 Throughput Comparisons

After evaluating with the simple scenarios with one and ten stations, as well as the
additional cases to analyze the individual impact of EDCA parameters on service dif-
ferentiation, three overall comparative studies are presented.

In the first comparison study, the performances of different EDCA parameters based
differentiation schemes studied in Scenarios 1 and 2 are compared in terms of their
aggregated throughput, which is calculated by adding throughput figures for of all four
ACs. The results show that AIFS based service differentiation receives the highest
aggregated throughput, and, CWmin and CWmax based differentiation receives lowest
aggregated throughput, which is mainly because of the high collision rate it suffers from.

Moreover, the lower throughput results for the normal scheme compared to the AIFS
based and CWmin and CWmax based differentiation schemes conclude that differentia-
tion is realized on the expense of lower overall throughput.

The remarkably superior performance of AIFS based differentiation raise the ques-
tion why only AIFS is not chosen as the service differentiation parameter by the IEEE
Working Group. One reason could be the issue of coexistence of 802.11 and 802.11e. As
AIFS for high priority ACs in 802.11e is equal to DIFS in 802.11, the only possible way
is to use smaller CWmin and CWmax values for these ACs to introduce differentiation.

In the second comparison study, the aggregated throughput results of 802.11 DCF
and 802.11e EDCA are compared. For this, each station is transmitting traffic corre-
sponding to all four traffic types, and aggregated throughput is calculated by summing
up the throughput of all four traffic streams. The results show that the EDCA re-
ceives lower throughput in comparison to DCF, which further strengthens the fact that
EDCA provides service differentiation on the expense of lower overall throughput. Next,
while DCF maintains consistent throughput after the network becomes congested, the
throughput for EDCA keeps dropping gradually with the increase in load. The primary
reason is the small CWmin and CWmax values for high priority ACs in 802.11e resulting
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in high collision rate.
In the third comparison study, the performances of ACs are compared in terms of

their maximum achievable throughput results. Maximum achievable throughput for an
AC is calculated such that the station transmits only one traffic stream corresponding
to that AC. It gives very important result that AC_VO receives the lowest maximum
achievable throughput. The reason, as always, is that AC_VO suffers from high number
of collisions because of very small CWmin and CWmax values. AC_VI also suffers from
similar degradation, although relatively lower because of its slightly larger CWmin and
CWmax values. It is concluded that the performance of a high priority AC drops with
the addition of every new station transmitting the traffic of high priority AC.

The results highlights the importance of an admission control mechanism which en-
ables the AP to allow or disallow a new station or traffic stream to use a high priority AC
according to network conditions. A possible solution would be to dynamically increase
the CWmin and CWmax values with every new station or traffic stream. This points
towards the importance of optimization of AC performance by adjusting the EDCA
parameters according to network conditions and available resources.

Another interesting observation is that in these types of conditions, AC_BE receives
better throughput compared to all other ACs, which is mainly due to its small AIFSN
value of 3 compared to 7 for AC_BK.

7.5.2 Evaluation Part 2

The second part of the evaluation considers some more realistic simulation scenarios,
with traffic characteristics used by real world applications. Comparisons of 802.11e
EDCA and 802.11 DCF are also presented.

7.5.2.1 Scenario 1

In Scenario 1, number of stations increases from 1 to 15, with each station transmitting
traffic corresponding to all four traffic types. The comparison of 802.11e EDCA and
802.11 DCF shows that although 802.11e enables higher throughput for voice and video
traffic, in comparison to 802.11, the throughput drops more rapidly as the number of
stations increases. As before, it is due to the fact that AC_VO and AC_VI suffer from
high collision rate which results in dramatic drop in performance. It strengthens the
conclusion that there should be some mechanism of dynamically updating the CWmin
and CWmax values with increasing number of stations. Larger values of CWmin and
CWmax improve the chances of successful transmissions.

The drastic drop in throughput for background (AC_BK) and best effort (AC_BE)
traffic streams in 802.11e compared to 802.11 once again confirms that 802.11e provides
better service to high priority traffic on the expense of worse performance of low priority
traffic. It also revises the earlier observation that under high loads of high priority traffic,
the low priority traffic is starved.

7.5.2.2 Scenario 2

In Scenario 2, two stations are transmitting voice and two other stations are transmitting
video traffic, and total stations increase from 4 to 21, such that each new station is
transmitting two streams of low priority background and best effort traffic. The goal is
to study the performance of high priority traffic in high load of low priority traffic.
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Results confirms the capability of 802.11e in providing service differentiation, in that
while in 802.11 the voice and video throughput start to drop as too many stations
are added to the network, in 802.11e they maintain consistent throughput even in the
saturated conditions. End-to-end delay for video and voice traffic also remain consistent
and under acceptable limits, while it approaches to infinity in 802.11.

7.5.2.3 Scenario 3

Scenario 3 is similar to Scenario 2, except that this time each increasing station is also
transmitting high priority traffic of voice and video type. The goal is to study the
performance of high priority traffic in high load of high priority traffic. Throughput and
end-to-end delay results for 802.11e show that the performance is terribly reversed, and
is by big margin worse than that of 802.11. It again highlights the major drawback of
the 802.11e that too many stations transmitting high priority traffic severally degrade
the overall performance.

7.5.2.4 Scenario 4

Scenario 4 is similar to Scenario 2, but traffic types are reversed, i.e., two stations
are transmitting background traffic and two other stations are transmitting best effort
traffic, and the number of stations is increased gradually such that every new station is
transmitting voice and video traffic. The goal is to study the performance of low priority
traffic under the high load of high priority traffic.

As expected, throughput results show that for 802.11e the performance of background
and best effort traffic is severally degraded in presence of high priority traffic. As it is
seen, background (AC_BK) is completely starved as soon as network becomes congested,
and best effort (AC_BE) traffic suffers from similar degradation and receives very little
share of the bandwidth. The results confirm that high load of high priority traffic starves
the low priority traffic.

7.5.2.5 Scenario 5

Scenario 5 considers the downlink/uplink fairness problem well known in 802.11 net-
works. The issue is more crucial for realtime and interactive multimedia applications
(e.g., VoIP) in which in time response from the server/AP is of very high importance.
The goal of scenario is to study how well 802.11e is able to solve the problem. The
scenario considers two cases. In the first case, the stations are transmitting traffic of
background and best effort types, and in the second case the stations are transmitting
traffic of voice and video types. For both cases, the number of stations is increased from
1 to 10, and AP is transmitting traffic corresponding to all four traffic types.

From the results, the effectiveness of 802.11e QoS mechanism is apparent. While in
802.11, the throughput for the downlink transmissions for all four traffic types drops
drastically, in 802.11e, all four downlink traffic streams are well served. Specifically,
remarkable improvements are seen in the performance of voice and video traffic, which
is the primary concern of this scenario. For the second case, the results show that in
the presence of voice and video uplink traffic, 802.11e is still able to show significant im-
provements over 802.11. Although the uplink voice and video traffic is still served better
than downlink voice and video traffic, the downlink traffic does not degrade as much as
in 802.11. It is concluded that 802.11e effectively solves the uplink/downlink fairness
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problem found in 802.11 and thereby efficiently enhances the capability of network of
supporting real time multimedia applications.



Chapter 8

Conclusions and Further Research

8.1 Introduction

This chapter presents the concluding remarks together with some of the potential future
research areas. Section 8.2 presents the conclusions drawn from the thesis work and
Section 8.3 discusses the future research areas and improvements.

8.2 Conclusions

A large amount of research work has been carried out to enhance the QoS support in
IEEE 802.11 networks. Recently IEEE released the final draft of an upcoming standard,
called 802.11e, which is an extension to IEEE 802.11 to provide QoS support. In our
work, we implemented the basic access mechanism of IEEE 802.11e, called Enhanced
Distributed Channel Access (EDCA) in GloMoSim v2.03, and evaluated its performance
in introducing QoS support in 802.11 networks.

The first step was to study and understand the IEEE 802.11e standard available in
the form of final draft. More specifically, complete and thorough understanding of IEEE
802.11e EDCA mechanism was essential in order to develop the simulation model for it.
It required considerable effort to understand the architecture and working of EDCA, also
due to the fact that the standard documentations are written in rather vague manner,
with lack of technical details. Detailed and careful examination of standard draft helped
in understanding how 802.11e EDCA works.

The second step was to learn GloMoSim. It included understanding its system ar-
chitecture and the APIs operating at each layer, more specifically the MAC sub-layer
where the new protocol was to be implemented. Detailed study of GloMoSim facilitated
in developing the simulation model more efficiently. Well designed architecture of Glo-
MoSim and the data structures it utilizes made the learning task simpler. However, the
biggest drawback of using GloMoSim is the lack of enough supporting documentation.
A reasonable amount of time, therefore, was spent on understanding GloMoSim thor-
oughly. Well written APIs between the layers as well as efficient modular design further
favored the implementation task.

The primary feature of the EDCA is to assign packets with different priorities based
on the QoS requirements of the traffic they belong to. Interestingly, the draft standard
does not specify how such a priority is assigned at the higher layers and how it travels
to the MAC layer. The programming of EDCA confirmed that more or less the whole
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network stack would required to be updated since modifications at each of the higher
layers are inevitable to the pass the priority to the next layer. It also highlighted the
potential drawback of adapting to 802.11e, since every application has to be updated in
order to be compatible with 802.11e.

A comprehensive evaluation study based on a wide range of simulation scenarios
has been presented. Performance metrics considered are throughput, end-to-end delay,
MAC delay, collision rate, internal collisions rate, transmission ratio, packet loss and
packet drop. From the results, it is concluded that IEEE 802.11e introduces a very
effective service differentiation mechanism to provide QoS support. With the service
differentiation mechanism, the high priority traffic receives larger and consistent share
of bandwidth while delay remains under acceptable limits. In the first part of the eval-
uation, a set of simple simulation scenarios is considered in order to more clearly study
the role of individual EDCA parameters in realizing service differentiation. The results
show that both EDCA parameters, AIFS and CWmin and CWmax, are very effective in
realizing service differentiation when used individually. In the second part, evaluation
with some more realistic scenarios is presented considering traffic characteristics used
by the real world applications.

Following is the list of key points extracted from the evaluation phase.

1. Under highly loaded network situations, high priority ACs, AC_VO and AC_VI,
suffer from high number of collisions due to their small CWmin and CWmax values.
High collision rate severally degrades the performance of these ACs, and proved to
be the biggest weakness of service differentiation based on CWmin and CWmax.

2. Small values of CWmin and CWmax for high priority ACs result in high number of
internal collisions too. Results show that more than two third of the total collisions
occur between the higher priority ACs, AC_VO and AC_VI.

3. Retry limits for AC_VO and AC_VI should be set to smaller values since multime-
dia applications are generally delay-sensitive, and those for AC_BK and AC_BE
should be set to larger values since data oriented applications are generally loss-
sensitive.

4. In lightly loaded network conditions, the role of CWmax in introducing service
differentiation is less significant compared to that of CWmin, although it then
becomes more and more stronger with the increase in network congestion. It
also indicates that in congested network situations, larger CWmax values for high
priority ACs could remarkably reduce the collision rate.

5. High priority ACs, AC_VO and AC_VI, suffer from higher number of packet
drops which is also a consequence of high collision rate these ACs suffer from.

6. High collision rate further indicates that only CWmin and CWmax parameters are
not enough for reliable and robust service differentiation. It is due to the fact that
while small values of these parameters are necessary to introduce differentiation
for the high priority ACs, they also result in degradation of system throughput
due to high collision rate. Thus there is a tradeoff between high throughput and
service differentiation.

7. The results for CWmin and CWmax based differentiation show that using same
AIFSN values for all ACs greatly increases the number of internal collisions. Ba-
sically, larger the difference in AIFSN values for different ACs, lower the internal
collisions and vice versa.
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8. Comparing the throughput results in scenarios with and without external con-
tention shows that the impact of internal contention (in comparison to external
contention) reduces with increasing number of contending stations.

9. The poor performance of low priority ACs (AC_BE and AC_BK) under high load
of high priority ACs (AC_VO and AC_VI) shows that high load of high priority
traffic starves the low priority traffic.

10. AC_BK is completely starved under high load of high priority traffic, which is
due to the fact that it has too large AIFSN value of 7 in comparison to other ACs.
Another factor is that it experiences both levels of contention, namely, internal
and external contention.

11. In high load of high priority traffic, AC_BE receives better throughput compared
to all other ACs mainly due to its larger CWmin and CWmax values compared to
AC_VO and AC_VI, and, smaller AIFSN value compared to AC_BK.

12. Comparison of CWmin and CWmax based differentiation with AIFS based differ-
entiation shows that the latter provides superior and more reliable service differ-
entiation because:

13. (a) The performance of an AC is consistently controlled by its AIFSN value. For
example, from high to low priority AC, the relative differences in throughput
results clearly reflect the AIFSN values of ACs, i.e., 2, 2, 3 and 7,

14. (b) AIFS difference of even a single time slot is very effective in realizing differen-
tiation, and,

15. (c) AIFS provides consistent and more reliable differentiation independent of the
different network conditions. It is in contrast to the CWmin and CWmax based
differentiation which becomes less effective with increase in network congestion. It
is because as the congestion increases, number of collisions also increases due to the
small CWmin and CWmax values, and thus the average Contention Window size
also increases, resulting in reduced impact of CWmin on service differentiation.

16. AIFS based service differentiation is highly sensitive to the AIFSN values and too
big AIFSN values for lower priority ACs lead them to starvation.

17. The above points indicate that the starvation of low priority ACs could be avoided
by using same AIFS for all ACs and using only CWmin and CWmax as the differ-
entiation parameters.

18. Differentiation based on only AIFS highlights the issue of coexistence of 802.11
and 802.11e since the AIFS for high priority ACs in 802.11e is equal to DIFS
in 802.11. However, as it is obvious, CWmin and CWmax are therefore used as
additional differentiation parameters, i.e., smaller CWmin and CWmax values are
used to introduce differentiation for high priority ACs in 802.11e.

19. Comparison of aggregated throughput results shows that AIFS based service differ-
entiation receives the highest aggregated throughput, while CWmin and CWmax
based differentiation receives the lowest, mainly because of the high collision rate
it suffers from.
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20. Comparing the aggregated throughput results shows that the normal scheme, i.e.,
using both AIFS and CWmin and CWmax for differentiation, suffers from lower
throughput, which further strengthens the conclusion that differentiation is real-
ized on the expense of lower overall throughput.

21. Comparison of aggregated throughput of 802.11 DCF and 802.11e EDCA shows
that EDCA receives lower throughput in comparison to DCF. It also strengthens
the fact that EDCA provides service differentiation on the expense of lower overall
throughput.

22. Comparison of aggregated throughput of 802.11 DCF and 802.11e EDCA also
shows that while DCF maintains consistent throughput after the network becomes
congested, the throughput for EDCA continues to drop gradually with the increase
in load. The primary reason is the small CWmin and CWmax values for high
priority ACs in 802.11e, resulting in high collision rate.

23. Comparison of maximum achievable throughput of the four ACs shows that AC_VO
receives the lowest maximum achievable throughput. The reason, as before, is that
AC_VO suffers from high number of collisions. AC_VI receives the second lowest
throughput because of the same reason.

24. High collision rate for high priority ACs concludes that performance of a high
priority AC drops with the addition of every new station transmitting the traffic
of high priority AC. Additionally, too many stations transmitting high priority
traffic severally degrade the overall performance of the network.

25. The above point highlights the importance of an admission control mechanism
which enables the AP to allow or disallow a new station or traffic stream to use a
high priority AC according to network conditions.

26. An effective solution would be to dynamically increase the CWmin and CWmax
values with addition of every new station or traffic stream, since large values of
CWmin and CWmax improve the chances of successful transmissions. Moreover, a
particular set of CWmin and CWmax values is optimal only for a certain number of
stations/traffic, after which it is required to be updated. This points towards the
importance of optimization of AC performance by adjusting the EDCA parameters
according to network conditions and available resources.

27. The drastic drop in throughput for background and best effort traffic streams in
802.11e compared to 802.11 shows that 802.11e provides service differentiation to
high priority traffic on the expense of worse performance of low priority traffic.

28. 802.11e service differentiation mechanism effectively solves the downlink/uplink
fairness problem well known in 802.11 networks. Downlink traffic of high priority
ACs is very well served in the presence of uplink traffic of low priority ACs as well
as high priority ACs.

8.3 Further Research

The following list specifies the areas of further research together with the required mod-
ifications to the GloMoSim.
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1. Evaluation of HCCA - Performance evaluation of the centrally controlled channel
access mechanism of 802.11e, called HCCA (HCF Controlled Channel Access), in
comparison to PCF (Point Coordination Function) in legacy 802.11. It would first
require implementation of PCF in GloMoSim and then upgrading it to the HCCA.

2. Upgrading HTTP, FTP and TCP - Currently only CBR and UDP have been
upgraded for compatibility with IEEE 802.11e. Upgrading HTTP, FTP and
TCP would enable simulating more realistic traffic scenarios, specifically voice
and bursty web traffic.

3. Evaluation with higher data rates - Currently GloMoSim only supports the legacy
802.11 PHY, which is a big hurdle in experimenting more realistic high bit rate
multimedia traffic scenarios because of the limited data rate of 2 Mbps it offers.
Upgrading GloMoSim for 802.11b and 802.11a is desirable which will enable data
transmission rates of up to 11 and 54 Mbps, respectively. It would require modi-
fication at the Channel and Radio layers of GloMoSim.

4. Optimization of EDCA parameters - The draft standard states that the AP is
capable of dynamically adapting the EDCA parameters according to the network
conditions. Currently the default EDCA parameter value are used in our im-
plementation. Evaluating 802.11e with varying sets of EDCA parameter values,
especially deviating from the default values, would help in studying the optimal
performance of the network. As observed from the evaluation results, increasing
number of high priority traffic sources severely degrade the overall performance of
the network, and, larger AIFSN values for lower priority ACs result in their star-
vation. Adapting the CWmin, CWmax and AIFSN values according to network
conditions will therefore have remarkable improvements on the network perfor-
mance.

5. Evaluation with Contention Free Bursting - In 802.11e, once a station/EDCAF
receives the TXOP (access to the medium), it is allowed to transmit multiple
frames bounded by a time limit, called TXOP Limit. The process is referred to as
CFB (Contention Free Bursting). Implementation of CFB will enable analyzing
how well the high priority traffic is served as well as the affects on the performance
of low priority traffic.

6. Block Acknowledgement Mode - 802.11e defines a block acknowledge mechanism
which allows multiple data frames to be acknowledged with only one ACK frame,
instead of a separate ACK for each data frame. The implementation and evaluation
of Block Acknowledgement Mode will enable studying the improvements it offers
in the bandwidth sharing.

7. Evaluation with Admission Control Mechanism - The increasing number of high
priority traffic sources severely degrades the overall performance of high priority
traffic and starves the low priority traffic as well. It is mainly due the fact that
high priority ACs have small CWmin and CWmax values which result in high
collisions. The importance of an admission control mechanism is therefore appar-
ent, which enables AP to allow or disallow a new high priority traffic stream (or
station), keeping in view the current network conditions. Implementation of such
an admission control mechanism will allow studying the improvements it offers in
the overall network performance.
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8. Coexistence of 802.11 and 802.11e - It would be interesting to study the perfor-
mance of 802.11e in presence of 802.11 stations knowing that the AIFSN for high
priority ACs in 802.11e is equal to DIFS in 802.11.
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Appendix A

List of Abbreviations and Acronyms

AC Access Category
ACK Acknowledgement
AIFS Arbitration Inter-Frame Spacing
AP Access Point
API Application Programming Interface
CA Collision Avoidance
CBR Constant Bit Rate
CFB Contention Free Bursting
CFP Contention Free Period
CP Contention Period
CSMA Carrier Sense Multiple Access
CSMA/CA Carrier Sense Multiple Access/Collision Avoidance
CSMA/CD Carrier Sense Multiple Access/Collision Detection
CW Contention Window
CWmax Contention Window Maximum
CWmin Contention Window Minimum
DCF Distributed Coordination Function
DS Distribution System
DSSS Direct Sequence Spread Spectrum
EDCA Enhanced Distributed Channel Access
EDCAF Enhanced Distributed Channel Access Function
ESS Extended Service Set
FEC Forward Error Correction
FHSS Frequency Hopping Spread Spectrum
FTP File Transfer Protocol
HC Hybrid Coordinator
HCCA HCF Controlled Channel Access
HCF Hybrid Coordination Function
HTTP Hyper-Text Transfer Protocol
IEEE Institute of Electrical and Electronics Engineers
IP Internet Protocol
IR Infrared
ISM Industrial, Scientific and Medical
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96 Appendix A. List of Abbreviations and Acronyms

MAC Medium Access Control
NAV Network Allocation Vector
OFDM Orthogonal Frequency Division Multiplexing
OSI Open Systems Interconnection
PARSEC Parallel Simulation Environment for Complex Systems
PC Point Coordinator
PCF Point Coordination Function
PIFS PCF Inter-Frame Spacing
QAP Quality of Service Access Point
QSTA Quality of Service Station
QBSS Quality of Service Basic Service Set
QIBSS Quality of Service Independent Basic Service Set
QoS Quality of Service
RTS/CTS Request To Send/Clear To Send
SIFS Short Inter-Frame Spacing
TCP Transmission Control Protocol
TID Traffic Identifier
TXOP Transmission Opportunity
UDP User Datagram Protocol
UP User Priority
VoIP Voice over IP
VR Virtual Reality
WLAN Wireless Local Area Network



Appendix B

Additional Results

Results for the last of the three additional cases for Scenario 2 in evaluation part 1 (See
Section 7.3.2) are presented in Figures B.1 and B.2.

(a) Average throughput. (b) Average end-to-end delay.

(c) Average MAC delay. (d) Average packet transmission ratio.

Figure B.1: Results for Evaluation Part 1, Scenario 2, no AIFS and
CWmin/CWmax differentiation.
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(a) Average packet loss. (b) Average internal collisions.

(c) External collisions. (d) Average packet drop.

Figure B.2: Results for Evaluation Part 1, Scenario 2, no AIFS and
CWmin/CWmax differentiation.


