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Abstract

IEEE 802.11 Wireless Local Area Networks (WLANs) have gained worldwide

popularity in the past decade. Due to the explosive growth of multimedia ap-

plications, it is of crucial interest to provide quality-of-service (QoS) guarantee

in WLANs. The medium access control (MAC) scheme in the IEEE 802.11

standard, Distributed Coordination Function (DCF), however, only provides

best-effort services. To meet the soaring demand of QoS support, Enhanced

Distributed Channel Access (EDCA) has been proposed as an extension of DCF

by the IEEE 802.11 Working Task Group E to provide QoS enhancements for

WLANs.

Over the last few years, a great deal of efforts have been made on the ana-

lytical modeling and performance evaluation of IEEE 802.11e EDCA networks.

The modeling complexity is, however, much higher than that of the legacy IEEE

802.11 DCF networks due to varying traffic patterns, differentiated backoff pa-

rameter settings and the diverse QoS requirements of various traffic types, which

makes it extremely difficult, if not impossible, to further optimize the network

performance. A number of fundamental issues, such as the maximum network

throughput and how to properly adjust the system parameters to achieve it and

satisfy the diverse QoS requirements of distinct multimedia applications, remain

largely unknown.

This thesis is devoted to modeling and throughput optimization of heteroge-

neous IEEE 802.11 DCF networks and IEEE 802.11e EDCA networks. It begins

from throughput analysis of a heterogeneous IEEE 802.11 DCF network, where

nodes are divided into different traffic groups and distinct groups have varying ar-

rival rates and backoff parameters. The maximum network throughput is derived

as an explicit function of the holding time of the Head-of-Line (HOL) packets

in successful transmission and collision states, which is shown to be achieved by

carefully adjusting the input rates of the unsaturated groups and the backoff pa-

rameters of the saturated groups. The analysis is further applied to address the

optimal downlink/uplink throughput allocation issue. The optimal initial backoff

window sizes of the access point and mobile stations are obtained to achieve the
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maximum network throughput and a target downlink/uplink throughput ratio

simultaneously.

The analytical framework is extended to IEEE 802.11e EDCA networks with

backoff window size differentiation and arbitration interframe space (AIFS) dif-

ferentiation. The maximum network throughput of an IEEE 802.11e EDCA net-

work is shown to be equal to that of an IEEE 802.11 DCF network, which is inde-

pendent of the differentiation schemes. The optimal backoff parameter settings to

achieve the maximum network throughput while satisfying pre-specified through-

put differentiation requirements are obtained in both differentiation modes. It is

revealed that the backoff window size differentiation could be a more preferable

option as it requires fewer tuning parameters and provides better precision than

the AIFS differentiation.

Finally, the analysis is extended to address a QoS provision issue for IEEE

802.11e EDCA networks, that is, how to adaptively tune the system parameter-

s to maximize the aggregate throughput of non-real-time nodes with a certain

mean access delay constraint on the real-time nodes. The maximum aggregate

throughput of non-real-time nodes and the optimal initial backoff window sizes

are obtained. It is further demonstrated that there exists a minimum achiev-

able mean access delay for the real-time nodes, which increases as the number of

real-time nodes grows. Therefore, to satisfy a given mean access delay require-

ment of the real-time nodes, the number of real-time nodes needs to be carefully

controlled. An admission control scheme is further proposed, with which the

maximum number of real-time nodes that can be enrolled increases linearly with

its mean access delay constraint. The analysis offers important insights into

performance optimization, QoS guarantee and network design for IEEE 802.11

WLANs.
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Introduction

1.1 Wireless Random Access Network

1.1.1 Wireless Era

Since Guglielmo Marconi demonstrated the first radio transmission over the open

sea on 13 May 1897, wireless communications have become the fastest growing

segment of the communications industry, by any measure. From the early Morse

code transmission to the first voice over radio in 1914, and to the current mas-

sive multimedia applications embedded in our cellular phones, wireless networks

are becoming a critical business and an important component of people’s daily

lives. In particular, driven by the soaring demand of applications and users,

commercial wireless cellular networks have experienced exponential growth from

the first generation (1G) launched in 1979 to the 4G Long-term-evolution (LTE)

Advanced which is currently undergoing wide expansion all over the world. On

the other hand, since the Federal Communications Commission (FCC) enabled

the commercial development of wireless local area networks (WLANs) by autho-

rizing the public use of the Industrial, Scientific, and Medical (ISM) frequency

bands in 1985, WiFi networks based on the family of IEEE 802.11 standards have

rapidly supplanted the antiquated wired Ethernet in many homes, offices, and

campuses due to their simplicity and convenience. Moreover, a large number of
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new applications, including wireless sensor networks such as Smart-dust, smart

homes and appliances such as Google Glass, and remote telemedicine etc., are

rapidly transitioning from research ideas to concrete systems. Without a doubt,

we have entered and are embracing the Wireless Era.

1.1.2 Medium Access Control: Centralized vs Distribut-

ed

Though wireless communications offer significant benefits over wired options,

such as high flexibility, easy installation and low cost, their development has faced

a great deal of challenges. It is well known that the fundamental contradiction in

wireless networks involves the scarcity of the limited frequency spectrum and the

endless pursuit of better performance. Unlike the point-to-point links in wired

systems, furthermore, in wireless networks there are mostly multiple stations all

sending and receiving packets through a single shared channel. The spectrum

limitation and broadcast nature of wireless channel thus lead to a problem of

crucial importance: how to coordinate the access of multiple nodes to a single

shared channel efficiently?

In the communication protocol stack, the medium access control (MAC) lay-

er, a sublayer of the data link layer, provides the channel access mechanisms

to handle the above multiple access problem. Over the years, dozens of MAC

protocols have been implemented in a variety of wireless networks, which can be

generally classified into two categories: centralized MAC protocols and distribut-

ed MAC protocols. The following subsections will present a brief introduction of

these two categories of MAC protocols.

1.1.2.1 Centralized MAC Protocols

In a network with centralized MAC protocols, there exists a central controller

(e.g., the base station (BS) in each cell of cellular networks) to allocate the re-

sources such as time, frequency, power, etc. among all the nodes. Due to the
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Quality-of-Service (QoS) guarantee provided with central control, centralized

MAC protocols have been widely adopted in cellular networks, from the Time

Division Multiple Access (TDMA) in the 2G Global System for Mobile Commu-

nications (GSM) cellular systems to the Code Division Multiple Access (CDMA)

in the 3G CDMA2000 and Wideband CDMA (W-CDMA) cellular systems and

the Orthogonal Frequency Division Multiple Access (OFDMA) in current 4G

LTE Advanced cellular systems. Nevertheless, the central controller is required

to jointly process all the users’ information and perform optimal resource alloca-

tion, a process that leads to high complexities in protocol design considering the

bursty traffic and large population in data networks. However, the high cost and

time consumption of establishing such a network might be inappropriate or un-

necessary in certain instantaneous scenarios such as telecommunications during

natural disasters and military conflicts.

1.1.2.2 Distributed MAC Protocols

Distributed MAC protocols, on the contrary, provide the simplest method to

determine how multiple nodes should share the channel. In a network with

distributed MAC protocols, which are also known as random access protocols,

no central controller is provided to enact the optimal resource allocation. Instead,

the users compete for the channel resource. The nodes transmit their packets

independently, and will collide if multiple packets are sent simultaneously. If

a collision occurs, each node involved in the collision needs to reschedule the

transmission of the packet until it passes through the channel successfully.

With fully distributed manner and minimum system control, random access

protocols have been extensively applied in local area networks (LANs), which are

concentrated in a geographical area such as a building or a university campus.

From the first ALOHAnet developed at the University of Hawaii in 1971 to

the worldwide popular WiFi networks based on Carrier Sense Multiple Access

(CSMA) protocol, wireless random access networks have benefited the entire

wireless communications industry with its fast deployment and low cost. The

performance degradation due to lack of central control, in the meanwhile, has
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attracted considerable research attention in the area of performance evaluation

for wireless random access networks during recent a few decades. The following

subsection reviews the evolution and performance analysis of wireless random

access networks.

1.1.3 Random Access: From ALOHA to CSMA

ALOHA was the first and simplest version of wireless random access networks,

and was proposed by Norman Abramson in 1970 [1] to investigate the use of

radio communications between the central computer and multiple users at the

campuses of the University of Hawaii. The basic concept of ALOHA is “Speak

whenever you want”. When a node has a packet to send, it transmits the packet

immediately. If there is no collision, the packet is transmitted successfully and

the node can prepare for a new packet transmission. If there is a collision, the

packets involved are destroyed and will be retransmitted after a random time

delay. Various backoff algorithms have been proposed to resolve collisions, such

as the representative Binary Exponential Backoff (BEB) scheme [2]. A simple

graphic illustration of the slotted ALOHA scheme is shown in Fig. 1.1.

Figure 1.1: Graphic illustration of successful transmission and collision in slotted
ALOHA networks.

Absence of control in ALOHA leads to its extreme simplicity, but also the

poor performance. The maximum network throughput of slotted ALOHA net-

works has been shown to be 1/e [1], which is far below 1. This observation

indicates that in a slotted ALOHA system with a large number of nodes that
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transmit packets, only 37 percent of the time is used for successful transmission

at most. To improve the channel utilization, CSMA was proposed by Leonard

Kleinrock and Fouad Tobagi in 1975 [3]. Unlike the uncivilized “Speak when-

ever you want” behavior of ALOHA, CSMA follows a much more polite rule of

“Listen before speaking”. More specifically, a node with a ready packet senses

the channel before transmission. If the channel is sensed to be idle, the node

begins the packet transmission. If the channel is sensed to be busy, i.e., the

channel is occupied by other nodes’ transmissions, the node then reschedules its

transmission to avoid collisions.

A simple graphic illustration of CSMA scheme is shown in Fig. 1.2. As

shown in Fig. 1.2, in contrast with slotted ALOHA networks, the time axis of a

slotted CSMA network is divided into multiple mini time slots with length a. The

probability of collision can be greatly reduced by decreasing a, and the channel

efficiency is therefore improved. It was shown in [3] that the maximum network

throughput approaches 1 as a goes to zero. In practical systems, the value of a is

determined by the ratio of channel propagation delay and the packet transmission

time, which cannot be arbitrarily small. Nevertheless, a much higher throughput

can still be achieved by CSMA compared with that of the ALOHA networks.

Figure 1.2: Graphic illustration of successful transmission and collision in CSMA
networks.

With the catalytic effects of the invention of ALOHA and CSMA, a lot of more

sophisticated random access protocols have been proposed and widely applied to

commercial LANs, including Ethernet with Carrier Sensing Multiple Access with

Collision Detection (CSMA/CD) and IEEE 802.11 WLANs with Carrier Sensing

Multiple Access With Collision Avoidance (CSMA/CA). Despite the huge success
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in practical systems, performance analysis of random access networks has long

been labeled as a notoriously difficult task.

Throughput analysis of ALOHA networks can be traced back to Abram-

son’s landmark paper [1]. By assuming an infinite-user network with a Poisson

aggregate traffic process of rate G, the steady-state network throughput of a

slotted ALOHA network, which is defined as the percentage of time that the

network produces an effective output, was derived as Ge−G. Due to its simplici-

ty of throughput analysis via concentration on the aggregate channel activities,

this modeling approach has been widely adopted to characterize the aggregate

channel of CSMA networks by establishing distinct renewal processes [3–7] and

Markov chains [8–12].

However, for a closer examination of the effects of the key backoff parame-

ters on the network performance, rather than only modeling the activities of the

aggregate channel, the queueing behavior of each node needs to be further char-

acterized. A great deal of efforts have then been devoted to modeling buffered

ALOHA networks with interacting queues as multi-dimensional random walk-

s [13–18]. Nevertheless, the difficulties of searching for the exact rate region were

observed to increase dramatically if the number of nodes becomes larger than

two. To simplify the analysis, the decomposition of interacting queues was fur-

ther introduced in [19–25], where each node’s queue is assumed to be independent

with identically distributed service time. This key assumption of independent

queues was shown to serve as a good approximation when the number of nodes

is large, and has been widely adopted in analysis of random access networks [26].

It has been long observed that random access networks may suffer from low

throughput and long delay if the backoff parameters are improperly selected. Yet

due to the difficulties in modeling and performance analysis, how to adaptively

tune backoff parameters to optimize the network performance remains largely

unknown. As pointed out in [27], for random access networks, the key lies in

the proper modeling of the Head-of-Line (HOL) packets in nodes’ queues. Only

the node-centric modeling approach enables a unified framework for performance

evaluation in a systematic manner, and further demonstrates how to appropriate-

ly select the backoff parameters for performance optimization of random access
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networks.

Such an analytical framework was recently proposed in [28] to study the

throughput, delay and stability performance for slotted ALOHA networks, and

the methodology was further extended to CSMA networks in [27]. Differing from

previous studies, by modeling the behavior of each HOL packet as a discrete-time

Markov renewal process, the network steady-state operating points were char-

acterized by the limiting probability of successful transmission of HOL packets

given that the channel is idle. The analysis shows that the maximum through-

put of CSMA networks is independent of the backoff parameters and is solely

determined by the mini-slot length and the collision-detection time. To achieve

it, however, the initial transmission probabilities must be carefully adjusted ac-

cording to the number of nodes in the network.

In this thesis, the modeling methodology proposed in [27,28] will be extend-

ed to more sophisticated random access networks, including the IEEE 802.11

Distributed Coordination Function (DCF) networks and the IEEE 802.11e En-

hanced Distributed Coordination Access (EDCA) networks. The major focus of

this thesis is throughput optimization of IEEE 802.11 WLANs, which is an area

of paramount theoretical and practical value, yet it has long been unknown due

to difficulties in modeling and performance analysis. The following section first

introduces the IEEE 802.11 WLANs and briefly discusses the evolution of its

IEEE 802.11 standard family.

1.2 IEEE 802.11 Wireless Local Area Network

Pervasive in offices, homes, university campuses, airports, and cafés, IEEE 802.11

WLANs, also known as WiFi, have gained widespread success and popularity

over the past decade. This section will take a close look at IEEE 802.11 WLANs,

including the architecture, the 802.11 standard family, and its trends in evolution.

Fig. 1.3 illustrates the basic architecture of IEEE 802.11 WLANs. The

fundamental component of an IEEE 802.11 WLAN is the Basic Service Sets

(BSSs). A BSS contains one or more wireless stations, such as computers or
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mobile phones, and an access point (AP) cabled to the wired backbone network to

allow the wireless stations access to the Internet. The BSSs that deploy APs are

often referred to as infrastructure-based ones. While the wireless stations can also

group themselves together to form an ad-hoc network without any infrastructure.

In the ad-hoc mode, each node can communicate with other nodes yet has no

connections to the Internet due to the absence of an AP. In this thesis, the

analysis concentrates only on the infrastructure-based WLANs.

Figure 1.3: IEEE 802.11 WLAN architecture.

1.2.1 IEEE 802.11 Standard Family

Since the U.S. FCC released the ISM band for unlicensed use in 1985, a number

of IEEE 802.11 standards have been proposed by the IEEE LAN/MAN Stan-

dards Committee (IEEE 802.11) to implement WLAN communication, which

are summarized in Table. 1.1.
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Table 1.1: IEEE 802.11 Standards

Protocol Release
Freq.
(GHz)

Data Rate
(Mbps)

Physical Layer
Bandwidth
(MHz)

802.11-1997 June 1997 2.4 1, 2 DSSS, FHSS 20
a Sept. 1999 5 up to 54 OFDM 20
b Sept. 1999 2.4 up to 11 DSSS 20
g June 2003 2.4 up to 54 DSSS, OFDM 20
n Oct. 2009 2.4, 5 up to 600 MIMO, OFDM 20, 40
ac Jan. 2014 5 up to 3400 MIMO, OFDM up to 160

The original version of the IEEE 802.11 standard, referred to as 802.11-1997,

was released in June 1997, yet it is obsolete today. This standard operated

at 2.4 GHz and specified two data rates of 1 Mbps and 2 Mbps. Three alter-

native physical layer technologies were implemented, including diffuse infrared,

Frequency Hopping Spread Spectrum (FHSS) and Direct Sequence Spread Spec-

trum (DSSS). The 802.11b standard was later released in Sept. 1999 as a direct

extension of the legacy 802.11 but with a higher maximum data rate of 11Mbps,

which was rapidly supplanted and popularized as one of the definitive wireless

LAN technologies.

At the same time, the 802.11a standard was proposed. Instead of the heavily

used 2.4 GHz band, 802.11a operated at the less-crowded 5 GHz band with a

maximum data rate of 54 Mbps. It used a more advanced air interface technology

in the physical layer, i.e., Orthogonal Frequency Division Multiplexing (OFD-

M). The 802.11g, the third modulation standard, was ratified in June 2003. It

worked at the 2.4 GHz band the same as 802.11b, but adopted the OFDM-based

transmission technology the same as 802.11a, and also supported a maximum

data rate of 54 Mbps. The physical layer data rate was further boosted in Oct.

2009, when the 802.11n with Multiple-Input Multiple-Output (MIMO) technique

was introduced. It supported both 2.4 GHz and 5 GHz bands with a maximum

data rate from 54 Mbps to 600 Mbps. In the 802.11ac standard released in Jan.

2014, the expected multi-station WLAN throughput grew to 1 Gbps by using

a wider RF bandwidth (80 MHz or 160 MHz), more streams (up to eight), and
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higher-density modulation (up to 256 QAM). Moreover, the on-going 802.11ad,

so-called “WiGig”, is able achieve a theoretical maximum throughput of up to 7

Gbps by using a new frequency band of 60 GHz.

In summary, the evolution of the IEEE 802.11 standard is aimed at improving

the data rate achieved by aWLAN. It is clear that in the past decade, most efforts

have been focused on modifications of the physical layer technologies, which

indeed lead to an increasing maximum data rate. Nevertheless, the achievable

throughput of WLANs is the product of the data rate at the physical layer and the

channel efficiency at the MAC layer. The channel efficiency, i.e., the proportion

of time that the network produces an effective output, is highly dependent on the

channel access mechanism at the MAC layer of the IEEE 802.11 standard, the

improvement of which, however, has received much less attention. The following

subsection briefly discusses the primary bottleneck encountered by the current

IEEE 802.11 WLAN due to its MAC layer standard.

1.2.2 Evolution of MAC in IEEE 802.11: From Homoge-

neous to Heterogeneous, From Best-Effort to Quality-

of-Service

The IEEE 802.11 MAC layer defines two types of mechanisms: a mandatory

Distributed Coordination Function (DCF) and an optional Point Coordination

Function (PCF) [29]. PCF is a centralized scheme that provides contention-

free channel access but is rarely implemented in current products due to its

complexity. A detailed discussion of PCF can be found in [30]. In this thesis,

the analysis concentrates only on the DCF scheme, which is currently adopted in

the MAC layer of IEEE 802.11 WLANs and is recognized as the main contributor

to the success of the commercial WLAN market.

DCF is a random access scheme based on the CSMA/CA protocol with two

access mechanisms: the basic access mechanism and the request-to-send/clear-to-

send (RTS/CTS) mechanism [31]. A detailed description of the DCF mechanism
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can be found in Section 2.1.1 of Chapter 2. The legacy DCF scheme aims to

provide simple and homogeneous channel access in IEEE 802.11 WLANs, where

all nodes have an equal probability to access the channel with identical backoff

parameters. As a random access protocol, DCF inherits the merits of simplici-

ty and robustness, which, nevertheless, only provides best-effort (BE) services.

However, with the explosive expansion of multimedia applications, increasing-

ly delay-sensitive applications such as Voice over IP (VoIP), video conferencing

and online gaming have become reality in WLANs. It is thus desirable for IEEE

802.11 WLANs to offer the ability to provide service differentiation and QoS

guarantee to multimedia applications. To meet the soaring demand of QoS sup-

port, an amendment to the MAC layer of IEEE 802.11 standard, 802.11e, was

released in 2005 to provide QoS enhancements for IEEE 802.11 WLANs [32].

As an extension of the legacy DCF, Enhanced Distributed Channel Access

(EDCA) is the contention-based scheme provided in the IEEE 802.11e standard.

To introduce service differentiation among nodes, EDCA defines prioritized ac-

cess categories (ACs), mapping to various types of traffic flows, each of which

employs a different set of backoff parameters including 1) the initial backoff

window size and the cutoff phase, 2) the arbitration interframe space (AIFS),

which is the idle time interval of the channel each node needs to sense before it

detects the end of a successful/failed transmission, and 3) the maximum chan-

nel holding time, i.e., transmission opportunity (TXOP). With distinct backoff

parameter differentiation schemes, nodes in ACs have different probabilities of

accessing the channel and thus achieve prioritized throughput and delay perfor-

mance. A detailed description of the EDCA mechanism can be found in Section

3.1.1 of Chapter 3.

Driven by the widespread popularity of WiFi networks and the eager antic-

ipation of its QoS improvements, a rich literature can be found in the area of

performance evaluation of IEEE 802.11 networks, among which a great number

of useful results and observations have been obtained, but a few fundamental

issues on performance optimization still remain unknown. The next subsection

reviews previous studies on performance evaluation of IEEE 802.11 networks to

provide a complete history of the academic studies in this field.
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1.2.3 Performance Evaluation of IEEE 802.11 Networks

1.2.3.1 Homogeneous IEEE 802.11 DCF Networks

A widely adopted model of IEEE 802.11 DCF networks was proposed by Giuseppe

Bianchi in his landmark paper [33], where a two-dimensional Markov chain was

established to characterize the backoff behavior of each node. This model is well

supported by simulation results and proved to be a powerful analytical tool for

evaluating the throughput performance under saturated conditions, i.e., each n-

ode always has a packet to transmit. The Bianchi model was refined in a series

of follow-up papers for inclusion of more practical scenarios [34–47]. The ma-

jor focus of the aforementioned studies was on the numerical calculation of the

throughput or delay for a given network configuration. How to maximize the

network performance by careful selection of the system parameters, on the other

hand, became difficult due to the implicit nature of the network steady-state

point.

Recently, a unified analytical framework was proposed in [48] for homoge-

neous IEEE 802.11 DCF networks by applying the modeling methodology pro-

posed for CSMA networks in [27]. In contrast to [33], the complete behavior of

each Head-of-Line (HOL) packet, including backoff, collision and successful trans-

mission, was modeled as a discrete-time Markov renewal process. According to

whether the network is unsaturated or saturated, two network steady-state oper-

ating points were obtained as explicit functions of system parameters, based on

which the stability, throughput and delay performance can be further character-

ized. Explicit expressions of the maximum network throughput and the optimal

initial backoff window size were also derived, which provide direct guidance for

practical network design.

1.2.3.2 Heterogeneous IEEE 802.11 DCF Networks

In the legacy IEEE 802.11 DCF networks, each node has identical character-

istics including input rates and backoff parameters. To include more practical

assumptions such as varying traffic input rates and diverse QoS requirements
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in real-world networks, research studies have emerged to evaluate the perfor-

mance of heterogeneous IEEE 802.11 DCF networks. Existing studies have been

primarily focused on the mean access delay performance for unsaturated hetero-

geneous networks with varying traffic arrival rates [49–54] and the throughput

performance for saturated heterogeneous networks with multiple initial backoff

window sizes [55–65]. However, little attention has been paid to the network per-

formance under a general traffic scenario in which certain nodes are unsaturated

while others are saturated.

Moreover, most of these studies took an approach similar to that of the

Bianchi model to obtain the steady-state point. The computational complexity

is, however, much higher than the homogeneous case due to larger variable s-

paces, which renders the performance optimization of heterogeneous IEEE 802.11

DCF networks intractable. The search for the optimal backoff window sizes that

maximize the network throughput was limited to the saturated scenario [61–63],

and good accuracy was demonstrated only when the number of nodes is small.

How to optimize the network throughput performance of heterogeneous IEEE

802.11 DCF networks remains largely elusive.

1.2.3.3 IEEE 802.11e EDCA Networks

As a standardized heterogeneous version of the legacy DCF, most efforts have

been focused on the performance evaluation of IEEE 802.11e EDCA network-

s. EDCA is a direct extension of DCF, which is aimed at introducing service

differentiation and providing QoS enhancements to multimedia traffic flows in

WLANs. In this subsection, the discussion is limited to the two differentiation

schemes considered in this thesis: backoff window size differentiation and AIFS

differentiation.

Most of the analytical models for EDCA have their roots in the widely adopt-

ed Bianchi model. The Bianchi model was extended to evaluate the saturated

throughput or delay performance of IEEE 802.11e EDCA networks with backoff

window size differentiation in [55–65] and AIFS differentiation in [66–81]. The

computational complexity sharply increases with the number of ACs, which is
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why most studies limited their discussions to the 2-AC case.

Due to the high modeling complexity, performance optimization of IEEE

802.11e EDCA networks has long been an open problem. Approximate approach-

es were developed in [59–65,83,84] to search for the optimal set of backoff window

sizes to maximize the network throughput and maintain proportional through-

put performance among the ACs. No consensus is, nevertheless, reached due to

the differences in assumptions and approximations. Moreover, the effect of AIFS

values on throughput differentiation is usually ignored in the above studies. How

to properly tune the AIFS values and the initial backoff window sizes to optimize

the throughput performance of IEEE 802.11e EDCA networks remains largely

unknown.

Another important issue for IEEE 802.11e EDCA networks is how to fulfill the

QoS requirements of different types of traffic flows. It is widely observed that

although service differentiation is supported by the current EDCA standard,

no QoS guarantee is provided. To address this issue, a major focus has been

put on how to provide delay guarantee to real-time nodes [54, 58, 85–93]. The

performance of the coexisting non-real-time nodes which are delay-tolerant but

throughput-greedy is, however, usually sacrificed. Therefore, it is of significant

interest to further study how to optimize the throughput performance of non-

real-time nodes with satisfying the delay requirement of real-time nodes in IEEE

802.11e EDCA networks.

In summary, a great deal of research studies have been conducted on modeling

and performance evaluation in this area. Most of the existing models have their

origin in the classical Bianchi model in [33]. Nevertheless, from homogeneous

IEEE 802.11 DCF networks to heterogeneous IEEE 802.11e EDCA networks, the

modeling complexity has grown substantially due to the varying traffic patterns,

differentiated backoff parameter settings and diverse QoS requirements of various

application types. The implicit nature of steady-state points also makes the per-

formance optimization extremely difficult, if not impossible, in many cases. In

contrast with previous studies, this thesis is based on a unified analytical frame-

work that was recently proposed for homogeneous IEEE 802.11 DCF networks

in [48]. By generalizing the framework to the heterogeneous case, the network
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steady-state operating points and network throughput are obtained as explicit

functions of the system parameters, based on which throughput optimization of

heterogeneous IEEE 802.11 DCF networks and IEEE 802.11e EDCA networks

can be further addressed. The following section presents the contributions and

outline of this thesis.

1.3 Thesis Contributions and Outline

This thesis is devoted to modeling and throughput optimization of heterogeneous

IEEE 802.11 DCF networks and IEEE 802.11e EDCA networks. A series of

fundamental open issues will be addressed.

First, the maximum network throughput of a homogeneous IEEE 802.11 D-

CF network was obtained in [48], where each node has an identical arrival rate

and the network can be either unsaturated or saturated. For a heterogeneous

IEEE 802.11 DCF network, however, nodes may have diverse traffic arrival rates

and the network can be partially-saturated, i.e., certain nodes are unsaturated

while the others are saturated. Therefore, the first question of particular interest

would be: For heterogeneous IEEE 802.11 DCF networks, do the varying traffic

conditions affect the maximum network throughput performance? And how do

we optimize the network throughput when the network is partially-saturated?

Moreover, as an extension of the legacy DCF, several differentiation schemes

have been introduced in IEEE 802.11e EDCA networks to provide service d-

ifferentiation among distinct traffic classes. That further leads to the second

question: For IEEE 802.11e EDCA networks, what is the maximum network

throughput with various differentiation schemes? And how do we properly tune

the key system parameters to optimize the network throughput performance for a

given throughput differentiation requirement?

Finally, for QoS provision, most studies have been focused on delay guar-

antee of real-time nodes in IEEE 802.11e EDCA networks [54, 58, 85–93]. The

performance optimization of coexisting non-real-time nodes is, nevertheless, not

taken into consideration. That leads to the third question: With the prerequisite
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of providing delay guarantee to real-time nodes, what is the maximum throughput

that can be achieved by the non-real-time nodes? And how do we achieve it?

To answer the first question, the unified analytical framework proposed in

[48] is generalized to an M -group heterogeneous IEEE 802.11 DCF network in

Chapter 2. It is assumed that nodes in the same group have identical input rates

and initial backoff window sizes, but the parameters differ from group to group.

Moreover, the network is assumed to containM1 unsaturated groups andM−M1

saturated groups. The network steady-state operating point is characterized by

using the limiting probability of successful transmission of HOL packets given

that the channel is idle, p. Based on the state characterization of HOL packets,

the single steady-state point pB is obtained as an explicit function of 1) the

holding time of HOL packets in successful transmission and collision states, 2)

the input rate of each unsaturated group, and 3) the group size and the initial

backoff window size of each saturated group.

Based on the explicit expression of pB, the network throughput can be further

characterized, and the maximum network throughput is shown to be equal to

that of a homogeneous IEEE 802.11 DCF network, which is obtained as a func-

tion of the holding time of HOL packets in successful transmission and collision

states. To achieve the maximum network throughput, the optimal set of input

rates of the unsaturated groups and initial backoff window sizes of the saturat-

ed groups should satisfy a constraint that is determined by the group sizes of

saturated groups. Based on the analytical results, the long-observed unfairness

issue of downlink/uplink throughput allocation for IEEE 802.11 DCF networks

is further addressed. The optimal initial backoff window sizes of the AP and

mobile stations are obtained to maximize the network throughput and maintain

the downlink/uplink throughput ratio at the target level simultaneously.

To address the second question, the unified analytical framework is further

extended to model IEEE 802.11e EDCA networks with backoff window size d-

ifferentiation and AIFS differentiation in Chapter 3. In particular, the analysis

focuses on anM -AC IEEE 802.11e EDCA network in which the nodes in the same

AC have identical backoff parameters including 1) the initial backoff window size,

2) the cutoff phase, and 3) the AIFS number. The network steady-state operat-
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ing point under saturated conditions pA is derived as a function of the backoff

parameters, based on which the node throughput and network throughput at pA

are further obtained. It is shown that the node-throughput ratio of two ACs is

linear to the inverse ratio of their initial backoff window sizes, while exponential

to their AIFS difference.

Based on the analytical framework, Chapter 3 further addresses the through-

put optimization issue of IEEE 802.11e EDCA networks. It is revealed that the

maximum network throughput of an IEEE 802.11e EDCA network is also the

same as that of an IEEE 802.11 DCF network. To achieve the maximum network

throughput while maintaining a set of pre-specified target node-throughput ra-

tios, the initial backoff window size of each AC should be linearly increased with

the network size, and the increasing rate is inversely proportional to its target

node-throughput ratio. Alternatively, the pre-specified target node-throughput

ratios can be achieved by properly setting the AIFS numbers as well. Yet to

maximize the network throughput, the initial backoff window size of each node

still needs to be adaptively tuned according to the network size.

Finally, Chapter 4 addresses the third question based on the analytical frame-

work proposed in Chapter 3. In particular, a saturated IEEE 802.11e EDCA net-

work with two traffic flows is considered, i.e., non-real-time and real-time flows.

The analysis focuses on the backoff window size differentiation, and thus non-

real-time and real-time nodes only employ distinct initial backoff window sizes.

For a given mean access delay constraint of the real-time nodes, the maximum

aggregate throughput of the non-real-time nodes is derived as an explicit function

of the mean access delay constraint and the number of real-time nodes, and the

optimal initial backoff window sizes of non-real-time nodes and real-time nodes

are also obtained. The analysis further shows that to satisfy the given delay

requirement, the number of real-time nodes needs to be carefully controlled, the

maximum value of which is derived as a linear increasing function of the mean

access delay constraint.

The remainder of the thesis is organized as follows. Chapter 2 presents the

throughput analysis for M -group IEEE 802.11 DCF networks by generalizing

the unified analytical framework proposed in [48] to the heterogeneous case. The
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analysis is further extended to IEEE 802.11e EDCA networks in Chapter 3.

Based on the proposed analytical model in Chapter 3, Chapter 4 shows how to

maximize the throughput of non-real-time flows with delay guarantee of real-

time flows in IEEE 802.11e EDCA networks. Finally, concluding remarks and

suggestions for future work are summarized in Chapter 5.



Chapter 2

Throughput Optimization of

Heterogeneous IEEE 802.11 DCF

Networks

In this chapter, the unified analytical framework proposed for homogeneous

IEEE 802.11 DCF networks in [48] is generalized to an M -group heterogeneous

IEEE 802.11 DCF network where nodes in different groups have distinct in-

put rates and initial backoff window sizes. This chapter is organized as follows.

Section 2.1 presents the protocol description of IEEE 802.11 DCF mechanism

and reviews the related work. The analytical framework in [48] is introduced

in Section 2.2 to characterize the states of HOL packets, based on which the

throughput optimization of an M -group heterogeneous network is presented in

Section 2.3. The analysis is verified by simulation results via a two-group case

in Section 2.4. The implications to the DCF protocol design on the optimal up-

link/downlink resource allocation issue are demonstrated in Section 2.5. Finally,

a brief summary is given in Section 2.6.
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2.1 IEEE 802.11 DCF Standard

2.1.1 Protocol Description

DCF is the fundamental MAC protocol of the IEEE 802.11 based WLAN stan-

dard. It adopts the CSMA/CA with Binary Exponential Backoff (BEB) algo-

rithm, along with two access mechanisms, a two-way handshaking scheme called

basic access and a four-way handshaking scheme called request-to-send/clear-to-

send (RTS/CTS) access. A complete protocol description can be found in the

IEEE 802.11 standard [29]. In the following, the operation of DCF will be briefly

introduced. Suppose that a node (a mobile station or an AP) has a packet to

transmit. With the basic access mechanism:

1. If the node senses the channel idle, it transmits the packet after another

duration of time known as Distributed Interframe Space (DIFS).

2. Otherwise, the node will suspend its transmission and wait until the

channel is sensed idle for a duration of DIFS. The node then chooses a random

backoff value from a backoff window {0, ...,W − 1}, where W is referred to as

the initial backoff window size. It counts down this value at each following idle

time slot, freezes the counting-down process when the channel is sensed busy,

and reactivates it when the channel is sensed idle for a duration of DIFS.

3. When the counter reaches zero, the node transmits its packet and then

waits for an acknowledgement (ACK). If the ACK is received within a duration

of Short Interframe Space (SIFS), the transmitting nodes knows that its packet

has been successfully received by the destination. If the node has another packet

to transmit, it starts the DCF operation at Step 2.

4. If the ACK is not received within a specified time interval called ACK Timeout

or it senses the transmission of another packet on the channel, it restarts the

backoff process at Step 2 with the random backoff value chosen from a increased

backoff window, where the backoff window size is doubled with the BEB algo-

rithm.

Fig. 2.1 illustrates an example of the operation of DCF with the basic access

mechanism. Two nodes A and B share the wireless channel. As can be seen from

Fig. 2.1, during the transmission of node A, node B senses the channel busy and
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suspends the counting-down process of its backoff counter. When the channel

is sensed idle for a duration of DIFS, node B resumes to decrease its backoff

counter. If node A and node B attempt to access the channel at the same time,

a collision happens. After the collision, both nodes double their backoff window

sizes and reenter the backoff process. Note that if a packet has experienced its

maximum number of collisions, namely the cutoff phase, its backoff window size

no longer increases and stays at its maximum value until the packet is successfully

transmitted.

packet transmissionDIFS ACKSIFS

busy channelDIFS DIFS

5 4 3 3 2 1 0

DIFS

3 2 1 0

DIFS

DIFS

9 8 7

7 6 5

packet transmission

packet transmission

node A

node B

Figure 2.1: Graphic illustration of successful transmission and collision in IEEE
802.11 DCF networks with basic access mechanism.

The RTS/CTS access mechanism is an optional access scheme of DCF, which

was firstly introduced to deal with the hidden-terminal problem in IEEE 802.11

WLANs. RTS/CTS access mechanism allows a node to use a short Request-

to-Send (RTS) control frame and a short Clear-to-Send (CTS) control frame

to reserve access to the channel. In particular, when a node has a packet to

transmit, it first sends an RTS frame to the destination, which indicates the

total time interval required to transmit the packet and the ACK frame. When

the destination receives the RTS frame, it responds by broadcasting a CTS frame

after a duration of SIFS, which gives the requesting node the permission to

send and also notifies the other nodes in the network not to transmit during

the reserved time interval. Any listening node in the network that hears the

information is able to update the Network Allocation Vector (NAV), and will not

attempt to access the channel during the time period that the NAV indicates to

be occupied. The packet transmission starts after the successful exchange of the

RTS and CTS frames, and is also confirmed to be successful by the ACK frame.

The graphic illustration of the RTS/CTS access mechanism is shown in Fig. 2.2.

The widespread popularity of IEEE 802.11 WLANs is mainly attributed to
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Figure 2.2: Graphic illustration of successful transmission and collision in IEEE
802.11 DCF networks with RTS/CTS access mechanism.

the MAC protocol of DCF. The legacy DCF protocol provides equal channel ac-

cess, where all the nodes share identical backoff parameters, including the initial

backoff window size and the cutoff phase, and achieve the same throughput and

delay performance under saturated traffic conditions. In real-world IEEE 802.11

WLANs, in contrast, different nodes may have widely varying traffic input rates

and diverse performance requirements. It is, therefore, of paramount practical

interest to further evaluate the performance of heterogeneous IEEE 802.11 DCF

networks, where nodes are divided into distinct traffic groups and different groups

have varying input rates and backoff parameters. In the following subsection, a

brief literature review in this field will be presented.

2.1.2 Previous Work

IEEE 802.11 WLANs have gained worldwide acceptance and popularity in the

past decade [31]. Fueled by the success of WLANs, considerable research atten-

tion has been received during recent years, and a major focus has been put on

the MAC layer with DCF.

In Bianchi’s landmark paper [33], an analytical model was proposed to char-

acterize the backoff behavior of each single node in IEEE 802.11 DCF networks

with a key assumption of a constant and independent collision probability for

a packet transmitted by each node. Based on the model, the throughput per-

formance of saturated IEEE 802.11 DCF networks was further evaluated, and

verified by simulation results. As a few properties of DCF was not taken into

consideration in the original paper of Bianchi [33], the model was later extended

by a number of research studies [34–47] to include more practical assumptions
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such as backoff counter frozen [34,37,39], finite retransmissions [35,36], and un-

saturated traffic scenarios [40–47]. Little consensus is, nevertheless, reached on

the characterization of the network steady-state operating point in unsaturated

scenarios due to differences in assumptions and models. Moreover, in the above

studies, the steady-state point is usually obtained by numerically solving a set

of nonlinear equations, which becomes increasingly complicated when advanced

features are further introduced. The implicit nature of the solution also makes

it difficult to search for the optimal system parameters to maximize the network

performance.

Driven by the desire to establish a coherent analytical framework of IEEE

802.11 DCF networks, a unified model was proposed in [48], based on which

the effect of key system parameters on the stability, throughput and delay per-

formance can be evaluated within the same framework. In contrast with the

classic model proposed in [33] which only characterized the backoff process of

a node, a discrete-time Markov renewal process is established in [48] to model

the behavior of each Head-of-Line (HOL) packet, including backoff, collision and

successful transmission. The steady-state distribution is closely dependent on

the limiting probability of successful transmission of HOL packets given that the

channel is idle, p. Given that the network is in unsaturated or saturated condi-

tions, two steady-state operating points, i.e., the desired stable point pL and the

undesired stable point pA, are obtained as explicit functions of system param-

eters. In particular, the maximum network throughput is shown in [48] to be

solely determined by which access mechanism, i.e., the basic access mechanism

or the RTS/CTS access mechanism, is adopted. Yet to achieve the maximum

throughput, a large cutoff phase should be selected, and the initial backoff win-

dow size should be adaptively tuned according to the number of nodes. Explicit

expressions of the maximum throughput and the optimal initial backoff window

size are both derived, which provide direct guidance for practical network design.

All the above studies focus on homogeneous IEEE 802.11 DCF networks,

where each node has identical characteristics including input rates and backoff

parameters. To include more realistic assumptions such as distinct traffic input

rates and backoff parameters, a number of academic efforts have been put on
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heterogeneous IEEE 802.11 DCF networks.

For unsaturated heterogeneous IEEE 802.11 DCF networks, the access delay

performance of each node has been shown to be closely dependent on its traffic

input rate and may vary from node to node [49–54]. If the network becomes sat-

urated, on the other hand, the throughput performance is crucially determined

by the backoff parameters. As the current DCF standard adopts a constant

initial backoff window size for all the nodes, most efforts has been focused on

IEEE 802.11e networks with EDCA [32]. Various models were proposed to char-

acterize the network throughput with multiple initial backoff window sizes in the

saturated scenario [55–65]. Note that in contrast with the homogeneous case

where the network is either saturated or unsaturated,1 a heterogeneous IEEE

802.11 DCF network could be partially-saturated if certain nodes are unsatu-

rated while others are saturated. Two analytical models have been developed

in [88] and [94] to evaluate the delay performance of unsaturated nodes and the

throughput performance of saturated ones.

The key of the analysis of heterogeneous networks lies in the characterization

of the network steady-state operating point, which, intuitively, should be deter-

mined by the input rates of the unsaturated nodes and the backoff parameters of

the saturated ones. To obtain the steady-state point, most of the above studies

took a similar approach as that proposed in [33] by jointly solving a series of

nonlinear equations. Nevertheless, with diverse parameter settings taken into

consideration, the computational complexity becomes much higher than the ho-

mogeneous scenario. Approximate approaches have been developed in [61–63] to

search for the optimal backoff window sizes to maximize the network throughput

in the saturated scenario. Yet good accuracy was demonstrated only when the

number of nodes is small [62]. How to optimize the network throughput perfor-

mance of heterogeneous IEEE 802.11 DCF networks remains largely unknown.

In this chapter, the unified analytical framework in [48] is extended to study

the throughput performance of an M -group heterogeneous IEEE 802.11 DCF

network, where nodes in the same group have identical input rates and initial

backoff window sizes but the parameters differ from group to group. Explicit

1In a homogeneous network, all the nodes have the same traffic input rates and the same
backoff parameters, and hence are either all saturated or all unsaturated.
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expressions of the network steady-state point and the network throughput are

derived, based on which the maximum network throughput and the optimal

backoff parameters to achieve it are obtained as explicit functions of systems

parameters.

2.2 Preliminary Analysis

The key of the unified analytical framework proposed for homogeneous IEEE

802.11 DCF networks in [48] lies in the state characterization of HOL packet,

which will be first reviewed in this section. Specifically, let us consider a homo-

geneous IEEE 802.11 DCF network with packet transmissions over a noiseless

channel. Suppose that each node is equipped with a buffer of infinite size and the

maximum number of retransmission attempts for each HOL packet is infinite,

i.e., a HOL packet stays in the queue until it is successfully transmitted. The

behavior of each HOL packet can be then modeled as a discrete-time Markov

renewal process (X, V )={(Xj, Vj), j = 0, 1, ...}, where Xj denotes the state of a

tagged HOL packet at the j-th transition and Vj denotes the epoch at which the

j-th transition occurs. Fig. 2.3 shows the embedded Markov chain X={Xj}.
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Figure 2.3: Embedded Markov chain {Xj} of the state transition process of an
individual HOL packet in homogeneous IEEE 802.11 DCF networks.

The states of {Xj} can be divided into three categories: 1) waiting to re-

quest a transmission (State Ri, i = 0, ..., K), 2) collision (State Fi, i = 0, ..., K)

and 3) successful transmission (State T). As Fig. 2.3 illustrates, a HOL packet
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moves from State Ri to State T if the transmission is successful; otherwise, it

stays at State Fi until the end of the collision and then moves to State Ri+1.

Here i denotes the number of collisions experienced by the HOL packet and is

incremented until it reaches the cutoff phase K.

In IEEE 802.11 DCF networks, a HOL packet can request a transmission

only if it senses the channel idle. Let pt represent the probability of successful

transmission of HOL packets at time slot t given that the channel is idle at t−1.

It can be easily shown that the Markov chain in Fig. 2.3 is uniformly strongly

ergodic if and only if the limit limt→∞ pt = p exists. The steady-state probability

distribution of the embedded Markov chain shown in Fig. 2.3 can be obtained

as

πRi
=


(1− p)iπT i = 0, ..., K − 1

(1−p)K

p
πT i = K,

(2.1)

and

πFi
= πRi

· (1− p), i = 0, ..., K. (2.2)

The interval between successive transitions, i.e., Vj+1−Vj, is called the holding

time in State Xj, which solely depends on State Xj, j = 0, 1, .... In IEEE 802.11

DCF networks, the holding time τT in State T and the holding time τF in State

Fi, i = 0, ..., K, vary under different access mechanisms. According to Fig. 2.1,

for instance, τT and τF in the basic access mode can be given by

τT =
P+SIFS+ACK+DIFS

slot time
(2.3)

and

τF =
P+DIFS

slot time
(2.4)

respectively, where P denotes the packet length, including the PHY header, the

MAC header and the packet payload. Slot time is referred to as the time duration

of a time slot and the effect of ACK Timeout is neglected in the analysis. In

this thesis, the system parameters adopted in the IEEE 802.11n standard [29]
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are used, which are provided in Table 2.1. With the basic access mechanism, for

instance, it can be obtained that τT = 74.4 and τF = 72.1 time slots.

Table 2.1: System Parameter Setting

Packet payload 4096*8 bits
MAC header 288 bits
PHY header 136 bits

ACK 112 bits + PHY header
Channel Bit Rate 54 Mbps

Slot Time 9µs
SIFS 16µs
DIFS 34µs

The mean holding time τRi
in State Ri, i = 0, ..., K, on the other hand, is

determined by the corresponding backoff window size in that state. In IEEE

802.11 DCF networks, when a HOL packet enters State Ri, it randomly selects

a value from {0, ..., Wi − 1}, where Wi is the backoff window size, i = 0, ..., K,

and then counts down at each idle time slot. It leaves State Ri and makes a

transmission request when the channel is idle and the counter is zero. It is

shown in Appendix A of [48] that the mean holding time τRi
in State Ri is given

by

τRi
=

1

2α
· (1 +Wi), (2.5)

i = 0, ..., K, where α denotes the steady-state probability of sensing the channel

idle, which is given by

α =
1

1 + τF − τFp− (τT − τF )p ln p
. (2.6)

The detailed derivation of (2.6) can be found in Appendix B of [48].

Finally, the limiting state probabilities of the Markov renewal process (X,

V ) are given by

π̃j =
πj · τj

πT · τT +
∑K

i=0 πFi
· τF +

∑K
i=0 πRi

· τRi

, (2.7)
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j ∈ S, where S is the state space of X . Specifically, the probability of being in

State T can be obtained as

π̃T=1/

(
1+

τF
τT

· 1−p

p
+

(
1

τT
+
τF
τT

(1−p)−
(
1−τF

τT

)
p ln p

)
·

(
K−1∑
i=0

(1−p)i · 1+Wi

2
+
(1− p)K

p
· 1+WK

2

))
, (2.8)

by substituting (2.1-2.6) into (2.7). Note that π̃T is also the service rate of each

node’s queue as each queue has a successful output if and only if the HOL packet

stays at State T. The offered load of each node’s queue, ρ, is then given by

ρ = λ/π̃T , (2.9)

where λ is the input rate of each node.

In a heterogeneous network, nodes may have distinct input rates and different

backoff parameters. In the following section, the analysis will focus on an M -

group IEEE 802.11 DCF network, where nodes in the same group share the

same setting, but the parameters differ from group to group. Throughout the

chapter, the superscript (g) is used to indicate the group number. For instance,

π̃
(g)
T denotes the service rate of a node in Group g, g = 1, ...,M .

2.3 Throughput Optimization of Heterogeneous

IEEE 802.11 DCF Networks

In this section, the throughput analysis and optimization of an M -group IEEE

802.11 DCF network is presented. Similar to [48], a noiseless channel is consid-

ered and the buffer size of each node and the maximum number of retransmission

attempts of each HOL packet are assumed to be infinite.



2.3. Throughput Optimization of Heterogeneous IEEE 802.11 DCF
Networks 29

Suppose that Group g, g = 1, ...,M , has n(g) nodes, and each node in Group

g has an identical input rate λ(g) and the same initial backoff window size W (g).

Without loss of generality, it is assumed that all the groups have the same cutoff

phase, i.e., K(g) = K, g = 1, ...,M . Moreover, suppose that the network has M1

unsaturated groups and M −M1 saturated groups. For the unsaturated group

g = 1, ...,M1, the group throughput λ̂
(g)
out is always equal to the aggregate input

rate λ̂(g) = n(g)λ(g), i.e.,

λ̂
(g)
out = λ̂(g), g = 1, ...,M1. (2.10)

On the other hand, for the saturated group g = M1+1, ...,M , the group through-

put λ̂
(g)
out falls below the aggregate input rate and is determined by the aggregate

service rate, i.e.,

λ̂
(g)
out = n(g)π̃

(g)
T < λ̂(g), g = M1 + 1, ...,M. (2.11)

(2.8) has shown that the service rate π̃
(g)
T closely depends on p, the limiting

probability of successful transmission of HOL packets given that the channel is

idle. In the next subsection, the network steady-state operating point will be

characterized based on the fixed-point equation of p.

2.3.1 Steady-state Operating Point

As shown in Fig. 2.4, for each HOL packet, whether its transmission request is

successful or not is determined by the activities of all the other nodes. According

to the state characterization of HOL packets in Section 2.2, each node must be

in one of the following five states:

S1: the queue is empty;

S2: the HOL packet is in State Ri, i = 0, ..., K, and not requesting any trans-

mission;

S3: the HOL packet is in State Ri, i = 0, ..., K, and requesting a transmission;
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Figure 2.4: Queueing system of an M -group heterogeneous IEEE 802.11 DCF
network with M1 unsaturated groups and M −M1 saturated groups.

S4: the HOL packet is in State T;

S5: the HOL packet is in State Fi, i = 0, ..., K.

For a given HOL packet in Group j, its transmission request is successful if

and only if the other n(j) − 1 nodes in the same group and the nodes in other

M − 1 groups are either in state S1, or, in state S2. The limiting probability of

successful transmission of HOL packets given that the channel is idle, p, can be

then written as

p = (Pr{node in Group j is in S1|channel is idle}+

Pr{node in Group j is in S2|channel is idle})n
(j)−1

·
M∏

g=1,g ̸=j

(Pr{node in Group g is in S1|channel is idle}+

Pr{node in Group g is in S2|channel is idle})n
(g)

. (2.12)

Note that for the saturated groups where nodes are busy with non-empty queues,
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the probability that a node is in state S1 is zero. With a large number of nodes

in each group, we have n(j) − 1 ≈ n(j), and (2.12) can be approximately written

as

p ≈
M1∏
g=1

(Pr{node in Group g is in S1|channel is idle}+

Pr{node in Group g is in S2|channel is idle})n
(g)

·
M∏

g=M1+1

(Pr{node in Group g is in S2|channel is idle})n
(g)

. (2.13)

For the unsaturated group g = 1, ...,M1, if the channel is idle, each node must

be in state S1, or S2, or S3. The probabilities that an unsaturated node is in

state Sk, k = 1, 2, 3, are given by

Pr{node in Group g is in S1} = 1− ρ(g), (2.14)

Pr{node in Group g is in S2} = ρ(g)
K∑
i=0

π̃
(g)
Ri
(1−r

(g)
i ), (2.15)

Pr{node in Group g is in S3} = ρ(g)
K∑
i=0

π̃
(g)
Ri
r
(g)
i , (2.16)

where ρ(g) and π̃
(g)
Ri

are the offered load and the probability of the HOL packet

being in State Ri, respectively, for a node in Group g. r
(g)
i is the conditional

probability that a State-Ri HOL packet of Group g makes a transmission request

given that the channel is idle, which can be obtained as

r
(g)
i =

2

1 +W
(g)
i

, (2.17)

according to Appendix A of [48], i = 0, ..., K, g = 1, ...,M . On the other hand,
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for the saturated group g = M1 +1, ...,M , if the channel is idle, each node must

be in either state S2 or S3. The probabilities that a saturated node is in state

Sk, k = 2, 3, are given by

Pr{node in Group g is in S2} =
K∑
i=0

π̃
(g)
Ri
(1− r

(g)
i ), (2.18)

Pr{node in Group g is in S3} =
K∑
i=0

π̃
(g)
Ri
r
(g)
i . (2.19)

By substituting (2.14-2.16) and (2.18-2.19) into (2.13), the limiting probability

of success p can be obtained as

p =

M1∏
g=1


1−ρ(g)+ρ(g)

K∑
i=0

π̃
(g)
Ri
(1−r

(g)
i )

1−ρ(g)+ρ(g)
K∑
i=0

π̃
(g)
Ri


n(g)

·
M∏

g=M1+1


K∑
i=0

π̃
(g)
Ri
(1−r

(g)
i )

K∑
i=0

π̃
(g)
Ri


n(g)

. (2.20)

With a large number of nodes n(g), g = 1, ...,M , we have

p ≈ exp

{
−

M1∑
g=1

n(g)ρ(g)
K∑
i=0

π̃
(g)
Ri
r
(g)
i −

M∑
g=M1+1

n(g)

K∑
i=0

π̃
(g)
Ri
r
(g)
i

}
, (2.21)

by applying (1−x)n
(g)≈ exp{−n(g)x} for 0 < x < 1. (2.21) can be further written

as

p ≈ exp

{
−1+τF−τFp−(τT−τF )p ln p

τTp
·

(
M1∑
g=1

λ̂(g)+
M∑

g=M1+1

n(g)π̃
(g)
T

)}
, (2.22)

by combining (2.1), (2.5-2.7), (2.9) and (2.17).2

2Note that (2.22) is derived based on the assumption that the group size n(g), g = 1, ...,M ,
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In IEEE 802.11 DCF networks, Binary Exponential Backoff (BEB) is adopt-

ed. That is, the backoff window size W
(g)
i is set as

W
(g)
i = W (g) · 2i, (2.23)

i = 0, ..., K, whereW (g) is the initial backoff window size of Group g, g = 1, ...,M .

By substituting (2.8) and (2.23) into (2.22), we have

p ≈ exp

{
−
∑M1

g=1 λ̂
(g)(1 + τF − τFp− (τT − τF )p ln p)

τTp

−
M∑

g=M1+1

2n(g)

W (g)
(

p
2p−1

+
(
1− p

2p−1

)
(2(1−p))K

)
 . (2.24)

With an infinite cutoff phase K = ∞, (2.24) can be written as

p = exp

{
τF
∑M1

g=1 λ̂
(g)−4τT

∑M
g=M1+1

n(g)

W (g)

τT−(τT−τF )
∑M1

g=1 λ̂
(g)

}

· exp

{
−(1+τF )

∑M1

g=1 λ̂
(g)+2τT

∑M
g=M1+1

n(g)

W (g)

τT−(τT−τF )
∑M1

g=1 λ̂
(g)

·1
p

}
. (2.25)

Appendix A shows that (2.25) has one single non-zero root

pOB =
−(1 + τF )

∑M1

g=1 λ̂
(g) + 2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

·

W−1
0

(
−(1 + τF )

∑M1

g=1 λ̂
(g) + 2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

·

exp

{
−τF

∑M1

g=1 λ̂
(g) + 4τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

})
, (2.26)

is large. With a small group size, i.e., n(g) < 5, for instance, the approximation error may
become noticeable. It, nevertheless, rapidly diminishes as the group size grows.
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if and only if

−(1+τF )
∑M1

g=1 λ̂
(g)+2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

·exp

{
−τF

∑M1

g=1 λ̂
(g)+4τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

}
≥0.

(2.27)

(2.25) has two non-zero roots

pLB =
−(1 + τF )

∑M1

g=1 λ̂
(g) + 2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

·

W−1
0

(
−(1 + τF )

∑M1

g=1 λ̂
(g) + 2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

·

exp

{
−τF

∑M1

g=1 λ̂
(g) + 4τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

})
(2.28)

and

pSB =
−(1 + τF )

∑M1

g=1 λ̂
(g) + 2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

·

W−1
−1

(
−(1 + τF )

∑M1

g=1 λ̂
(g) + 2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

·

exp

{
−τF

∑M1

g=1 λ̂
(g) + 4τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

})
, (2.29)
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respectively, if and only if

− e−1 ≤
−(1 + τF )

∑M1

g=1 λ̂
(g) + 2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

· exp

{
−τF

∑M1

g=1 λ̂
(g) + 4τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

}
< 0, (2.30)

where W0(·) and W−1(·) are two branches of the Lambert W function [95]. To

determine whether the two non-zero roots pLB and pSB are steady-state points, the

trajectory of the transient probability of success pt is needed, which is unfortu-

nately difficult to characterize. An approximate approach is further developed

in Appendix B to show that only pLB is a steady-state point. It can then be seen

from (2.26-2.30) that the network has a single steady-state operating point

pB =
−(1 + τF )

∑M1

g=1 λ̂
(g) + 2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

·

W−1
0

(
−(1 + τF )

∑M1

g=1 λ̂
(g) + 2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

·

exp

{
−τF

∑M1

g=1 λ̂
(g) + 4τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

})
, (2.31)

if

−(1 + τF )
∑M1

g=1 λ̂
(g) + 2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

·

exp

{
−τF

∑M1

g=1 λ̂
(g)+4τT

∑M
g=M1+1

n(g)

W (g)

τT−(τT−τF )
∑M1

g=1 λ̂
(g)

}
≥−e−1. (2.32)

(2.31) shows that the steady-state operating point pB is determined by 1)

the holding time in successful transmission and collision states, τT and τF , 2) the
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aggregate input rate λ̂(g) of the unsaturated group g = 1, ...,M1, and 3) the group

size n(g) and the initial backoff window sizeW (g) of the saturated group g = M1+

1, ...,M . According to the number of unsaturated groups M1, the network can be

categorized as unsaturated, partially-saturated, or fully-saturated. Specifically,

1) M1=M : Such a network is referred to as an unsaturated network. In this

case,
∑M

g=M1+1
n(g)

W (g)=0, and (2.32) can be written as

−(1 + τF )
∑M

g=1 λ̂
(g)

τT−(τT−τF )
∑M

g=1 λ̂
(g)

· exp

{
−τF

∑M
g=1 λ̂

(g)

τT−(τT−τF )
∑M

g=1 λ̂
(g)

}
≥−1

e
, (2.31)

which requires that

M∑
g=1

λ̂(g) ≤
−W0

(
− 1

e(1+1/τF )

)
τF/τT − (1− τF/τT )W0

(
− 1

e(1+1/τF )

) . (2.32)

The corresponding steady-state operating point can be written as

pM1=M
B =exp

{
W0

(
−

∑M
g=1 λ̂

(g)(1 + τF )/τT

1− (1− τF/τT )
∑M1

g=1 λ̂
(g)

· exp

{
−

∑M
g=1 λ̂

(g)τF/τT

1−(1−τF/τT )
∑M

g=1 λ̂
(g)

})

+

∑M
g=1 λ̂

(g)τF/τT

1−(1−τF/τT )
∑M

g=1 λ̂
(g)

}
. (2.33)

It can be clearly seen from (2.33) that the steady-state operating point pM1=M
B

does not vary with backoff parameters. It is solely determined by the network

input rate,
∑M

g=1 λ̂
(g), and the holding times in successful transmission and col-

lision states, τT and τF . Note that if M = 1, pB becomes the desired stable

point pL of unsaturated homogeneous IEEE 802.11 DCF networks. In this case,

(2.33) reverts to Eq. (20) in [48], and the right-hand side of (2.32) is indeed

the maximum throughput of homogeneous IEEE 802.11 DCF networks which is

given in Eq. (36) in [48].
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2) 0<M1<M : Such a network is referred to as a partially-saturated network. In

this case,
∑M1

g=1 λ̂
(g)>0 and

∑M
g=M1+1

n(g)

W (g)>0. Fig. 2.5 illustrates the correspond-

ing steady-state operating point p0<M1<M
B which is given in (2.31). As can be

seen from Fig. 2.5, p0<M1<M
B monotonically decreases with the aggregate input

rate of the unsaturated groups,
∑M1

g=1 λ̂
(g), and the backoff parameters of the

saturated groups,
∑M

g=M1+1
n(g)

W (g) .

1

( )

( )
1

gM

g

g M

n

W

10 M M

B
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1
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ˆ 0.3
M

g

g

1

( )

1

ˆ 0.5
M

g

g

1

( )

1

ˆ 0.1
M

g

g

Figure 2.5: The steady-state operating point p0<M1<M
B of a partially-saturated

M -group IEEE 802.11 DCF network with the basic access mechanism (i.e.,
τT=74.4, τF=72.1).

3) M1=0: Such a network is referred to as a fully-saturated network. In this

case,
∑M1

g=1 λ̂
(g)=0, and (2.32) always holds regardless of the parameter setting

of the saturated groups. The corresponding steady-state operating point can be

written as

pM1=0
B =

∑M
g=1

2n(g)

W (g)

W0

(∑M
g=1

2n(g)

W (g) exp
(∑M

g=1
4n(g)

W (g)

)) . (2.34)
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In contrast with (2.33), pM1=0
B depends on the backoff parameters W (g), g =

1, ...,M . If M = 1, pB becomes the undesired stable point pA of saturated

homogeneous IEEE 802.11 DCF networks, and (2.34) reverts to Eq. (29) in [48].

2.3.2 Network Throughput

According to (2.10)-(2.11), the network throughput λ̂out is given by

λ̂out =
M∑
g=1

λ̂
(g)
out =

M1∑
g=1

λ̂(g) +
M∑

g=M1+1

n(g)π̃
(g)
T . (2.35)

By combining (2.22) and (2.35), λ̂out can be written as

λ̂out =
−τTpB ln pB

1 + τF − τFpB − (τT − τF )pB ln pB
. (2.36)

The following theorem presents the maximum throughput λ̂max = maxpB λ̂out

and the corresponding steady-state operating point p∗B.

Theorem 1. The maximum throughput λ̂max is given by

λ̂max =
−W0

(
− 1

e(1+1/τF )

)
τF/τT − (1− τF/τT )W0

(
− 1

e(1+1/τF )

) . (2.37)

λ̂max is achieved when

pB = p∗B = −(1 + 1/τF )W0

(
− 1

e(1 + 1/τF )

)
. (2.38)

Proof. See Appendix C.
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It is interesting to note from Theorem 1 that the maximum network through-

put λ̂max is equal to that of a homogeneous IEEE 802.11 DCF network which

is given in Eq. (36) in [48]. It is solely determined by the holding time of

HOL packets in the successful transmission and collision states, τT and τF . To

achieve λ̂max, however, the backoff parameters should be carefully tuned such

that pB = p∗B. In particular, pB has been shown in (2.31) as a function of the

input rate λ̂(g) of the unsaturated group g = 1, ...,M1, and the initial backoff

window size W (g) of the saturated group g = M1+1, ...,M . Corollary 1 presents

the optimal set {λ̂(g)
m }g=1,...,M1 and {W (g)

m }g=M1+1,...,M to achieve the maximum

network throughput λ̂max.

Corollary 1. λ̂max is achieved when λ̂(g) = λ̂
(g)
m for g = 1, ...,M1, W

(g) = W
(g)
m

for g = M1 + 1, ...,M , and K = ∞, where {λ̂(g)
m } and {W (g)

m } satisfy

M1∑
g=1

λ̂(g)
m +

2λ̂max(2p
∗
B − 1)

−p∗B ln p∗B

M∑
g=M1+1

n(g)

W
(g)
m

= λ̂max. (2.39)

λ̂max and p∗B are given in (2.37) and (2.38), respectively.

Proof. See Appendix D.

Note that (2.39) reverts to Eq. (56) in [48] for saturated homogeneous IEEE

802.11 DCF networks when M1 = 0 and M = 1. Corollary 1 shows that to

achieve the maximum network throughput λ̂max, the input rates of the unsatu-

rated groups and the initial backoff window sizes of the saturated groups should

be carefully tuned according to the group sizes of the saturated groups, n(g),

g = M1+1, ...,M . Given the initial backoff window sizes of the saturated group-

s, for instance, the optimal aggregate input rate of the unsaturated groups is

given by
M1∑
g=1

λ̂(g)
m = λ̂max −

2λ̂max(2p
∗
B − 1)

−p∗B ln p∗B

M∑
g=M1+1

n(g)

W (g)
. (2.40)

It can be clearly seen from (2.40) that
∑M1

g=1 λ̂
(g)
m decreases as n(g), g ∈ {M1 +

1, ...,M}, increases, which implies that the input rates of the unsaturated groups
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should be properly reduced as the number of saturated nodes grows. Note that

λ̂max may not be achieved if the group size n(g) is too large. In particular, for

any g ∈ {M1 + 1, ...,M}, if

n(g)

W (g)
>
−p∗B ln p∗B
4p∗B−2

=

1+τF
τF

W0

(
−1

e(1+1/τF )

)
ln
(
−1+τF

τF
W0

(
−1

e(1+1/τF )

))
−4(1+τF )

τF
W0

(
−1

e(1+1/τF )

)
−2

, (2.41)

∑M1

g=1 λ̂
(g)
m < 0 according to (2.40), indicating that the network throughput λ̂out <

λ̂max no matter how small the input rates of the unsaturated groups are.

On the other hand, given the input rates of the unsaturated groups, the

optimal initial backoff window sizes of the saturated groups can be obtained

from (2.39) as

M∑
g=M1+1

n(g)

W
(g)
m

=
−p∗B ln p∗B

2λ̂max(2p∗B − 1)

(
λ̂max −

M1∑
g=1

λ̂(g)

)

=

(
1+τF
τF

W0

(
−1

e(1 + 1/τF )

)
+

M1∑
g=1

λ̂(g)

(
1+τF
τT

−1+τF
τF

(
1−τF

τT

)

·W0

(
−1

e(1 + 1/τF )

)))
· ln
(
−1+τF

τF
W0

(
−1

e(1 + 1/τF )

))
/

(
−4(1 + τF )

τF
W0

(
− 1

e(1 + 1/τF )

)
− 2

)
. (2.42)

It can be clearly seen from (2.42) that to achieve the maximum throughput

λ̂max, the initial backoff window sizes of the saturated groups should be properly

enlarged as their groups sizes grow. If any saturated group has a too small initial

backoff window size, i.e.,

n(i)

W (i)
>

M∑
g=M1+1

n(g)

W
(g)
m

, (2.43)
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for i∈{M1+1, ...,M}, the maximum network throughput λ̂max cannot be achieved.

In this case, the network throughput λ̂out becomes a monotonic decreasing func-

tion of
∑M

g ̸=i,g=M1+1
n(g)

W (g) . As
∑M

g ̸=i,g=M1+1
n(g)

W (g) → 0, it can be obtained as

λ̂out→
τT

τT−τF+

τF−
τT−(τT−τF )

∑M1
g=1 λ̂(g)

−
∑M1

g=1 λ̂(g)+2
τT

1+τF
n(i)

W (i)

W0

−(1+τF )
∑M1

g=1 λ̂(g)+2τT
n(i)

W (i)

τT−(τT−τF )
∑M1

g=1 λ̂(g)
·exp

−τF
∑M1

g=1 λ̂(g)+4τT
n(i)

W (i)

τT−(τT−τF )
∑M1

g=1 λ̂(g)




τF
∑M1

g=1 λ̂(g)−4τT
n(i)

W (i)

τT−(τT−τF )
∑M1

g=1 λ̂(g)
+W0

−(1+τF )
∑M1

g=1 λ̂(g)+2τT
n(i)

W (i)

τT−(τT−τF )
∑M1

g=1 λ̂(g)
·exp

−τF
∑M1

g=1 λ̂(g)+4τT
n(i)

W (i)

τT−(τT−τF )
∑M1

g=1 λ̂(g)




< λ̂max (2.44)

Note that despite the degradation of the whole network throughput performance,

Group i achieves a higher group throughput compared to that with W
(i)
m due to

a smaller initial backoff window size. In the following subsection, the analysis

will specifically focus on the throughput performance of each saturated group.

2.3.3 Group Throughput

By combining (2.8), (2.11) and (2.23), the throughput of each saturated group,

λ̂
(g)
out, can be obtained as

λ̂
(g)
out=n(g)/

(
1+

τF
τT

1−pB
pB

+

(
1

τT
+
τF
τT

(1−pB)−
(
1−τF

τT

)
pB ln pB

)
·
(

1

2pB
+
W (g)

2

(
1

2pB − 1
+

(
1

pB
− 1

2pB − 1

)
(2(1−pB))

K

)))
≈ 2n(g)/

(
W (g)

(
1

τT
+
τF
τT

(1−pB)−(1−τF
τT

)pB ln pB

)
·
(

1

2pB − 1
+

(
1

pB
− 1

2pB − 1

)
(2(1−pB))

K

))
, (2.45)
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g = M1 + 1, ...,M . With an infinite cutoff phase K = ∞, (2.45) can be written

as

λ̂
(g), K=∞
out =

2n(g)(2pB−1)

W (g)
(

1
τT
+ τF

τT
(1−pB)−(1− τF

τT
)pB ln pB

) . (2.46)

As a result, for Groups i, j ∈ {M1 + 1, ...,M}, we have

λ̂
(i), K=∞
out

λ̂
(j), K=∞
out

=
n(i)

n(j)
· W

(j)

W (i)
. (2.47)

Recall that the network throughput is maximized if W (g)=W
(g)
m , g=M1+1, ...,M .

When the maximum network throughput λ̂max is achieved, the throughput of

each saturated group can be obtained as

λ̂
(i), K=∞
out, {W (g)}={W (g)

m }
=

n(i)

W
(i)
m

·
((

4+
4

τF

)
W0

(
−1

e(1 + 1/τF )

)
+2

)
/

(
1 + τF
τT

−
(
1+

1

τF

)(
1−τF

τT

)
W0

(
−1

e(1 + 1/τF )

))
/ ln

(
−
(
1+

1

τF

)
W0

(
− 1

e(1 + 1/τF )

))
, (2.48)

i∈{M1+1, ...,M}, by combining (2.38) and (2.46). It can be clearly seen from

(2.48) that when the network throughput is maximized, the throughput of each

saturated group is inversely proportional to its initial backoff window size W
(i)
m ,

indicating that a larger W
(i)
m may lead to a smaller throughput for Group i ∈

{M1 + 1, ...,M}. Note that if Group i attempts to optimize its own throughput

performance, a distinct initial backoff window size may be chosen. Define W
(i)
l

as the optimal initial backoff window size of Group i to maximize its group
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throughput λ̂
(i), K=∞
out :

W
(i)
l =argmax

W (i)
λ̂
(i), K=∞
out =argmax

W (i)

n(i)

W (i)

(̂
λout−

M1∑
g=1

λ̂(g)

)
∑M

g=M1+1
n(g)

W (g)

. (2.49)

Corollary 2 shows that W
(i)
l is no larger than W

(i)
m .

Corollary 2. For each saturated group i ∈ {M1 + 1, ...,M},

W
(i)
l ≤ W (i)

m , (2.50)

where “=” holds when M −M1 = 1.

Proof. See Appendix E.

According to Corollary 2, if there is only one saturated group in the network,

i.e., M−M1=1, the network throughput λ̂out and the throughput λ̂
(M)
out of the

saturated group can be both maximized if the initial backoff window size W (M)

is set as

W (M)
m =W

(M)
l =n(M)·

(
−4(1 + τF )

τF
W0

(
−1

e(1 + 1/τF )

)
−2

)
/

(
1+τF
τF

W0

(
−1

e(1+1/τF )

)
+

M−1∑
g=1

λ̂(g)

(
1+τF
τT

−1 + τF
τF

(
1−τF

τT

)

/ W0

(
−1

e(1 + 1/τF )

)))
ln

(
−1+τF

τF
W0

(
−1

e(1+1/τF )

))
. (2.51)

If there is more than one saturated group in the network, i.e., M−M1>1, on the

other hand, we have λ̂
(i)

out,W (i)=W
(i)
l

>λ̂
(i)

out,W (i)=W
(i)
m

, i∈{M1+1, ...,M}. In this case,

the maximum network throughput and the maximum group throughput cannot

be achieved simultaneously.
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Figure 2.6: Network throughput optimization and group throughput optimiza-
tion of a fully-saturated M -group IEEE 802.11 DCF network with the basic
access mechanism. (a) The optimal initial backoff window sizes of Group i, W

(i)
m

and W
(i)
l , to maximize the network throughput and the throughput of Group i,

respectively. (b) Network throughput λ̂out and group throughput λ̂
(i)
out of Group

i with W (i)=W
(i)
m and W (i)=W

(i)
l , respectively.

To demonstrate the optimization of network throughput and group through-

put, let us consider a fully-saturated M -group IEEE 802.11 DCF network. The

optimal initial backoff window sizes to maximize the network throughput and

the group throughput of Group i, W
(i)
m and W

(i)
l , are given in (2.39) and (2.49),

respectively, and are plotted in Fig 2.6a. It can be clearly observed from Fig.

2.6a that W
(i)
l is always smaller than W

(i)
m unless

∑M
g=1,g ̸=i

n(g)

W (g) = 0.

A closer look at Fig. 2.6a further indicates that if the initial backoff win-

dow size W (g) of any saturated group g ̸=i declines, W
(i)
m increases while W

(i)
l

decreases. As can be seen from (2.47), with a diminishing W (g), the through-

put proportion of Group g would increase. To maintain the maximum network

throughput, Group i should reduce its own throughput by enlarging its initial

backoff window size W
(i)
m , which can be clearly observed from Fig. 2.6b. If Group

i attempts to maximize its own group throughput, on the other hand, it should
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choose a smaller initial backoff window size. As Fig. 2.6b shows, the throughput

of Group i is maximized with W (i)=W
(i)
l , which is much higher than that with

W (i) = W
(i)
m . It approaches the network throughput when n(i)

W
(i)
l

≫
∑M

g=1,g ̸=i
n(g)

W (g) .

2.4 Simulation Results and Discussions

In this section, simulation results will be presented to verify the analysis pre-

sented in Section 2.3. In particular, a two-group IEEE 802.11 DCF network

is considered to demonstrate how to optimize the network throughput and the

group throughput performance by properly choosing backoff parameters. All the

simulations are conducted by using the ns-2 simulator, and the values of system

parameters are in accordance with Table 2.1.

Specifically, Section 2.3.1 has shown that the steady-state operating point

of an M -group network varies with the number of unsaturated groups M1. For

a two-group network, we have 0≤M1≤2. It is unsaturated if M1=2, i.e., both

groups are unsaturated, and the corresponding steady-state operating point can

be obtained from (2.33) as

pM1=2
B =exp

{
W0

(
−

∑2
g=1 λ̂

(g)(1 + τF )/τT

1− (1− τF/τT )
∑2

g=1 λ̂
(g)

· exp

{
−

∑2
g=1 λ̂

(g)τF/τT

1−(1−τF/τT )
∑2

g=1 λ̂
(g)

})

+

∑2
g=1 λ̂

(g)τF/τT

1−(1−τF/τT )
∑2

g=1 λ̂
(g)

}
. (2.52)

It is partially-saturated if M1=1, i.e., Group 1 is unsaturated and Group 2 is

saturated, and the corresponding steady-state operating point can be obtained

from (2.31) as

pM1=1
B =

− λ̂(1)(τF+1)

τT
+ 2n(2)

W (2)

1−λ̂(1)(1−τF /τT )

W0

(
−λ̂(1)(τF+1)

τT
+ 2n(2)

W (2)

1−λ̂(1)(1−τF /τT )
· exp

(
− λ̂(1)τF

τT
+ 4n(2)

W (2)

1−λ̂(1)(1−τF /τT )

)) . (2.53)
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It is fully-saturated if M1=0, i.e., both groups are saturated, and the correspond-

ing steady-state operating point can be obtained from (2.34) as

pM1=0
B =

2n(1)

W (1)+
2n(2)

W (2)

W0

((
2n(1)

W (1) +
2n(2)

W (2)

)
· exp

(
4n(1)

W (1)+
4n(2)

W (2)

)) . (2.54)

(1) (2)ˆ ˆ0.1, 0.8

(2)
W

(1) (2)ˆ ˆ 0.1

(1) (2)ˆ ˆ 0.8

B
p

Figure 2.7: Steady-state operating points of unsaturated, partially-saturated
and fully-saturated two-group IEEE 802.11 DCF networks with the basic access
mechanism. n(1)=n(2)=20. W (1)=32.

Fig. 2.7 presents the analytical and simulation results of the steady-state

operating point pB of a two-group IEEE 802.11 DCF network under various

traffic conditions. In the simulations, each node in Group g is assumed to have

Bernoulli arrivals with rate λ(g), i.e., each node has probability λ(g) to generate

a new packet every τT time slots, g = 1, 2.3 The new arrival packet is attached

3Note that the analytical framework proposed in this thesis is based on a key assumption
that each HOL packet independently follows an identical transition process. If long time
dependency in traffic arrival process, such as bursty traffic, is taken into consideration, the
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to the end of the waiting queue, and the buffer size is assumed to be infinite. A

large cutoff phase, i.e., K = 16, is adopted in the simulations.4 All simulation

results in this thesis are shown with a 95% confidence interval.

As can be seen from Fig. 2.7, with a low aggregate input rate λ̂(1) = λ̂(2) = 0.1

in both groups, for instance, the network is unsaturated. According to (2.52),

the steady-state operating point pM1=2
B is solely determined by the network input

rate
∑2

g=1 λ̂
(g), and does not vary with backoff parameters such as the initial

backoff window size W (2) of Group 2. As the aggregate input rate λ̂(2) of Group

2 increases to 0.8, the network becomes partially-saturated at the steady-state

operating point pM1=1
B that depends on the aggregate input rate λ̂(1) of Group

1 and the initial backoff window size W (2) of Group 2 according to (2.53). The

network becomes fully-saturated when the aggregate input rate λ̂(1) of Group

1 increases to 0.8 as well, and the corresponding steady-state operating point

pM1=0
B is given in (2.54). A perfect match between the analysis and simulation

results can be observed from Fig. 2.7.

For an unsaturated network, its throughput always equals the aggregate in-

put rate, which is independent of backoff parameters. If the network is partially-

saturated or fully-saturated, in contrast, Section 2.3.2-2.3.3 shows that the through-

put performance can be further optimized by tuning the backoff parameters of the

saturated groups. In the following subsections, the analysis will specifically fo-

cus on the throughput performance of a partially-saturated and a fully-saturated

two-group network, respectively.

2.4.1 Partially-saturated Two-group Network

A partially-saturated two-group network has one unsaturated group and one

saturated group. Section 2.3.3 has demonstrated that if there is only one satu-

rated group in the network, both the network throughput and the throughput

of the saturated group can be maximized by tuning its initial backoff window

correlation among nodes’ queues will become significantly strong and the analysis may no
longer hold, leading to inaccurate analytical results.

4It was shown in [48] that with a sufficiently large cutoff phase K, i.e., K ≥ 16 in the basic
access mode, the throughput performance approaches that with K = ∞.
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Figure 2.8: Network throughput and group throughput performance of a
partially-saturated two-group IEEE 802.11 DCF network with the basic access
mechanism. (a) Network throughput λ̂out and group throughput λ̂

(2)
out versus the

initial backoff window size W (2) of Group 2. n(1)=n(2)=20. W (1)=128. (b) Net-

work throughput λ̂out and group throughput λ̂
(g)
out, g = 1, 2, versus the number of

nodes n(2) of Group 2. λ̂(1)=0.1. n(1)=20. W (1)=128. W (2)=W
(2)
m .

size according to (2.58). With the basic access mechanism (i.e., τT = 74.4 and

τF = 72.1 time slots), for instance, the optimal initial backoff window size of

Group 2 can be written as

W (2)
m = W

(2)
l =

n(2)

0.0945− 0.11λ̂(1)
. (2.55)

Fig. 2.8a illustrates how the network throughput λ̂out and the throughput

λ̂
(2)
out of Group 2 vary with the initial backoff window size W (2) of Group 2. It

can be clearly seen from Fig. 2.8a that both the network throughput and the

throughput of Group 2 are maximized when the initial backoff window size of

Group 2 is set according to (2.55). The optimal initial backoff window size W
(2)
m

increases with the number of nodes n(2) of Group 2 and the aggregate input rate

λ̂(1) of Group 1. For instance, with n(2) = 20, W
(2)
m is 240 when λ̂(1) = 0.1, and

increases to 277 when λ̂(1) grows to 0.2. It can be also observed from Fig. 2.8a
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that the network throughput λ̂out and the group throughput λ̂
(2)
out of Group 2

rapidly drop once W (2) deviates from W
(2)
m , indicating that an adaptive tuning

of the initial backoff window size W (2) of Group 2 is crucial for optimizing the

throughput performance.

Fig. 2.8b presents the throughput performance with W (2) = W
(2)
m under

various values of the number of nodes n(2) of Group 2. In this case, the maximum

network throughput reaches λ̂max = 0.85, and the throughput of the unsaturated

group, λ̂
(1)
out, is equal to its aggregate input rate λ̂(1) = 0.1. The throughput of

Group 2 is maximized at λ̂max − λ̂(1) = 0.75. It can be clearly seen from Fig.

2.8b that both the maximum network throughput and the maximum throughput

of Group 2 can be always achieved regardless of the variation of the number of

nodes n(2) of Group 2, as long as the initial backoff window size W (2) is tuned

according to (2.55).

2.4.2 Fully-saturated Two-group Network

The network becomes fully-saturated if both groups are saturated. In this case,

Section 2.3.3 shows that the network throughput and the group throughput

cannot be simultaneously maximized. In particular, to maximize the network

throughput, the initial backoff window size W (2) of Group 2 should be set ac-

cording to (2.42). With the basic access mechanism, W
(2)
m can be written as

W (2)
m =

n(2)

0.0945− n(1)

W (1)

. (2.56)

To maximize the throughput of Group 2, on the other hand, the initial backoff

window size W (2) of Group 2 should be set according to (2.49), which can be

written as

W
(2)
l =argmax

W (2)

74.4 · n(2)/W (2)

2.3+
73.1W0

(
2∑

g=1

2n(g)

W (g)
·exp

(
2∑

g=1

4n(g)

W (g)

))
−144.2

2∑
g=1

2n(g)

W (g)

2∑
g=1

8n(g)

W (g)
−W0

(
2∑

g=1

2n(g)

W (g)
·exp

(
2∑

g=1

4n(g)

W (g)

))
, (2.57)
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if the basic access mechanism is adopted.

Fig. 2.9 shows how the network throughput and the throughput of Group 2

vary with the initial backoff window size W (2) of Group 2. As can be seen from

Fig. 2.9, with W (1) = 512, the maximum network throughput λ̂max is achieved

when W (2) is set as W
(2)
m = 361 according to (2.56). To optimize the throughput

of Group 2, in contrast, a much smaller initial backoff window size should be

chosen, i.e., W
(2)
l = 40 according to (2.57). Note that the maximum network

throughput λ̂max may not be achievable if W (1) is too small. In particular,

according to (2.56), W (1) should be larger than 10.6n(1) to ensure that W
(2)
m > 0.

As can be seen from Fig. 2.9, when W (1) = 128 < 10.6n(1) , the network

throughput λ̂out monotonically increases with W (2), and reaches 0.837 as W (2) →
∞ according to (2.44). In this case, λ̂max cannot be achieved no matter how large

W (2) is.

(2)

l
W

(2)

m
W

(2)
W

(1) 512W

(1) 128W

ˆ
out

(2)ˆ
out

max
ˆ

Figure 2.9: Network throughput λ̂out and group throughput λ̂
(2)
out versus the initial

backoff window size W (2) of Group 2 in a fully-saturated two-group IEEE 802.11
DCF network with the basic access mechanism. n(1)=n(2)=20.

The throughput performance with W (2) = W
(2)
m and W (2) = W

(2)
l is illustrat-

ed in Fig. 2.10a and Fig. 2.10b, respectively. As can be seen from Fig. 2.10a, the

maximum network throughput λ̂max = 0.85 is always achieved with W (2) = W
(2)
m .



2.5. Implications to DCF Design: Optimal Downlink/Uplink
Throughput Allocation 51

(2)
n

( 2) ( 2)

(2)

,

ˆ
mout W W

( 2) ( 2)

(1)

,

ˆ
mout W W

( 2) ( 2),

ˆ
mout W W

max
ˆ

(a)

(2)
n

( 2) ( 2)

(2)

,

ˆ
mout W W

( 2) ( 2)

(1)

,

ˆ
mout W W

( 2)( 2),

ˆ
l

out W W

max
ˆ

(b)

Figure 2.10: Network throughput λ̂out and group throughput λ̂
(g)
out, g=1, 2, ver-

sus the number of nodes n(2) of Group 2 in a fully-saturated two-group IEEE
802.11 DCF network with the basic access mechanism. n(1)=20. W (1)=512. (a)

W (2)=W
(2)
m . (b) W (2)=W

(2)
l .

In this case, Group 2 achieves a throughput of 0.5, which is higher than Group

1 because n(2)

W
(2)
m

> n(1)

W (1) . With W (2) = W
(2)
l , in contrast, the throughput of Group

2 is optimized. As Fig. 2.10b shows, Group 2 achieves its maximum group

throughput of 0.73, which is substantially better than that of Group 1. The

corresponding network throughput, nevertheless, drops below λ̂max.

2.5 Implications to DCF Design: Optimal Down-

link/Uplink Throughput Allocation

The analysis presented in this chapter sheds important light on the practical

network control and optimization for IEEE 802.11 DCF networks. For instance,

as shown in Section 2.1, in the current DCF standard, all the nodes have identical

backoff parameters and thus have an equal probability to access the channel and

achieve the same node throughput under saturated conditions. As a result, for
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a saturated IEEE 802.11 DCF network with one AP and n mobile stations,

the downlink throughput, i.e., the throughput of the AP, is only one-nth of

the uplink throughput, i.e., the total throughput of all the mobile stations. It

strongly contradicts the user behavior in practical networks, where data traffic

is asymmetric and downlink flows mostly dominate the network traffic [96–98].

In this section, the downlink/uplink throughput allocation issue in IEEE

802.11 DCF networks will be addressed by applying the analytical results ob-

tained in previous sections. In particular, the AP and mobile stations are regard-

ed as two groups of nodes with distinct traffic arrival rates and backoff param-

eters. The analysis focuses on how to maximize the total network throughput

(i.e., the sum of downlink throughput and uplink throughput) while maintain-

ing the downlink/uplink throughput ratio at the target level simultaneously by

properly choosing the backoff parameters to the AP and mobile stations. The

following subsection first reviews the related studies.

2.5.1 Previous Work

Extensive research studies have been conducted to address the downlink/uplink

throughput allocation issue at the MAC layer [85, 96–103] and the transmission

control protocol (TCP) layer [104–107]. In this section, only the former one is

considered. Specifically, various approaches have been proposed to achieve a tar-

get downlink/uplink throughput ratio, where the basic idea is to provide the AP a

higher priority to access the channel than the mobile stations [85,96–103]. For in-

stance, adaptive algorithms were introduced in [85,96,98,101] to tune the backoff

parameters, such as the initial backoff window size [96, 98, 101] or the transmis-

sion opportunity (TXOP) [85,98,101], based on the channel measurement such as

the number of successful transmissions [101] or the traffic load [85,96,98]. Prior-

itized schemes were proposed in [99,100] to provide the AP with contention-free

transmissions to achieve a target downlink/uplink throughput ratio. In [97,103],

the initial backoff window sizes of the AP and mobile stations were adjusted

to maintain a target ratio between the downlink throughput and the per-node

throughput in the uplink.
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In the above studies, nevertheless, the throughput maximization is not taken

into consideration. It has been long observed that the network throughput,

i.e., the sum of downlink throughput and uplink throughput, may significantly

deteriorate as the number of mobile stations increases [98, 99, 103]. It implies

that even a target downlink/uplink throughput ratio can be maintained, the

degradation of downlink and uplink throughput performance is still inevitable

as more mobile stations contend for the channel. Those concerns naturally lead

to an interesting question: given certain requirement of the downlink/uplink

throughput allocation, how to properly tune the system parameters to optimize

the throughput performance? In this section, a closed-form solution to the above

question will be provided.

2.5.2 Optimal Downlink/Uplink Throughput Allocation

Let us consider a network with one AP and n mobile stations. Suppose that

Group UL has n mobile stations, and each station has an identical input rate

λSTA and the same set of backoff parameters including the initial backoff window

size W STA and the cutoff phase KSTA. Group DL has one AP with the input

rate λAP , the initial backoff window size WAP and the cutoff phase KAP . In this

section, it is assumed that both the AP and mobile stations have the same cutoff

phase KAP=KSTA=K, and focus on how to tune the initial backoff window

sizes, i.e., WAP and W STA, to optimize the network performance. As the AP

and mobile stations may have distinct traffic characteristics, the network can be

categorized as unsaturated, partially-saturated and fully-saturated.

2.5.2.1 Unsaturated Network

If the AP and mobile stations are all unsaturated, such a network is referred

to as an unsaturated network. In this case, the uplink throughput, i.e., the

total throughput of all the mobile stations, is equal to the aggregate input rate

according to (2.10), which is given by λ̂UL
out=nλSTA. The downlink throughput,

i.e., the throughput of the AP, is equal to its input rate, which can be written
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as λ̂DL
out=λAP . It can be clearly seen that tuning backoff parameters does not

affect the network throughput performance or the downlink/uplink throughput

allocation in this case.

2.5.2.2 Partially-saturated Network

If the AP is saturated and the mobile stations are unsaturated (or vice versa),

such a network is referred to as a partially-saturated network. In this case, the

uplink throughput equals the aggregate input rate of all the mobile stations,

i.e., λ̂UL
out = nλSTA. The downlink throughput λ̂DL

out , on the other hand, is closely

dependent on its initial backoff window sizeWAP according to (2.45). By combin-

ing (2.24) and (2.38), it can be obtained that the maximum network throughput

λ̂max is achieved when the initial backoff window size of the AP is tuned to be

WAP=

(
−4(1 + τF )

τF
W0

(
−1

e(1 + 1/τF )

)
−2

)
/

(
1+τF
τF

W0

(
−1

e(1+1/τF )

)
+nλSTA

(
1+τF
τT

−1 + τF
τF

(
1−τF

τT

)
/ W0

(
−1

e(1 + 1/τF )

)))
/ ln

(
−1+τF

τF
W0

(
−1

e(1+1/τF )

))
, (2.58)

andK=∞. In this case, the downlink throughput λ̂DL
out is maximized at λ̂max−nλSTA,

and the downlink/uplink throughput ratio is given by λ̂max

nλSTA−1. To keep a con-

stant ratio, the input rate λSTA of each mobile station should be inversely pro-

portional to the number of mobile stations n.

2.5.2.3 Fully-saturated Network

If the AP and mobile stations are all saturated, such a network is referred to

as a fully-saturated network. In this case, the downlink throughput and the up-

link throughput are both closely dependent on the initial backoff window sizes,

i.e., WAP and W STA, as shown in (2.45). Let us define β as the target down-

link/uplink throughput ratio. Theorem 2 presents the optimal initial backoff
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window size set {WAP
m ,W STA

m } to achieve the maximum network throughput

λ̂max and the target downlink/uplink throughput ratio β.

Theorem 2. For a fully-saturated IEEE 802.11 DCF network, the maximum

network throughput λ̂max and the target downlink/uplink throughput ratio β can

be achieved when K=∞, WAP=WAP
m and W STA=W STA

m , where WAP
m and W STA

m

are given by

WAP
m =

1+β
β

·
(

−4(1+τF )
τF

W0

(
−1

e(1+1/τF )

)
−2
)

1+τF
τF

W0

(
−1

e(1+1/τF )

)
ln
(
−1+τF

τF
W0

(
−1

e(1+1/τF )

)) , (2.59)

and

W STA
m =

n(1+β)
(

−4(1+τF )
τF

W0

(
−1

e(1+1/τF )

)
−2
)

1+τF
τF

W0

(
−1

e(1+1/τF )

)
ln
(
−1+τF

τF
W0

(
−1

e(1+1/τF )

)) . (2.60)

Proof. See Appendix F.

It can be clearly seen from (2.59-2.60) that the optimal initial backoff window

sizes WAP
m and W STA

m are closely dependent on 1) the holding time of HOL

packets in successful transmission and collision states, τT and τF , 2) the number

of mobile stations n, and 3) the target downlink/uplink throughput ratio β.

According to Table 2.1, τT=74.4 time slots and τF=72.1 time slots for the basic

access mechanism. WAP
m and W STA

m can be then written as WAP
m =10.6(1+β)

β
and

W STA
m =10.6n(1 + β), respectively. As can be seen from Fig. 2.11, with a larger

downlink/uplink throughput ratio β, the optimal backoff window size of the

AP WAP
m should be reduced, while that of the mobile stations W STA

m should

be enlarged. W STA
m should also be increased as the number of mobile stations n

grows. In this case, the downlink throughput and the uplink throughput are given

by λ̂DL
out=

β
1+β

λ̂max and λ̂UL
out=

1
1+β

λ̂max, respectively, where the maximum network

throughput λ̂max can be obtained from (2.37) as λ̂max=0.85 with τT=74.4 time

slots and τF=72.1 time slots.
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Figure 2.11: Optimal initial backoff window sizes WAP
m and W STA

m of the AP
and mobile stations versus the target downlink/uplink throughput ratio β in a
fully-saturated IEEE 802.11 DCF network in the basic access mode.

2.5.3 Simulation Results and Discussions

In this subsection, simulation results are presented to verify the analysis present-

ed for the fully-saturated case in Section 2.5.2. All the simulations are conducted

by using the ns-2 simulator, and the values of system parameters are summarized

in Table 2.1.

2.5.3.1 Standard Setting

In the current IEEE 802.11n standard [29], the AP and mobile stations have

the same backoff parameters, i.e., WAP=W STA=16, K=6. With one AP and

n mobile stations, the downlink throughput and the uplink throughput can be

obtained by combining (2.24) and (2.45), and are verified by simulation results

presented in Fig. 2.12.5 Moreover, the downlink/uplink throughput ratio with

5Note that the throughput results presented in Figs. 2.12-2.13 are in unit of Mbps, which
are obtained by multiplying λ̂DL

out and λ̂UL
out to the channel bit rate, i.e., 54 Mbps, respectively.
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the standard setting can be obtained from (2.45) as

λ̂DL
out

λ̂UL
out

=
1

n
, (2.61)

which quickly diminishes as the number of mobile stations n increases. As Fig.

2.12 shows, with the standard setting, the downlink throughput decreases to

0.64 Mbps as n grows from 5 to 50, which becomes only 2% of the corresponding

uplink throughput. In the meanwhile, the network throughput also suffers from

a significant degradation. With n=50, the network throughput drops to 32.8

Mbps and is 75% of that with n=5, which is much lower than the maximum

throughput 45.9 Mbps.

n

Figure 2.12: Network throughput, downlink throughput and uplink throughput
versus the number of mobile stations n in a fully-saturated IEEE 802.11 DCF
network in the basic access mode with the standard setting. WAP=W STA=16.
K=6.
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n

(a) (b)

Figure 2.13: Network throughput, downlink throughput and uplink throughput
versus the number of mobile stations n and the target downlink/uplink through-
put ratio β in a fully-saturated IEEE 802.11 DCF network in the basic access
mode with the optimal setting. WAP=WAP

m . W STA=W STA
m . K=16. (a) β=4.

(b) n=50.

2.5.3.2 Optimal Setting

To achieve the maximum network throughput and maintain the target down-

link/uplink throughput ratio, Theorem 2 in Sec. 2.5.2.3 has shown that the

initial backoff window sizes of the AP and mobile stations should be carefully

adjusted according to (2.59-2.60). Fig. 2.13 presents the throughput performance

with the optimal setting. It can be clearly seen from Fig. 2.13 that by adaptively

tuning the initial backoff window sizes, the maximum network throughput can

always be achieved regardless of the variation of the number of mobile station-

s n or the target downlink/uplink throughput ratio β. In the meanwhile, the

downlink/uplink throughput ratio is maintained at the target level.
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2.6 Summary

In this chapter, the throughput optimization for anM -group heterogeneous IEEE

802.11 DCF network is presented by extending the analytical model proposed

for homogeneous IEEE 802.11 DCF networks in [48]. The network steady-state

operating point pB is derived as a function of the input rates of the unsaturat-

ed groups and the initial backoff window sizes of the saturated groups, based

on which the group throughput and the network throughput performance can

be further characterized and optimized. Explicit expressions of the maximum

network throughput λ̂max and the optimal initial backoff window sizes {W (g)
m }

to achieve λ̂max are obtained. The analysis shows that to optimize the network

throughput performance, the initial backoff window sizes of the saturated group-

s should be properly enlarged as their groups sizes or the input rates of the

unsaturated groups increase. In this case, the group throughput of each saturat-

ed group is inversely proportional to the ratio of its initial backoff window size

and the group size, indicating that groups with a larger ratio have lower group

throughput.

The analysis provides direct guidance for the network design of IEEE 802.11

DCF networks. Based on the analytical results, the optimal downlink/uplink

throughput allocation issue for IEEE 802.11 DCF networks is further addressed.

To maximize the total network throughput (i.e., the sum of downlink throughput

and uplink throughput) and maintain the downlink/uplink throughput ratio at

the target level, explicit expressions of the optimal initial backoff window sizes of

the AP and mobile stations are obtained. The analysis indicates that the initial

backoff window sizes should be adaptively tuned according to the number of

mobile stations n and the target downlink/uplink throughput ratio β to achieve

the optimal downlink/uplink throughput allocation.

As a standardized heterogeneous extension of DCF, EDCA has been proposed

to provide service differentiation and QoS enhancements in IEEE 802.11 WLAN-

s [32]. Compared to DCF, various backoff parameter differentiation schemes,

such as backoff window size differentiation and AIFS differentiation, are further

implemented in IEEE 802.11e EDCA networks. In the next chapter, the analy-

sis will be extended to study the modeling and performance optimization of the
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more sophisticated IEEE 802.11e EDCA networks.



Chapter 3

IEEE 802.11e EDCA Networks:

Modeling, Differentiation and

Optimization

In this chapter, the analytical framework introduced in Chapter 2 will be

extended to model IEEE 802.11e EDCA networks, based on which the through-

put differentiation and optimization can be studied. This chapter is organized

as follows. Section 3.1 briefly describes the IEEE 802.11e EDCA protocol and

presents a detailed review on the previous studies. Section 3.2 introduces the

analytical model of IEEE 802.11e EDCA networks. Throughput optimization is

presented in Section 3.3, and is verified by simulation results provided in Section

3.4. Finally, a brief summary is given in Section 3.5.

3.1 IEEE 802.11e EDCA Standard

As a random access protocol, DCF inherits the merits of simplicity and robust-

ness, which, nevertheless, only provides best-effort services. To meet the soaring

demand of QoS support for multimedia applications, EDCA has been proposed
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as an extension of DCF to provide QoS enhancements for IEEE 802.11 WLAN-

s [32].

3.1.1 Protocol Description

It has been introduced in Section 2.1.1 in Chapter 2 that DCF is based on the

CSMA/CA protocol with two access mechanisms including the basic access mech-

anism and the RTS/CTS access mechanism. As all the nodes follow a common

channel-sensing process with identical backoff parameters, they achieve the same

throughput performance when the network is saturated, i.e., each node always

has a packet to transmit. To introduce service differentiation among nodes, IEEE

802.11e EDCA standard defines four access categories (ACs) as shown in Table

3.1, each of which employs a different set of backoff parameters including 1) the

initial backoff window size and the cutoff phase, 2) the arbitration interframe

spaces (AIFS),1 and 3) the maximum channel holding time, i.e., transmission

opportunity (TXOP). Table 3.2 illustrates the default setting of those backoff

parameters in the current IEEE 802.11e EDCA standard [32].

Table 3.1: EDCA Access Category Mapping

Priority AC Designation
1 (Highest) AC VO Voice

2 AC VI Video
3 AC BE Best effort

4 (Lowest) AC BK Background

Moreover, for a given node, traffic flows of different ACs are buffered in

separate queues as shown in Fig. 3.1. Each AC-dependent queue within a node

behaves like a virtual station, and independently begins its backoff process after

sensing the channel idle for a duration of its AIFS. When a collision occurs

1In particular, in the DCF standard, a node detects the end of a successful/failed transmis-
sion if it senses that the channel has been idle for a period of time equal to the DIFS. In the
EDCA standard, the common DIFS is replaced by a set of AIFS values, where each AC has a
distinct AIFS value.
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Table 3.2: Default Setting of Backoff Parameters in EDCA Standard

AC
Initial backoff
window size W

Cutoff
phase K

AIFS
number A

TXOP
value (s)

1 (AC VO) 8 1 2 0.003
2 (AC VI) 16 1 2 0.006
3 (AC BE) 32 5 3 0
4 (AC BK) 32 5 7 0

among different queues within the same node, the queue with highest priority

AC is granted the opportunity for physical transmission by a virtual collision

handler, while the other ones with lower priority suffer from a virtual collision,

the operation of which is identical to a real collision. In this chapter, the virtual

collision is not taken into consideration, i.e., each node is assumed to have one

single AC.

AC 1 AC 2 AC 3 AC 4

Backoff

AIFS[1]

CW[1]

Backoff

AIFS[2]

CW[2]

Backoff

AIFS[3]

CW[3]

Backoff

AIFS[4]

CW[4]

Virtual Collision Handler

transmission attempt

Figure 3.1: Graphic illustration of virtual collision.

Fig. 3.2 demonstrates a simple example of the operation of EDCA with

the basic access mechanism. Two nodes A and B with distinct ACs share the

wireless channel. As can be seen from Fig. 3.2, when node A with AC 3 has
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a new packet arrived, it transmits the packet after sensing the channel idle for

a duration of AIFS[3]. Upon the transmission of node A, node B with AC 1

suspends the counting-down process of its backoff counter, and resumes after the

channel is sensed idle for a duration of AIFS[1]. In the current IEEE 802.11e

EDCA standard, as shown in Table 3.2, AC 1 has a smaller AIFS value than

AC 3, and therefore is able to enter the backoff process after a shorter idle time

interval. Intuitively, it has better chances to transmit and succeed when those

with larger AIFS values still regard the channel as busy. AC 1 also has a smaller

W and K, on the other hand, with which a node has lower average backoff time

and thus more opportunities to make transmission attempts. When the backoff

counter of node B reaches zero, it transmits multiple packets continuously if there

are any, that is, it occupies the channel for a certain time interval according to

its TXOP value.

packet transmissionAIFS[3] ACKSIFS

busy channelAIFS[1]

5 4 3 3 2 1 0

node A

with AC 3

node B

with AC 1

AIFS[1]

AIFS[3]

multiple packet transmissions with TXOP

busy channel

12 11

ACKSIFS

Figure 3.2: Graphic illustration of successful transmission and collision in IEEE
802.11e EDCA networks with basic access mechanism.

Similar to most of previous studies, in the following, the effect of TXOP

is ignored and the backoff window size differentiation and AIFS differentiation

schemes are considered. Extensive studies have shown that ACs with higher

priority achieve better node-throughput performance when the network is satu-

rated. The node-throughput ratios of ACs, nevertheless, vary with the network

size. Specifically, it was observed in [71–76, 81] that nodes from ACs with lower

priority tend to be starved as the network size grows, leading to an enlarged

throughput gap compared to those from high-priority ACs. In the meanwhile,

the network throughput may also significantly deteriorate with the current stan-

dard setting. A question naturally arises: given the throughput differentiation

requirement, i.e., pre-specified target node-throughput ratios for instance, how
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to properly tune the backoff parameters to optimize the network throughput per-

formance? Before answering this question, the next subsection first reviews the

research efforts that have been made to evaluate and optimize the performance

of IEEE 802.11e EDCA networks.

3.1.2 Previous Work

3.1.2.1 Modeling of EDCA

Most of the analytical models for EDCA have their roots in the widely adopted

Bianchi model which was proposed for IEEE 802.11 DCF networks in [33]. In

particular, a two-dimensional Markov chain was established in [33] to characterize

the backoff behavior of each saturated node. By assuming that each node has

the same transmission probability τ and the collision probability c, the network

steady-state operating point was obtained by numerically solving two non-linear

equations of τ and c. It is well supported by simulation results and shown to be

a powerful analytical tool to evaluate the throughput performance in saturated

conditions.

The Bianchi model was extended in [55–58, 60–65] by introducing the AC-

dependent transmission and collision probabilities {τi, ci} to evaluate the satu-

rated throughput or delay performance of IEEE 802.11e EDCA networks with

the backoff window size differentiation. Based on the two-dimensional Markov

chain proposed in [33], 2M non-linear equations of {τi, ci} can be established

and jointly solved. Nevertheless, the computational complexity sharply increas-

es with M , which is why most studies limited their discussions to the 2-AC case.

In particular, it was shown in [55–58] that ACs with smaller backoff window

sizes have larger transmission probabilities, and thus achieve better saturated

throughput performance. [60–65] further demonstrate that the node throughput

ratio of two ACs is approximately equal to the inverse ratio of their initial back-

off window sizes in saturated conditions. As a result, proportional throughput

performance among ACs can be easily achieved by adjusting their initial backoff

window sizes.



66 Chapter 3

The modeling becomes even more complicated when AIFS differentiation is

further taken into consideration. The difficulty originates from the observation

that the backoff process of each node is no longer time-homogeneous. In par-

ticular, with multiple AIFS values among ACs, there exist certain time periods

during which the node contention is limited to high-priority ACs. The corre-

sponding probability of collision is then significantly different from other time

periods when all the ACs are free to contend. Various methods have been pro-

posed to characterize the non-homogeneous backoff process [71–81]. Most of

them aimed at deriving the dynamic equations of the collision probability of

each AC, which become extremely difficult as the number of ACs increases.

More specifically, to evaluate the effect of AIFS differentiation, the two-

dimensional Markov chain proposed in the Bianchi model has been refined by

introducing AC-dependent backoff counting-down probabilities [66,67] or an ad-

ditional dimension [68–70] according to the AIFS values, where an underlying

assumption is that the backoff process of each node is time-homogenous. With

the AIFS differentiation, however, low-priority ACs are prevented from accessing

the channel during certain time periods, and thus ACs may experience distinc-

t probabilities of collision among different time periods. To model the non-

homogeneous backoff process, a zone approach was proposed in [71], where the

channel slots are divided into several contention zones according to the AIFS

values. By assuming that each node of AC i in the j-th contention zone has

a collision probability of cij, a Markov chain of backoff slot transition was es-

tablished to calculate the occurrence probability of contention zones, based on

which the average collision probability ci of AC i can be obtained as a function

of the transmission probabilities {τi} by averaging cij zone by zone. Different

methods have been developed to establish non-linear equations of {τi, ci} for an

M -AC IEEE 802.11e EDCA network [71,72,76–79,81].

As pointed out in [80], there always exists a tradeoff between accuracy and

complexity in modeling methodologies. Despite the desire for accuracy, an overly

complicated model may deflect us from discovering the effects of key parameters

on the network performance, and provide little guidance on the practical system

design. To gain useful insights, approximations are often necessary to reduce the
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complexity of modeling. In [33], for instance, a key assumption is that each node

follows an identical, independent and time-homogeneous backoff process, which

serves as a good approximation only when the network size n is large enough.2

The approximation, nevertheless, leads to a simple, yet powerful, analytical mod-

el that sheds important light on the performance evaluation of IEEE 802.11 DCF

networks. As will be demonstrated in this chapter, the modeling of IEEE 802.11e

EDCA networks can be also greatly simplified by assuming that each node follows

an independent time-homogeneous backoff process with an identical steady-state

probability of successful transmission of head-of-line (HOL) packets. Although

the approximation causes deviation when ACs have a large difference of AIFS

values, the accuracy is effectively improved with increasing initial backoff win-

dow sizes.3 Thanks to the simplicity of the model, the network performance can

be characterized as explicit functions of backoff parameters, which will enable us

to further reveal a complete picture on how to tune the backoff parameters for

performance optimization of IEEE 802.11e EDCA networks.

3.1.2.2 Throughput Optimization and Differentiation

Due to the high complexity, performance optimization of IEEE 802.11e EDCA

networks has long been an open problem. Approximate approaches were devel-

oped in [59–65, 83, 84] to search for the optimal set of backoff window sizes to

maximize the network throughput and maintain proportional throughput per-

formance among ACs. In particular, the optimal initial backoff window size

of AC i was derived as a function of the optimal transmission probability τ ∗i

and the optimal collision probability c∗i , i = 1, ...,M in [59–65], where various

approaches have been developed to derive {τ ∗i , c∗i }. For instance, approximate

expressions of {τ ∗i , c∗i } were obtained in [61,63,64] as functions of system param-

eters such as the average collision time and the node throughput ratios of ACs.

Little consensus, nevertheless, has been reached on the expressions of {τ ∗i , c∗i } due

2Specifically, with a small network size, the correlation among nodes’ queues becomes sig-
nificantly strong and the independence assumption does not hold any more [108].

3As will be shown in this chapter, as the network size grows, the initial backoff window size
of each node should be sufficiently large so as to achieve the maximum network throughput.
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to different assumptions such as sufficiently large packet length [61], geometric

backoff scheme [63] or unboundedly increasing number of active stations [64].

A number of algorithms were also proposed to improve the network through-

put performance by adaptively adjusting the initial backoff window sizes ac-

cording to network conditions [60, 62, 65, 83, 84]. In particular, it was shown

in [60, 62, 65] that τ ∗i and c∗i are crucially determined by the number of active

nodes which can be estimated by observing the channel idle time [60], partition-

ing subranges on the number of stations [62] or measuring the channel busyness

ratio [65]. These estimation algorithms, nevertheless, may not converge [83].

Various adaptive schemes were therefore proposed to update the initial backoff

window sizes based on the channel measurement such as the number of consec-

utive idle slots [83] or the average idle and collision time [84].

In this chapter, the unified analytical framework introduced in Chapter 2

will be further extended to model IEEE 802.11e EDCA networks. The network

steady-state point, network throughput and node throughput will be obtained

as explicit functions of system parameters, based on which the effects of the

key system parameters on throughput differentiation can be revealed. Explicit

expressions of the maximum network throughput and the optimal backoff pa-

rameters, including the initial backoff window size and the AIFS number of each

AC, for IEEE 802.11e EDCA networks will be derived. In the next section, the

system model will be first introduced.

3.2 System Model

Consider an n-node IEEE 802.11e EDCA network with packet transmissions

over a noiseless channel, where each node is equipped with a buffer of infinite

size and the maximum number of retransmission attempts for each HOL packet

is infinite. In this chapter, the TXOP differentiation and the virtual collision is

not considered. That is, each node is allowed to transmit one packet each time

when it successfully accesses the channel and has one single AC. Suppose that

there are M ACs in the network. AC g has n(g) nodes and each node in AC g
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has identical backoff parameters, including the initial backoff window size W (g),

the cutoff phase K(g) and the AIFS number A(g), g = 1, ...,M .4 Throughout

the chapter, similar to Chapter 2, the superscript (g) is used to indicate the AC

number. It is also assumed that AC 1 and AC M have the highest and lowest

priority, respectively.

In this section, the state transition process of each HOL packet in IEEE

802.11e EDCA networks will be characterized by extending the analytical frame-

work proposed in [48]. In particular, a discrete-time Markov renewal process(
X(g), V(g)

)
=
{(

X
(g)
j , V

(g)
j

)
, j = 0, 1, ...

}
is established to model the behavior

of each HOL packet of AC g=1, ...,M . X
(g)
j denotes the state of a tagged HOL

packet in AC g at the j-th transition and V
(g)
j denotes the epoch at which the

j-th transition occurs.
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Figure 3.3: Embedded Markov chain
{
X

(g)
j

}
of the state transition process of an

individual HOL packet in AC g in IEEE 802.11e EDCA networks, g=1, ...,M .

Fig. 3.3 shows the embedded Markov chain X(g)=
{
X

(g)
j

}
. Similar to the

analytical model in Chapter 2, the states of
{
X

(g)
j

}
can be divided into three

categories: 1) waiting to request a transmission
(
State Ri, i = 0, ..., K(g)

)
, 2)

collision
(
State Fi, i = 0, ..., K(g)

)
, and 3) successful transmission

(
State T

)
.

As Fig. 3.3 illustrates, a HOL packet moves from State Ri to State T if the

transmission is successful; otherwise, it stays at State Fi until the end of the

collision and then moves to State Ri+1. Here i denotes the number of collisions

4Note that in the EDCA standard [32], the AIFS value of the AC with the highest priority
is set to be equal to DIFS, and the corresponding AIFS number is 2.
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experienced by the HOL packet of AC g and is incremented until it reaches the

cutoff phase K(g).

As has been shown in Chapter 2, p = limt→∞ pt denotes the limiting probabil-

ity of successful transmission of HOL packets given that the channel is idle.The

steady-state probability distribution of the embedded Markov chain shown in

Fig. 3.3 can then be obtained as

π
(g)
Ri

=


(1− p)iπ

(g)
T i = 0, ..., K(g) − 1

(1−p)K
(g)

p
π
(g)
T i = K(g)

(3.1)

and

π
(g)
Fi

= π
(g)
Ri

· (1− p), i = 0, ..., K(g). (3.2)

The interval between successive transitions, i.e., V
(g)
j+1 − V

(g)
j , is the holding

time in State X
(g)
j , which solely depends on State X

(g)
j , j = 0, 1, .... Similar to

the IEEE 802.11 DCF network, in IEEE 802.11e EDCA networks, all the nodes

have to wait for at least a period of time equal to DIFS after a successful/failed

packet transmission ends.5 As a result, the holding time τT in State T and the

holding time τF in State Fi, i = 0, ..., K(g), have the same values as those of

IEEE 802.11 DCF networks, which has been given in (2.3-2.4) in Chapter 2. In

this chapter, the system parameters adopted in the IEEE 802.11n standard [29]

are adopted, which are provided in Table 2.1. According to Table 2.1, it can be

obtained that τT = 74.4 time slots and τF = 72.1 time slots for the basic access

mechanism.

The mean holding time τ
(g)
Ri

in State Ri, i = 0, ..., K(g), of a HOL packet of AC

g, g=1, ...,M , on the other hand, is determined by the backoff protocol. When

a HOL packet enters State Ri, it randomly selects a value from {0, ...,W (g)
i − 1},

where W
(g)
i is the backoff window size of AC g, and then counts down at each

idle time slot. It leaves State Ri and makes a transmission request when the

5Strictly speaking, all the nodes should wait for at least the AIFS value of the AC with
the highest priority, which is set to be equal to DIFS in the EDCA standard [32], after a
successful/failed packet transmission ends.



3.2. System Model 71

B1 B2B0 …...

( )1 g

( )g

( )

( )

1g

g

i
W

( )g( )g( )g

( )

( )

1g

g

i
W

( )

( )

1g

g

i
W

( )

( )

1g

g

i
W

( )1 g ( )1 g ( )1 g

B ( )
1

g

iW

Figure 3.4: State transition diagram of a State-Ri HOL packet of AC g in IEEE
802.11e EDCA networks, i = 0, ..., K(g), g = 1, ...,M .

channel is idle and the counter is zero. Let G
(g),i
t denote the state of the backoff

counter of a State-Ri HOL packet of AC g at time slot t, i = 0, ..., K(g). The

transition process of
{
G

(g), i
t

}
can be described by the Markov chain shown in

Fig. 3.4, where α(g) denotes the steady-state probability of sensing the channel

idle of AC g, g = 1, ...,M . By following a similar derivation as Appendix A

of [48], the mean holding time τ
(g)
Ri

in State Ri of a HOL packet of AC g can be

obtained as

τ
(g)
Ri

=
1

2α(g)
· (1 +W

(g)
i ), (3.3)

i = 0, ..., K(g), g = 1, ...,M .

Recall that in IEEE 802.11 DCF networks, all the nodes have the same

steady-state probability of sensing the channel idle [48]. In IEEE 802.11e ED-

CA networks, in contrast, nodes in different ACs may have distinct steady-state

probabilities to sense the channel idle due to the difference of their AIFS values.

Specifically, for each node in AC 1 with the highest priority, it senses the channel

idle when the channel has neither a successful transmission nor a collision. The

corresponding steady-state probability of sensing the channel idle can be then

obtained as

α(1) =
1

1 + τF − τFp− (τT − τF )p ln p
, (3.4)

by following the derivation presented in Appendix B of [48]. For each node in

AC g > 1, it needs to wait for additional A(g) − A(1) time slots before it can

sense the channel. As a result, it senses the channel idle if and only if 1) the

channel is idle with neither a successful transmission nor a collision, and 2) given



72 Chapter 3

that the channel is idle, no one transmits during the A(g) −A(1) time slots. The

steady-state probability of sensing the channel idle by nodes in AC g can be then

obtained as

α(g) = α(1) · pA(g)−A(1)

=
pA

(g)−A(1)

1 + τF − τFp− (τT − τF )p ln p
, (3.5)

g = 1, ...,M . It should be pointed out that (3.5) is based on an implicit assump-

tion that each node follows an independent time-homogeneous backoff process

with an identical steady-state probability of successful transmission of HOL pack-

ets. As has been mentioned in Section 3.2, if multiple AIFS values are adopted,

the backoff process is indeed non-homogeneous. It can be expected that due

to ignoring the time dependency, deviation would be observed when ACs have

a large difference of AIFS values. Nevertheless, the accuracy is effectively im-

proved when the transmission attempts are sufficiently randomized with large

initial backoff window sizes. A detailed discussion on the validity of the assump-

tion will be presented in Section 3.4.2.

Finally, the limiting state probabilities of the Markov renewal process
(
X(g), V(g)

)
are given by

π̃
(g)
j =

π
(g)
j · τ (g)j

π
(g)
T · τT +

∑K(g)

i=0 π
(g)
Fi

· τF +
∑K(g)

i=0 π
(g)
Ri

· τ (g)Ri

, (3.6)

j ∈ S, where S is the state space of X(g), g = 1, ...,M . By substituting (3.1-3.3)

into (3.6), the probability of a HOL packet of AC g being in State T can be

obtained as

π̃
(g)
T =

τT

τT+τF · 1−p
p
+ 1

α(g) ·
(∑K(g)−1

i=0 (1− p)i · 1+W
(g)
i

2
+ (1−p)K

(g)

p
·
1+W

(g)

K(g)

2

) , (3.7)

g = 1, ...,M . Note that π̃
(g)
T is also the service rate of each node’s queue as each



3.3. Throughput Optimization of Saturated IEEE 802.11e EDCA
Networks 73

queue has a successful output if and only if the HOL packet stays at State T.

3.3 Throughput Optimization of Saturated IEEE

802.11e EDCA Networks

In this section, the network steady-state operating point of IEEE 802.11e EDCA

networks under saturated conditions will be characterized, based on which the

node throughput and network throughput performance will be further studied.

3.3.1 Steady-state Operating Point under Saturated Con-

ditions

In Section 3.2, the analysis has shown that the performance of IEEE 802.11e ED-

CA networks is crucially determined by p, the limiting probability of successful

transmission of HOL packets given that the channel is idle. In this subsection, the

steady-state operating point of saturated EDCA networks will be characterized

based on the fixed-point equation of p.

In a saturated network, each node in AC g must be in one of the following

four states:

S1: the HOL packet is in State Ri, i = 0, ..., K(g), and not requesting any trans-

mission;

S2: the HOL packet is in State Ri, i = 0, ..., K(g), and requesting a transmission;

S3: the HOL packet is in State T;

S4: the HOL packet is in State Fi, i = 0, ..., K(g).

For a given HOL packet in AC j, its transmission request is successful if and

only if the other n(j)−1 nodes in the same AC and n(g) nodes in the other M−1

ACs are in state S1, g ̸= j. The limiting probability of successful transmission
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of HOL packets given that the channel is idle, p, is then given by

p=(Pr{node in AC j is in S1|channel is idle})n
(j)−1

·
M∏

g=1,g ̸=j

(Pr{node in AC g is in S1|channel is idle})n
(g)

. (3.8)

With a large number of nodes in each AC, (3.8) can be approximately written

as

p ≈
M∏
g=1

(Pr{node in AC g is in S1|channel is idle})n
(g)

. (3.9)

If the channel is idle, each node in AC g must be in either state S1 or S2. The

probabilities that a node is in state Sk, k = 1, 2, are given by

Pr{node in AC g is in S1} =
K(g)∑
i=0

π̃
(g)
Ri

(
1− r

(g)
i

)
, (3.10)

Pr{node in AC g is in S2} =
K(g)∑
i=0

π̃
(g)
Ri
r
(g)
i , (3.11)

where π̃
(g)
Ri

is the probability of the HOL packet of AC g being in State Ri.

r
(g)
i is the conditional probability that a State-Ri HOL packet of AC g makes a

transmission request given that the channel is idle, which can be easily obtained

as

r
(g)
i =

1

τ
(g)
Ri

· 1

α(1)
, (3.12)

i = 0, ..., K(g), g = 1, ...,M . By substituting (3.10-3.11) into (3.9), the limiting

probability of successful transmission of HOL packets given that the channel is
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idle, p, can be obtained as

p = exp
{
−
∑M

g=1 n
(g)/

(
τT p+τF (1−p)

1+τF−τF p−(τT−τF )p ln p
+

pA
(1)−A(g)

2

(
1+W (g)

(
p

2p−1
+(1− p

2p−1
)(2−2p)K

(g)
)))}

. (3.13)

With a large number of nodes n(g), g = 1, ...,M , we have

p ≈ exp

−
M∑
g=1

n(g)

K(g)∑
i=0

π̃
(g)
Ri
r
(g)
i


= exp

{
−1+τF−τFp−(τT−τF )p ln p

τTp

M∑
g=1

n(g)π̃
(g)
T

}
, (3.14)

by applying (1 − x)n
(g) ≈ exp{−n(g)x} for 0 < x < 1, and combining (3.1),

(3.3-3.4), (3.6) and (3.12).

In IEEE 802.11e EDCA networks, Binary Exponential Backoff (BEB) is

adopted. That is, the backoff window size W
(g)
i is set as

W
(g)
i = W (g) · 2i, (3.15)

i = 0, ..., K(g), where W (g) is the initial backoff window size of AC g, g = 1, ...,M .

By substituting (3.5), (3.7) and (3.15) into (3.14), we have

p = exp
{
−
∑M

g=1 n
(g)/

(
τT p+τF (1−p)

1+τF−τF p−(τT−τF )p ln p
+

pA
(1)−A(g)

2

(
1+W (g)

(
p

2p−1
+(1− p

2p−1
)(2−2p)K

(g)
)))}

. (3.16)

Numerical results show that (3.16) has one single non-zero root pA, which is

determined by 1) the number of nodes n(g), 2) the initial backoff window size
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W (g), 3) the cutoff phaseK(g), and 4) the AIFS numberA(g) of AC g, g = 1, ...,M .

To take a closer look at how the network steady-state point pA varies with the

backoff parameters, the analysis first assumes that all ACs have the same AIFS

number, i.e., A(1) = A(g), g = 1, ...,M . (3.16) can be then written as

p =exp

{
−

M∑
g=1

n(g)/

(
τTp+ τF (1− p)

1 + τF − τFp− (τT − τF )p ln p
+

1

2

(
1+W (g)

(
p

2p−1
+(1− p

2p−1
)(2−2p)K

(g)

)))}
. (3.17)

With K(g) = ∞, g = 1, ...,M , the first term of the denominator in the right-hand

side of (3.17) is much smaller than the second term, and can be ignored. pA can

be then explicitly written as

pA ≈
∑M

g=1
2n(g)

W (g)

W0

(∑M
j=1

2n(g)

W (g) exp
(∑M

g=1
4n(g)

W (g)

)) . (3.18)

where W0(·) is the principal branch of the Lambert W function [95]. (3.18)

indicates that pA is a monotonic decreasing function of
∑M

g=1
n(g)

W (g) . To ensure

that the network steady-state point pA is constant, the initial backoff window

size of each AC W (g) should be properly adjusted according to the number of

nodes n(g), g = 1, ...,M .

On the other hand, if all ACs have the same initial backoff window size and

cutoff phase, i.e., W (g) = W , K(g) = K, g = 1, ...,M , (3.16) can be written as

p = exp
{
−
∑M

g=1 n
(g)/

(
τT p+τF (1−p)

1+τF−τF p−(τT−τF )p ln p
+

pA
(1)−A(g)

2

(
1+W

(
p

2p−1
+(1− p

2p−1
)(2−2p)K

)))}
. (3.19)

With K = ∞, the first term of the denominator in the right-hand side of (3.19)

is much smaller than the second term, and can be ignored. (3.19) can be then
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approximated by

p ≈ exp

{
−2(2p− 1)

Wp

M∑
g=1

n(g)pA
(g)−A(1)

}
. (3.20)

It can be clearly seen from (3.20) that similar to (3.18), when multiple AIFS

values are adopted, the initial backoff window size W should be also properly

adjusted according to the number of nodes of each AC {n(g)} to keep the network

steady-state point pA constant. As will be demonstrated in the next section, an

adaptive tuning of the initial backoff window sizes is the key to maximizing the

network throughput.

3.3.2 Node Throughput

In a saturated network, the throughput of each node is determined by its service

rate. For a node of AC g, its throughput can be written as

λ
(g)
out = π̃

(g)
T , (3.21)

g=1, ...,M . By combining (3.4-3.5), (3.7), (3.15) and (3.21), λ
(g)
out can be obtained

as

λ
(g)
out=1/

(
1+

τF (1−pA)

τTpA
+
1+τF−τFpA−(τT−τF )pA ln pA

2τTp
A(g)−A(1)+1
A

·
(
1+W (g)

(
pA

2pA−1
+(1− pA

2pA−1
)(2−2pA)

K(g)

)))
. (3.22)

As can be seen from (3.22), the node throughput λ
(g)
out is closely dependent on

the initial backoff window size W (g), the cutoff phase K(g) and the AIFS number

A(g), g = 1, ...,M . The following subsections will demonstrate how the node
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throughput performance varies with these backoff parameters.

3.3.2.1 Backoff Window Size Differentiation

Let us first assume that all ACs have the same AIFS number, i.e., A(1) = A(g),

g = 1, ...,M . The node throughput can be then written as

λ
(g)
out=1/

(
1+

τF (1−pA)

τTpA
+
1+τF−τFpA−(τT−τF )pA ln pA

2τTpA

·
(
1+W (g)

(
pA

2pA−1
+(1− pA

2pA−1
)(2−2pA)

K(g)

)))
, (3.23)

according to (3.22).

Fig. 3.5 illustrates the node throughput performance of two ACs with differ-

ent values of initial backoff window size and cutoff phase. As can be seen from

Fig. 3.5, with an increasing network size n, the node throughput performance of

both ACs deteriorates due to a decreasing steady-state point pA. A closer look

at Fig. 3.5a indicates that AC 1 achieves a higher node throughput because of

a smaller initial backoff window size W (1) and cutoff phase K(1). The ratio of

λ
(2)
out to λ

(1)
out, however, may significantly vary with the network size n. As can

be seen from Fig. 3.5b, when n is small, the node-throughput ratio quickly de-

creases as n increases, indicating that nodes in the low-priority AC 2 tend to be

starved, i.e., suffer from more severe throughput degradation, as the contention

level grows. Nevertheless, with a large n, pA ≪ 1. The node-throughput ratio of

ACs i, j ∈ {1, ...,M} can be then approximately obtained as

λ
(i)
out

λ
(j)
out

≈
1 + 1+τF

2τF

(
1 +W (j) · 2K(j)

)
1 + 1+τF

2τF

(
1 +W (i) · 2K(i)

) , (3.24)

according to (3.23), which becomes insensitive to the change of the the network

size n.

It can be also seen from (3.23) that when the cutoff phase of each AC
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n

(1)
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out

(a)

A
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(2) (1)/
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Figure 3.5: Node throughput λ
(g)
out, g = 1, 2, steady-state operating point pA

and node-throughput ratio
λ
(2)
out

λ
(1)
out

versus the network size n=
∑2

g=1 n
(g) in a sat-

urated two-AC IEEE 802.11e EDCA network with the basic access mechanis-
m. n(1)=n(2). A(1)=A(2)=2. W (1)=16. W (2)=32. K(1)=1. K(2)=5. (a) N-

ode throughput λ
(g)
out, g=1, 2. (b) Steady-state operating point pA and node-

throughput ratio
λ
(2)
out

λ
(1)
out

.

K(g) ≫ 1, the first and second terms of the denominator in the right-hand

side of (3.23) are much smaller than the third term. The node throughput can

be then approximated by

λ
(g)
out ≈2τTpA/

(
W (g) (1+τF−τFpA−(τT−τF )pA ln pA)

·
(

pA
2pA−1

+ (1− pA
2pA−1

)(2−2pA)
K(g)

))
, (3.25)

g = 1, ...,M . According to (3.25), if K(g) = K, we have

λ
(i)
out

λ
(j)
out

=
W (j)

W (i)
, (3.26)
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for i, j ∈ {1, ...,M}, which is consistent with [60–65].

3.3.2.2 AIFS Differentiation

If all ACs have the same initial backoff window size and cutoff phase, i.e., W (g) =

W , K(g) = K, g = 1, ...,M , the node throughput can be written as

λ
(g)
out=1/

(
1+

τF (1−pA)

τTpA
+
1+τF−τFpA−(τT−τF )pA ln pA

2τTp
A(g)−A(1)+1
A

·
(
1+W

(
pA

2pA−1
+(1− pA

2pA−1
)(2−2pA)

K

)))
, (3.27)

according to (3.22).

Fig. 3.6 illustrates the node throughput performance of two ACs with dif-

ferent AIFS numbers. As can be seen from Fig. 3.6a, AC 1 achieves a higher

node throughput due to a smaller AIFS number. Similar to the case of backoff

window size differentiation, the node throughputs of both ACs decline as the

network size n grows due to a decreasing pA. Different from Fig. 3.5b, however,

the node-throughput ratio λ
(2)
out/λ

(1)
out does not converge even when n is large.

To see the difference, let us assume that the cutoff phase K ≫ 1. The node

throughput can be approximately written as

λ
(g)
out≈

2τTp
A(g)−A(1)+1
A

W (1 + τF − τFpA − (τT − τF )pA ln pA)
(

pA
2pA−1

+ (1− pA
2pA−1

)(2− 2pA)K
) ,

(3.28)

g = 1, ...,M , by ignoring the first and second terms of the denominator in the

right-hand side of (3.27). The node-throughput ratio of ACs i, j ∈ {1, ...,M} is

then given by

λ
(i)
out

λ
(j)
out

= pA
(i)−A(j)

A , (3.29)

according to (3.28). By comparing (3.29) with (3.26), it can be clearly seen that
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Figure 3.6: Node throughput λ
(g)
out, g = 1, 2, steady-state operating point pA and

node-throughput ratio
λ
(2)
out

λ
(1)
out

versus the network size n=
∑2

g=1 n
(g) in a saturated

two-AC IEEE 802.11e EDCA network with the basic access mechanism. n(1) =
n(2). A(1) = 2. A(2) = 7. W = 32 and K = 5. (a) Node throughput λ

(g)
out,

g = 1, 2. (b) Steady-state operating point pA and node-throughput ratio
λ
(2)
out

λ
(1)
out

.

the node-throughput ratio of two ACs is exponential to their AIFS difference,

i.e., A(i)−A(j), but linear to the inverse ratio of their initial backoff window sizes,

i.e., W (j)/W (i). With a small pA, for instance, a slight difference of the AIFS

numbers may lead to drastically different node throughput performance accord-

ing to (3.29). It explains why it was observed in [67, 68, 71–76, 81, 82] that the

AIFS differentiation is more effective than the backoff window size differentiation

in terms of adjusting the node throughput performance.

(3.29) also indicates that if the initial backoff window size W is fixed, the

node-throughput ratio of a low-priority AC to a high-priority AC will decrease

as the network size n grows due to a diminishing pA. In contrast with the case of

backoff window size differentiation where the ratio becomes insensitive to n when

n is large enough, here the node-throughput ratio continues to drop as n grows,

and eventually becomes zero. It implies that when the network size n is large, the

channel resources are mostly occupied by the nodes from high-priority ACs. By
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excluding the low-priority ACs from contention, the network throughput could

be much improved compared to the backoff window size differentiation mode.

The gains are, nevertheless, achieved at the cost of sacrificing the throughput

performance of low-priority ACs.

3.3.3 Throughput Optimization and Differentiation

Base on the analysis on node throughput performance, it will be further demon-

strated in this subsection how to achieve the maximum network throughput and a

set of pre-specified target node-throughput ratios by properly tuning the backoff

parameters of each AC.

Specifically, by combining (3.14) and (3.21), the network throughput λ̂out can

be obtained as

λ̂out=
M∑
g=1

n(g)π̃
(g)
T =

−τTpA ln pA
1+τF−τFpA−(τT−τF )pA ln pA

. (3.30)

It is interesting to note from (3.30) that the expression of network throughput

of an IEEE 802.11e EDCA network is identical to that of an IEEE 802.11 DCF

network, i.e., Eq. (2.36) in Chapter 2. Therefore, according to Theorem 1, the

maximum network throughput λ̂max = maxpA λ̂out of a saturated IEEE 802.11e

EDCA network can be obtained as

λ̂max =
−W0

(
− 1

e(1+1/τF )

)
τF/τT − (1− τF/τT )W0

(
− 1

e(1+1/τF )

) . (3.31)

The corresponding steady-state operating point p∗A to achieve λ̂max is the same

derivation of (2.38) in Chapter 2, which can be written as

pA = p∗A = −(1 + 1/τF )W0

(
− 1

e(1 + 1/τF )

)
. (3.32)
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It is interesting to note from (3.31) that the maximum network throughput λ̂max

of an IEEE 802.11e EDCA network is solely determined by the holding time of

HOL packets in successful transmission and collision states, τT and τF . It clearly

shows that λ̂max is independent of the differentiation schemes, indicating that

a network where HOL packets have distinct backoff parameters has the same

maximum network throughput as that with identical ones.

To achieve the maximum network throughput, however, the backoff param-

eters should be carefully tuned such that pA = p∗A. In Section 3.3.2, it has

been shown that with fixed backoff parameters, the node-throughput ratio of a

low-priority AC to a high-priority AC decreases as the network size n increases.

Define β(g) as the target node-throughput ratio of AC g to AC 1, i.e.,

β(g)=λ
(g)
out/λ

(1)
out, (3.33)

g=1, ...,M . In the following, it will be demonstrated how to achieve the maxi-

mum network throughput λ̂max and the target node-throughput ratios {β(g)} by

properly tuning the backoff parameters of each AC. As throughput differentia-

tion can be provided by either choosing distinct initial backoff window sizes or

adopting multiple AIFS numbers, the backoff window size differentiation and the

AIFS differentiation will be discussed separately in the following subsections.

3.3.3.1 Backoff Window Size Differentiation

Let us first assume that all ACs have the same AIFS numbers, i.e., A(1) = A(g),

g = 1, ...,M . Corollary 3 presents the optimal set of initial backoff window

sizes {W (g)
m } to achieve the maximum network throughput λ̂max and pre-specified

target node-throughput ratios
{
β(g)
}
.

Corollary 3. The maximum network throughput λ̂max and the target node-throughput

ratios
{
β(g)
}
can be achieved when K(g) = ∞ and W (g) = W

(g)
m , where W

(g)
m is
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given by

W (g)
m =

∑M
j=1 n

(j)β(j)

β(g)
·

−4(1+τF )
τF

W0

(
− 1

e(1+1/τF )

)
− 2

1+τF
τF

W0

(
− 1

e(1+1/τF )

)
ln
(
−1+τF

τF
W0

(
− 1

e(1+1/τF )

)) , (3.34)

g = 1, ...,M .

Proof. See Appendix G.

n

(g)

m
W

Figure 3.7: The optimal initial backoff window sizes {W (g)
m } versus the network

size n=
∑4

g=1 n
(g) in a saturated four-AC IEEE 802.11e EDCA network with

the basic access mechanism if the backoff window size differentiation mode is
chosen.

{
β(g)
}
= {1, 0.8, 0.6, 0.4}. n(1)=n(2)=n(3)=n(4). A(g) = 2 and K(g) = ∞,

g = 1, ..., 4.

It can be clearly seen from (3.34) that the optimal initial backoff window size

W
(g)
m of AC g is closely dependent on the number of nodes n(j) and the target

node-throughput ratio β(j) of all the ACs, j = 1, ...,M . For illustration, Fig.

3.7 plots the optimal initial backoff window sizes {W (g)
m } of a saturated four-AC

IEEE 802.11e EDCA network in the basic access mode with pre-specified target
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node-throughput ratios
{
β(g)
}
={1, 0.8, 0.6, 0.4}. In this case, the holding time

of HOL packets τT at the successful transmission state and the holding time τF

at the collision states are given by τT=74.4 time slots and τT=72.1 time slots,

respectively. {W (g)
m } can be then written as

W (g)
m = 10.6

∑4
j=1 n

(j)β(j)

β(g)
, (3.35)

g=1, ..., 4. As can be seen from Fig. 3.7, the optimal initial backoff window

size W
(g)
m of each AC increases linearly as the network size n grows, and the

increasing rate is inversely proportional to its target node-throughput ratio β(g).

It clearly shows that an adaptive tuning of the initial backoff window sizes is

indispensable to achieve the maximum network throughput and the pre-specified

node-throughput ratios among ACs.

3.3.3.2 AIFS Differentiation

If all ACs have the same initial backoff window size, different AIFS numbers

could be adopted to provide distinct node-throughput performance. Corollary 4

shows that to achieve the maximum network throughput λ̂max, the initial backoff

window size W should be adaptively adjusted according to the network size.

In the meanwhile, the AIFS numbers should be properly selected based on the

pre-specified target node-throughput ratios {β(g)}.

Corollary 4. With W (g) = W , K(g) = ∞, g = 1, ...,M , the maximum network

throughput λ̂max and the target node-throughput ratios
{
β(g)
}

can be achieved

when W = Wm and A(g) = A
(g)
m , where Wm and A

(g)
m are given by

Wm =
M∑
g=1

n(g)β(g) ·
−4(1+τF )

τF
W0

(
− 1

e(1+1/τF )

)
− 2

1+τF
τF

W0

(
− 1

e(1+1/τF )

)
ln
(
−1+τF

τF
W0

(
− 1

e(1+1/τF )

)) , (3.36)
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and

A(g)
m = A(1) +

ln
(
β(g)
)

ln
(
−(1 + 1/τF )W0

(
− 1

e(1+1/τF )

)) , (3.37)

g = 1, ...,M , respectively.

Proof. See Appendix H.

Corollary 4 indicates that to achieve the maximum network throughput λ̂max

and the pre-specified target node-throughput ratios {β(g)}, both the initial back-

off window size W and the AIFS numbers {A(g)} should be properly adjusted.

Fig. 3.8 illustrates the optimal setting of a saturated four-AC IEEE 802.11e ED-

CA network in the basic access mode with pre-specified target node-throughput

ratios
{
β(g)
}
= {1, 0.8, 0.6, 0.4}. In this case, the optimal initial backoff window

size Wm and the optimal AIFS numbers {A(g)
m } can be written as

Wm = 10.6
4∑

j=1

n(j)β(j), (3.38)

and

A(g)
m = 2− 6.37 ln

(
β(g)
)
, (3.39)

g = 1, ..., 4, respectively, according to (3.36-3.37). It can be clearly seen from Fig.

3.8 and (3.38-3.39) that in the AIFS differentiation mode, the AIFS number of

each AC is solely determined by its target node-throughput ratio. Yet to achieve

the maximum network throughput, the initial backoff window size of each node

should be also carefully tuned according to the network size. It can be concluded

from (3.35) and (3.38-3.39) that although the maximum network throughput with

pre-specified target node-throughput ratios can be achieved in either the backoff

window size differentiation mode or the AIFS differentiation mode, the latter
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Figure 3.8: The optimal setting of a saturated four-AC IEEE 802.11e EDCA
network with the basic access mechanism if the AIFS differentiation mode is
chosen.

{
β(g)
}
={1, 0.8, 0.6, 0.4}. n=

∑4
g=1 n

(g) and n(1)=n(2)=n(3)=n(4). K=∞.
(a) The optimal initial backoff window size Wm versus the network size n. (b)

The optimal AIFS numbers {A(g)
m } versus the network size n.

requires more tuning parameters.

Note that in practical systems, both the AIFS number and the initial backoff

window size of each node should be integers. Recall that it has been shown in

Section 3.3.2 that the node-throughput ratio of two ACs is exponential to their

AIFS difference, but linear to the inverse ratio of their initial backoff window

sizes. It can be then expected that the effect of rounding errors of the AIFS

numbers on the node-throughput ratio is much more significant than that of the

initial backoff window sizes. As will be shown in Section 3.4, for given target

node-throughput ratios, better precision can be provided in the backoff window

size differentiation mode.

3.4 Simulation Results and Discussions

In this section, simulation results will be presented to verify the analysis present-

ed in Sections 3.2 and 3.3. All the simulations are conducted by using the ns-2

simulator, and the values of system parameters are summarized in Table 2.1.
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3.4.1 Backoff Window Size Differentiation

Let us first focus on the backoff window size differentiation. In this case, the

AIFS numbers of all ACs are set as 2. In Section 3.3.1, the network steady-

state operating point pA is derived by assuming that all ACs have the same

limiting probability of successful transmission of HOL packets given that the

channel is idle. Fig. 3.9 presents the simulation results of the probability of

successful transmission of HOL packets of each AC in a saturated two-AC IEEE

802.11e EDCA network. As can be seen from Fig. 3.9, in spite of distinct

initial backoff window sizes, two ACs have a similar probability of successful

transmission of HOL packets even when the difference of their initial backoff

window sizes is large, i.e., W (1) = 16 and W (2) = 8192 for instance. Intuitively,

a node with a larger initial backoff window size has fewer chances to transmit,

(1) =16W

(1) =128W

(1) =1024W
A

p

(2)
W

Figure 3.9: The steady-state operating point pA and simulated probability of
successful transmission of HOL packets of each AC versus the initial backoff
window size W (2) of AC 2 in a saturated two-AC IEEE 802.11e EDCA network
with the basic access mechanism. n(1)=n(2)=20. A(1) = A(2) = 2. K(1) = K(2) =
16.
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but its probability of successful transmission is determined by the activities of all

the nodes in the network. The good match between the analysis and simulation

results in Fig. 3.9 corroborates that the assumption of identical probability of

successful transmission among ACs serves as an accurate approximation despite

the difference of initial backoff window sizes.

Section 3.3 further demonstrates that both the node throughput and the

network throughput are closely dependent on the initial backoff window size and

the cutoff phase of each AC. Let us consider a saturated four-AC IEEE 802.11e

EDCA network with the standard setting illustrated in Table 3.2. The network

throughput λ̂out and the node throughput λ
(g)
out, g = 1, ..., 4, have been given in

(3.30) and (3.23), respectively, which are verified by simulation results presented

in Fig. 3.10. It can be clearly seen from Fig. 3.10 that with the standard setting,

the network throughput λ̂out steadily declines as the network size n increases, and

becomes much lower than the maximum network throughput. Intuitively, with

fixed backoff window sizes, the contention level in the network grows as more

ˆ
out

(1)

out

(2)

out

(3)

out

(4)

out

max
ˆ

=

n

Figure 3.10: Network throughput λ̂out and node throughput λ
(g)
out, g=1, ..., 4, ver-

sus the network size n=
∑4

g=1 n
(g) in a saturated four-AC IEEE 802.11e EDCA

network in the basic access mode with the standard setting. n(1)=n(2)=n(3)=n(4).
A(g) = 2, g=1, ..., 4. {W (g)} and {K(g)} are given in Table 3.2.
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saturated nodes attempt to transmit, thus leading to deteriorating throughput

performance.

Section 3.3.2 also shows that the node-throughput ratios may vary with

the network size n. With n=20, for instance, the node throughputs of AC-

s 1-4 are 0.0709, 0.0403, 0.0062 and 0.0062, respectively, according to (3.23),

which lead to node-throughput ratios of {1, 0.5684, 0.0874, 0.0874}. As n in-

creases to 40, the node throughputs of ACs 1-4 reduce to 0.0230, 0.0127, 0.0008

and 0.0008, respectively, and the corresponding node-throughput ratios become

{1, 0.5522, 0.0348, 0.0348}. It is clear that the node-throughput ratios of low-

priority ACs steadily decrease as the network size n grows.

n

ˆ
out

(2)

out

max
ˆ =

(1)

out

(3)

out
(4)

out

(a)
n

(g)

(b)

Figure 3.11: Network throughput λ̂out, node throughput λ
(g)
out and node-

throughput ratio β(g) = λ
(g)
out/λ

(1)
out, g=1, ..., 4, versus the network size

n=
∑4

g=1 n
(g) in a saturated four-AC IEEE 802.11e EDCA network in the basic

access mode with the optimal setting. n(1)=n(2)=n(3)=n(4). A(g) = 2, W (g)=W
(g)
m

and K(g)=16, g=1, ..., 4. (a) Network throughput λ̂out and node throughput λ
(g)
out,

g=1, ..., 4. (b) Node-throughput ratio β(g) = λ
(g)
out/λ

(1)
out, g=1, ..., 4.

It can be concluded from Fig. 3.10 that with the standard setting, the

node-throughput ratios of ACs vary with the network size n, and the network

throughput becomes far below its maximum value when n is large. To achieve

the maximum network throughput and maintain target node-throughput ratios,

Corollary 3 in Section 3.3.3 has shown that the initial backoff window size of each
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AC should be carefully adjusted according to (3.34). Specifically, the optimal

initial backoff window sizes {W (g)
m } of a saturated four-AC IEEE 802.11e EDCA

network in the basic access mode with pre-specified target node-throughput ra-

tios
{
β(g)
}
= {1, 0.8, 0.6, 0.4} have been illustrated in Fig. 3.7. Fig. 3.11 further

presents the corresponding throughput performance. It can be clearly seen from

Fig. 3.11 that with an adaptive tuning of the initial backoff window sizes, the

maximum network throughput λ̂max can be always achieved regardless of the

variation of the network size. In the meanwhile, the node-throughput ratios are

also maintained at the target level.

3.4.2 AIFS Differentiation

If each AC is assigned with a distinct AIFS number, the assumption that each

node follows a time-homogeneous backoff process may not hold any more. As

has been mentioned in Section 3.1, with multiple AIFS values among ACs, there

exist certain time periods during which the node contention is limited to the high-

priority ACs. If the initial backoff window size is small, there is a good chance

that the high-priority ACs would access the channel during those time periods.

As a result, the overall probability of successful transmission of the high-priority

ACs would be much higher than that of the low-priority ACs. As can be seen

from Fig. 3.12, the difference of the probability of successful transmission of HOL

packets between AC 1 and AC 2 is significant when the initial backoff window

size W is small, which is further enlarged as the AIFS difference, A(2) − A(1),

increases. If W is large enough, nevertheless, the transmission attempts of high-

priority ACs can be randomized rather than intensifying at the above-mentioned

time periods. As Fig. 3.12 illustrates, with W ≥ 512, the simulated probabilities

of successful transmission of two ACs are close to each other and agree with the

analysis, indicating that the backoff process of each node in this case can be

well approximated as a time-homogeneous one, each with an identical limiting

probability of successful transmission of HOL packets.

In the current standard setting, the AIFS numbers of four ACs are given

by A(1) = A(2) = 2, A(3) = 3, and A(4) = 7, respectively. The corresponding
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network throughput and node throughput performance is presented in Fig. 3.13.

It can be clearly observed from Fig. 3.13a that with a small initial backoff

window size W = 32, the simulation results of node throughputs of low-priority

ACs 3 and 4 significantly deviate from the analysis due to the approximation

error. The accuracy is, nevertheless, substantially improved when W increases

to 1024, as Fig. 3.13b shows. Better network throughput performance can be

also observed in Fig. 3.13b due to a higher probability of successful transmission

pA as illustrated in Fig. 3.12.

A
p

W

(a)

A
p

W

(b)

Figure 3.12: The steady-state operating point pA and simulated probability of
successful transmission of HOL packets of each AC versus the initial backoff
window size W in a saturated two-AC IEEE 802.11e EDCA network with the
basic access mechanism. n(1)=n(2)=20. K = 16. (a) A(1) = 2, A(2) = 3. (b)
A(1) = 2, A(2) = 7.

Moreover, a closer look at Fig. 3.13a indicates that the network through-

put declines as the network size n increases due to a growing contention level.

The degradation is, however, much lower compared to the case of backoff win-

dow size differentiation shown in Fig. 3.10. As has been mentioned in Section

3.3.2, such gains on network throughput are achieved at the cost of sacrificing

the throughput performance of low-priority ACs. If the backoff parameters are

properly tuned rather than being fixed, both differentiation modes can indeed
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achieve the same maximum network throughput.

max
ˆ

ˆ
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(1)

out

(2)

out

(3)

out

(4)

out

n

=

(a)

max
ˆ

(1)

out
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out

(4)

out

n

ˆ
out
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out

=

(b)

Figure 3.13: Network throughput λ̂out and node throughput λ
(g)
out, g=1, ..., 4, ver-

sus the network size n=
∑4

g=1 n
(g) in a saturated four-AC IEEE 802.11e EDCA

network in the basic access mode with the standard setting. n(1)=n(2)=n(3)=n(4).
K = 16. A(1) = A(2) = 2, A(3) = 3 and A(4) = 7. (a) W = 32. (b) W = 1024.

Specifically, Corollary 4 in Section 3.3.3 shows that to achieve the maximum

network throughput and the pre-specified target node-throughput ratios, the ini-

tial backoff window size and the AIFS number of each AC should be carefully

adjusted according to (3.36) and (3.37), respectively. The optimal initial backoff

window size Wm and the optimal AIFS numbers {A(g)
m } of a saturated four-AC

IEEE 802.11e EDCA network in the basic access mode with pre-specified node-

throughput ratios
{
β(g)
}

= {1, 0.8, 0.6, 0.4} have been illustrated in Fig. 3.8.

The corresponding throughput performance is further presented in Fig. 3.14.

It can be clearly seen from Fig. 3.14 that with the optimal setting, both the

maximum network throughput and the required node-throughput ratios can be

always achieved regardless of the variation of the network size n. Note that the

simulated node-throughput ratios slightly deviate from the target values. As

has been mentioned in Section 3.3.3, errors are introduced when rounding the

optimal AIFS numbers and initial backoff window sizes into integers. The effect

of rounding errors could be much more pronounced in the AIFS differentiation

mode as the node-throughput ratio of two ACs is exponential to their AIFS dif-
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ference. Here it can be concluded from Fig. 3.11 and Fig. 3.14 that although the

maximum network throughput with pre-specified target node-throughput ratios

can be achieved in both differentiation modes, the backoff window size differen-

tiation may be a more preferable option as it requires fewer tuning parameters

and provides better precision than the AIFS differentiation.

max
ˆ =

n

(1)

out

(2)

out

(3)

out

(4)

out

ˆ
out

(a)

n

(g)

(b)

Figure 3.14: Network throughput λ̂out, node throughput λ
(g)
out and node-

throughput ratio β(g) = λ
(g)
out/λ

(1)
out, g=1, ..., 4, versus the network size

n=
∑4

g=1 n
(g) in a saturated four-AC IEEE 802.11e EDCA network in the basic

access mode with the optimal setting. n(1)=n(2)=n(3)=n(4). K = 16. W = Wm

and A(g) = A
(g)
m , g=1, ..., 4. (a) Network throughput λ̂out and node throughput

λ
(g)
out, g=1, ..., 4. (b) Node-throughput ratio β(g) = λ

(g)
out/λ

(1)
out, g=1, ..., 4.

3.5 Summary

In this chapter, the analytical framework introduced in Chapter 2 is further ex-

tended to IEEE 802.11e EDCA networks. The network steady-state operating

point pA at saturated conditions is derived as a function of the backoff parame-

ters including the initial backoff window size and the AIFS number of each AC,

based on which explicit expressions of node throughput and network throughput

at pA are further obtained. The analysis shows that the node-throughput ratio
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of two ACs is exponential to their AIFS difference, but linear to the inverse ra-

tio of their initial backoff window sizes. It explains why it was widely observed

that the AIFS differentiation is more effective than the backoff window size dif-

ferentiation in terms of adjusting the node throughput performance. Moreover,

with fixed backoff parameters (as the current EDCA standard does), both the

network throughput and the node-throughput ratio of a low-priority AC to a

high-priority AC are shown to decrease with the network size, which indicates

that the throughput performance would deteriorate as the network size grows,

and nodes from low-priority ACs suffer from more severe throughput degradation

than those high-priority ones.

The analysis further reveals that to maximize the network throughput un-

der a certain differentiation requirement, i.e., a set of pre-specified target node-

throughput ratios, the backoff parameters of each AC should be adaptively tuned.

In particular, to achieve the maximum network throughput, the initial backoff

window size of each AC should be linearly increased with the network size. The

differentiation requirement can be met by adjusting either the AIFS number or

the increasing rate of the initial backoff window size of each AC according to the

target node-throughput ratios. Yet the latter provides better precision.

The analysis provides direct guidance for practical network design. Based

on the explicit expressions of the optimal initial backoff window sizes and AIFS

numbers derived in this chapter, the access point can easily calculate the opti-

mal backoff parameters according to the number of nodes and the target node-

throughput ratio of each AC, and broadcast the updated backoff parameters in

each beacon frame. By doing so, both the maximum network throughput and

differentiated node throughput performance can be always achieved regardless

of the variation of the network size or the target differentiation requirement.

Note that in spite of throughput differentiation, the degradation of node

throughput of each AC is still inevitable as the number of nodes grows, which

implies that no QoS guarantee is provided in IEEE 802.11e EDCA networks. In

the next chapter, the QoS provision issue will be further addressed by applying

the proposed analytical framework.





Chapter 4

Throughput Optimization of

Non-real-time Flows with Delay

Guarantee of Real-time Flows in

IEEE 802.11e EDCA Networks

In this chapter, we will study how to adaptively tune system parameters to

maximize the aggregate throughput of non-real-time nodes with a certain mean

access delay constraint on real-time nodes for saturated IEEE 802.11e EDCA net-

works based on the proposed analytical framework in Chapter 3. This chapter is

organized as follows. Section 4.1 reviews the previous work. Section 4.2 presents

the system model and problem formulation. The throughput optimization of

non-real-time nodes with delay guarantee of real-time nodes is presented in Sec-

tion 4.3, and is verified by simulation results provided in Section 4.4. Finally, a

brief summary is given in Section 4.5.
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4.1 Previous Work

As shown in Section 3.1.1 in Chapter 3, to introduce service differentiation, IEEE

802.11e EDCA standard assigns distinct priority levels to traffic flows (e.g., voice,

video, data, etc.) by adopting different backoff parameters. With the current

standard setting [32], flows with higher priority achieve better node throughput

and delay performance when the network is saturated. As the network size

increases, nevertheless, the performance degradation is observed for all the traffic

flows, though to different extents [68, 71, 73]. In other words, despite service

differentiation, no QoS guarantee is provided by IEEE 802.11e EDCA standard.

Extensive studies have been conducted to address this issue, where a ma-

jor focus has been put on how to provide delay guarantee to real-time nodes

[54, 58, 85–93]. Various adaptive algorithms were proposed to achieve the mean

delay requirement of real-time nodes by adjusting the backoff parameters such

as the initial backoff window sizes [54, 85, 87, 88] or the transmission opportuni-

ties (TXOPs) [85, 86, 89] based on the periodic measurement of the traffic load.

To provide short-term delay guarantee, channel access schemes were further in-

troduced in [90–92], where the transmissions of non-real-time nodes with lower

priority were suspended with a busy tone to accommodate the real-time traf-

fic flows. Admission control schemes were also proposed in [58, 86, 91, 93] to

regulate the network input traffic based on analytical models [86] or channel

measurements such as the channel busyness ratio [58] and the transmission time

occupancy [56,91].

In the above studies, the performance optimization of coexisting non-real-

time nodes is not taken into consideration. Non-real-time flows such as file

downloading are mostly delay-tolerant while greedy in terms of throughput. It

has been long observed that non-real-time flows with the lowest priority tend to

be starved as the network size grows in IEEE 802.11e EDCA networks [68,71,73].

It is thus of great practical importance to study how to optimize the performance

of non-real-time traffic flows under the constraint of providing QoS guarantee to

real-time ones. More specifically, with the prerequisite of satisfying the delay

requirement of real-time nodes, for instance, what is the maximum throughput

that can be achieved by the non-real-time nodes? And how to properly tune the
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system parameters to achieve it?

In this chapter, closed-form solutions will be provided to the above questions.

Based on the analysis in Chapter 3, for given mean access delay constraint on

real-time nodes, the maximum aggregate throughput of non-real-time nodes and

the optimal initial backoff window sizes to achieve it are derived as explicit

functions of system parameters. In the following section, the system model will

be first introduced and the optimization problem will be formulated.

4.2 System Model and Problem Formulation

Similar to Chapter 3, let us consider an n-node IEEE 802.11e EDCA network

with packet transmissions over a noiseless channel, where each node is equipped

with a buffer of infinite size and the maximum number of retransmission attempts

for each HOL packet is infinite. Assume that the network is saturated with two

kinds of traffic flows, i.e., non-real-time with nNRT nodes and real-time with nRT

nodes. As shown in Chapter 3, the backoff window size differentiation is a more

preferable option than the AIFS differentiation for performance optimization in

IEEE 802.11e EDCA networks. Therefore, this chapter only considers the backoff

window size differentiation. Specifically, suppose that the non-real-time nodes

and the real-time nodes adopt distinct initial backoff window sizes, denoted by

WNRT andWRT , respectively. The other backoff parameters, including the cutoff

phase K, the AIFS number and the TXOP value, are assumed to be identical. 1

In this chapter, the analysis focuses on the optimization problem of maximiz-

ing the aggregate throughput of non-real-time nodes λ̂NRT
out with a constraint C

on the mean access delay of real-time nodes E[DRT
0 ], which can be formulated

1To be more specific, the AIFS value is set to be the same as the DIFS in the DCF standard,
and the TXOP value is set to be zero, i.e., each node is allowed to transmit one packet each
time when it successfully accesses the channel.
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as

max
WNRT , WRT

λ̂NRT
out

s.t. E[DRT
0 ] ≤ C. (4.1)

It is clear that (4.1) is a multi-variable optimization problem, where λ̂NRT
out and

E[DRT
0 ] are both functions of the initial backoff window sizes of non-real-time

and real-time nodes, WNRT and WRT . According to (3.23) in Chapter 3, the

aggregate throughput of saturated non-real-time nodes λ̂NRT
out can be written as

λ̂NRT
out =nNRT/

(
1+

τF
τT

1−pA
pA

+

(
1

τT
+
τF
τT

(1−pA)−
(
1−τF

τT

)
pA ln pA

)
·
(

1

2pA
+
WNRT

2

(
1

2pA − 1
+

(
1

pA
− 1

2pA − 1

)
(2(1−pA))

K

)))
for large K

≈ 2nNRT/

(
WNRT

(
1

τT
+
τF
τT

(1−pA)−(1−τF
τT

)pA ln pA

)
·
(

1

2pA − 1
+

(
1

pA
− 1

2pA − 1

)
(2(1−pA))

K

))
, (4.2)

where pA is the root of the fixed-point equation of the limiting probability of

successful transmission of HOL packets p,

p =exp

−2nNRT/WNRT + 2nRT/WRT

p
2p−1

+
(
1− p

2p−1

)
(2(1−p))K

 . (4.3)

It can be clearly seen from (4.1-4.3) that searching for the optimal solution of

(4.1) leads to high computational complexity due to the complex nature of the

objective function and the size of the solution space. In the following section,

(4.1) will be converted to an equivalent optimization problem, based on which
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explicit expressions of the optimal initial backoff window sizes and the maximum

aggregate throughput of non-real-time nodes can be obtained.

4.3 Throughput Optimization of Non-real-time

Flows with Delay Guarantee of Real-time

Flows

The objective function of (4.1) can be written as

λ̂NRT
out = λ̂out − nRTλRT

out , (4.4)

where λ̂out denotes the network throughput and λRT
out is the throughput of each

real-time node. Note that for a saturated node, its mean access delay is inversely

proportional to its node throughput [48]. Therefore, the mean access delay of

each saturated real-time node can be written as

E[DRT
0 ] =

τT
λRT
out

, (4.5)

where τT denotes the holding time of HOL packets in successful transmission

state. The optimization problem (4.1) can then be written as

max
WNRT , WRT

λ̂out − nRTλRT
out

s.t. λRT
out ≥

τT
C
. (4.6)
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It can be clearly seen from (4.6) that the objective function is maximized when 1)

the network throughput λ̂out is maximized, and 2) the node throughput of real-

time nodes λRT
out is minimized, i.e., λRT

out = τT
C
. Theorem 3 presents the optimal

solution {WNRT
m ,WRT

m } of (4.6).

Theorem 3. For a saturated IEEE 802.11e EDCA network with K = ∞, if

C≥Cmin=
nRT

(
τF− (τT−τF )W0

(
− 1

e(1+1/τF )

))
−W0

(
− 1

e(1+1/τF )

) , (4.7)

the optimal solution of (4.6) is given by

WNRT
m =

nNRT

1−
nRT

(
τT−(τT−τF )W0

(
− 1

e(1+1/τF )

))
−C·W0

(
− 1

e(1+1/τF )

)

·
−4(1+τF )

τF
W0

(
− 1

e(1+1/τF )

)
− 2

1+τF
τF

W0

(
−1

e(1+1/τF )

)
· ln
(
−1+τF

τF
W0

(
−1

e(1+1/τF )

)) (4.8)

and

WRT
m =

−C ·W0

(
− 1

e(1+1/τF )

)
τT − (τT − τF )W0

(
− 1

e(1+1/τF )

)
·

−4(1+τF )
τF

W0

(
− 1

e(1+1/τF )

)
− 2

1+τF
τF

W0

(
−1

e(1+1/τF )

)
· ln
(
−1+τF

τF
W0

(
−1

e(1+1/τF )

)) , (4.9)

with which the maximum aggregate throughput of non-real-time nodes is given by

λ̂NRT
max =

−W0

(
−1

e(1+1/τF )

)
τF/τT− (1−τF/τT )W0

(
−1

e(1+1/τF )

)−nRT τT
C

. (4.10)
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Otherwise, (4.6) has no feasible solution.

Proof. See Appendix I.

Theorem 3 shows that the optimal solution is closely dependent on the holding

time of HOL packets in successful transmission and collision states, τT and τF . In

this chapter, the system parameters adopted in the IEEE 802.11n standard [29]

are also used, which are listed in Table 2.1. According to Table 2.1, it can be

obtained that τT=74.4 time slots and τF=72.1 time slots for the basic access

mechanism. (4.7-4.10) can be then written as2

Cmin = 87.8nRT , (4.11)

WNRT
m =

nNRT

0.0945− 8.3nRT

C

, (4.12)

WRT
m =0.12C, (4.13)

and

λ̂NRT
max = 0.85− 74.4

nRT

C
. (4.14)

It can be clearly seen from (4.12-4.13) that the optimal initial backoff win-

dow sizes of non-real-time and real-time nodes {WNRT
m ,WRT

m } are both closely

dependent on the mean access delay constraint of real-time nodes C. In partic-

ular, WNRT
m steadily declines as C grows, while WRT

m increases linearly with C.

It implies that as the mean delay constraint of real-time nodes becomes tighter,

2Note that in (4.7-4.14), the unit of C and Cmin is time slot. In Figs. 4.1-4.5, the unit is
converted to ms by multiplying the original results to the slot time, i.e., 9µs. Similarly, the unit
of λ̂NRT

out and λ̂NRT
max in Figs. 4.1-4.5 is converted to Mbps by multiplying the original results to

the channel bit rate, i.e., 54 Mbps.
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Figure 4.1: The aggregate throughput of non-real-time nodes λ̂NRT
out versus the

initial backoff window sizes of non-real-time nodes WNRT and real-time nodes
WRT with various values of the mean access delay constraint of real-time nodes
C in a saturated IEEE 802.11e EDCA network. nNRT=nRT=20. K=∞. (a)
C=200 ms. (b) C=20 ms.

the initial backoff window size of non-real-time nodes should be enlarged while

that of the real-time nodes needs to be reduced.

To verify it, Fig. 4.1 illustrates how the aggregate throughput of non-real-

time nodes λ̂NRT
out varies with the initial backoff window sizes {WNRT ,WRT}. The

grey shadow represents the domain of the initial backoff window sizes specified

by the mean access delay constraint of real-time nodes C. It can be clearly seen

from Fig. 4.1a that with C=200ms, the optimal initial backoff window sizes are

given by WNRT
m =230 and WRT

m =2677. As the delay constraint C declines from

200ms to 20ms, Fig. 4.1b shows that the optimal initial backoff window size of

non-real-time nodes WNRT
m grows to 1010, while that of real-time nodes WRT

m

declines to 268. In the meanwhile, the domain of the initial backoff window

sizes drastically shrinks, which implies that if the mean access delay constraint

C becomes too small, there will be no feasible solution. As Theorem 3 shows, the

optimal solution exists if and only if C is no less than Cmin, which is 15.8ms in

this case. In the following, Cmin is referred to as the minimum achievable mean

access delay of real-time nodes.

It can also be seen from Fig. 4.1 that the maximum aggregate throughput
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of non-real-time nodes λ̂NRT
max is closely dependent on the mean access delay con-

straint C, which decreases from 42.1 Mbps to 9.6 Mbps as C declines from 200

ms to 20 ms. To take a closer look, Fig. 4.2 illustrates how λ̂NRT
max varies with

the delay constraint C under various values of the number of real-time nodes

nRT . It can be seen from Fig. 4.2 that λ̂NRT
max monotonically increases as C

grows, indicating that as the delay constraint of real-time nodes is loosened, the

non-real-time nodes can achieve better throughput performance. For given C,

on the other hand, λ̂NRT
max steadily declines as the number of real-time nodes nRT

grows, which implies that as more saturated real-time nodes join the network,

the aggregate throughput of non-real-time nodes needs to be sacrificed to satisfy

the mean access delay constraint of real-time nodes.

20RT
n

50RT
n

(ms)C

10RT
n

m
ax
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b
p
s)
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Figure 4.2: The maximum aggregate throughput of non-real-time nodes λ̂NRT
max

versus the mean access delay constraint of real-time nodes C with various val-
ues of the number of real-time nodes nRT in a saturated IEEE 802.11e EDCA
network.

It can be also seen from Fig. 4.2 that for given number of real-time nodes

nRT , λ̂NRT
max drops to zero if C is smaller than the minimum achievable mean

access delay of real-time nodes Cmin. In this case, (4.6) has no feasible solution



106 Chapter 4

as the delay constraint cannot be satisfied no matter what values the initial

backoff window sizes are selected. On the other hand, for given mean access

delay constraint of real-time nodes C, it can be seen from Fig. 4.2 that the

number of real-time nodes nRT should be small enough to ensure that the delay

constraint is achievable, i.e., C ≥ Cmin. Specifically, the maximum acceptable

number of real-time nodes nRT
max for a saturated IEEE 802.11e EDCA network

can be obtained from (4.7) as

nRT
max =

−C ·W0

(
− 1

e(1+1/τF )

)
(
τF − (τT − τF )W0

(
− 1

e(1+1/τF )

)) . (4.15)

With the system parameters shown in Table I, we have

nRT
max = 0.0114C. (4.16)

The mean access delay constraint C cannot be satisfied if nRT > nRT
max.

4.4 Simulation Results and Discussions

In this section, simulation results will be presented to verify the analysis present-

ed in Section 4.3. All the simulations are conducted by using the ns-2 simulator,

and the values of system parameters are summarized in Table 2.1.

4.4.1 Standard Setting

In the current IEEE 802.11e standard [32], the non-real-time nodes have the low-

est priority with WNRT=32 and KNRT=5; the real-time nodes have the highest

priority with WRT=8 and KRT=1. Fig. 4.3a presents the throughput perfor-

mance with the standard setting. It can be clearly seen from Fig. 4.3a that



4.4. Simulation Results and Discussions 107

RT
n

M

out

RT

out

NRT

out

(a)

RT
n

M

max

RT
n

out

RT

out

NRT

out

(b)

Figure 4.3: Network throughput λ̂out, aggregate throughput of non-real-time
nodes λ̂NRT

out and aggregate throughput of real-time nodes λ̂RT
out versus the number

of real-time nodes nRT in a saturated IEEE 802.11e EDCA network. nNRT = 20.
(a) Standard setting. WNRT = 32. KNRT = 5. WRT = 8. KRT = 1. (b)
Optimal setting. C = 45ms. WNRT = WNRT

m . WRT = WRT
m . K = 16.

the aggregate throughput of non-real-time nodes drops from 10.2 Mbps to 0.006

Mbps as the number of real-time nodes nRT grows from 5 to 55, indicating that

with the standard setting, non-real-time nodes tend to be starved as more sat-

urated real-time nodes join the network. In the meanwhile, the total network

throughput also significantly deteriorates. With nRT=55, the network through-

put is only 0.93 Mbps, which is much lower than the maximum throughput 45.9

Mbps.

The mean access delay performance of real-time nodes E[DRT
0 ] with the s-

tandard setting is illustrated in Fig. 4.4. It can be clearly seen from Fig. 4.4

that E[DRT
0 ] exponentially increases with its number of nodes nRT . It implies

that even though the real-time nodes achieve much better performance than non-

real-time nodes, they still suffer from substantial performance degradation as the

network size grows, and no delay guarantee is provided.
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Figure 4.4: Mean access delay of real-time nodes E[DRT
0 ] versus the number of

real-time nodes nRT in a saturated IEEE 802.11e EDCA network. nNRT = 20.
Standard setting: WNRT = 32. KNRT = 5. WRT = 8. KRT = 1. Optimal
setting: C = 45ms. WNRT = WNRT

m . WRT = WRT
m . K = 16.

4.4.2 Optimal Setting

To maximize the aggregate throughput of non-real-time nodes with a certain

mean access delay constraint of real-time nodes, Theorem 3 in Section III has

shown that the initial backoff window sizes of non-real-time and real-time n-

odes should be carefully adjusted according to (4.8-4.9). Fig. 4.3b presents the

throughput performance with the optimal setting, with C=45ms for illustration.

It can be clearly observed that the aggregate throughput of non-real-time nodes

λ̂NRT
out is much improved compared to that with the standard setting. Fig. 4.4

further demonstrates that with the optimal setting, the mean access delay of

real-time nodes E[DRT
0 ] always equals its mean access delay constraint C.

Moreover, it can be seen from Fig. 4.3b that the aggregate throughput of

non-real-time nodes λ̂NRT
out steadily declines as the number of real-time nodes

nRT grows. It eventually drops to zero when nRT reaches the maximum accept-
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Figure 4.5: Network throughput λ̂out, aggregate throughput of non-real-time
nodes λ̂NRT

out and aggregate throughput of real-time nodes λ̂RT
out versus the mean

access delay constraint of real-time nodes C in a saturated IEEE 802.11e EDCA
network with the optimal setting. nNRT = nRT = 20. WNRT = WNRT

m . WRT =
WRT

m . K = 16.

able number of real-time nodes nRT
max = 57. In this case, the delay constraint of

real-time nodes cannot be satisfied. As Fig. 4.4 illustrates, the minimum achiev-

able mean access delay of real-time nodes Cmin steadily increases with nRT , and

exceeds the delay constraint C when nRT > nRT
max. It implies that admission con-

trol is crucial to providing delay guarantee for real-time nodes in IEEE 802.11e

EDCA networks.

Theorem 3 also shows that the maximum aggregate throughput of non-real-

time nodes λ̂NRT
max monotonically decreases as the mean access delay constraint

of real-time nodes C becomes smaller, which is verified by simulation results

presented in Fig. 4.5. It can be clearly seen from Fig. 4.5 that as the delay con-

straint C declines, the throughput performance of non-real-time nodes steadily

deteriorates, implying that the stricter the delay requirement of real-time nodes



110 Chapter 4

is, the lower throughput the non-real-time nodes can achieve. If C is too small,

i.e., smaller than the minimum achievable mean access delay Cmin, the maximum

aggregate throughput of real-time nodes is zero as the delay constraint C is not

achievable.

4.5 Summary

This chapter addresses a QoS provision issue for IEEE 802.11e EDCA networks:

how to maximize the throughput of non-real-time nodes with a given mean ac-

cess delay constraint of real-time nodes. The analysis shows that the maximum

aggregate throughput of non-real-time nodes λ̂NRT
max decreases as the delay con-

straint C is tightened or the number of real-time nodes nRT grows. For given

delay constraint C, λ̂NRT
max drops to zero when nRT exceeds the maximum ac-

ceptable number of real-time nodes nRT
max, indicating that admission control is

of significant importance for providing QoS guarantee in IEEE 802.11e EDCA

networks. For given number of real-time nodes nRT , on the other hand, there

exists a minimum achievable mean access delay Cmin for real-time nodes, below

which the delay requirement cannot be satisfied.

The analysis further shows that with the current standard setting, as more

real-time nodes join the network, the performance of real-time and non-real-

time nodes both degrade. In particular, real-time nodes experience longer mean

access delay and non-real-time nodes suffer from significant throughput degrada-

tion. To maximize the throughput of non-real-time nodes under a certain mean

access delay requirement of real-time nodes, the initial backoff window sizes of

non-real-time and real-time nodes should be carefully tuned according to their

numbers of nodes and the mean access delay constraint of real-time nodes. Ex-

plicit expressions of the optimal initial backoff window sizes are obtained, which

provide direct guidance for practical network design of IEEE 802.11e EDCA

networks.
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Conclusion and Future Work

5.1 Conclusion

Fueled by the worldwide acceptance and popularity of IEEE 802.11 WLANs,

performance evaluation of the MAC layer with the legacy DCF protocol and

the later EDCA scheme with QoS enhancements has become an important aca-

demic field with principal analytical and practical value. However, due to the

sophisticated network scenarios including varying traffic conditions, differentiat-

ed backoff parameters and diverse QoS requirements, modeling and performance

analysis of heterogeneous IEEE 802.11 DCF networks and IEEE 802.11e EDCA

networks have become overly complicated. The high computational complexi-

ty further leads to tremendous difficulties in performance optimization of IEEE

802.11 WLANs. A number of fundamental problems remain largely unknown,

such as, how to optimize the network throughput performance in heterogeneous

IEEE 802.11 DCF networks under various traffic conditions? How to achieve the

optimal network throughput performance and a certain throughput differentia-

tion requirement in IEEE 802.11e EDCA networks with various differentiation

schemes? How to maximize the throughput of non-real-time flows with delay

guarantee of real-time flows in IEEE 802.11e EDCA networks?

The work in this thesis provides a step towards filling that void at both the

theoretical and practical levels. From the theoretical viewpoint, the unified ana-

lytical framework proposed for homogeneous IEEE 802.11 DCF networks in [48]

is first generalized to the heterogeneous case with both unsaturated and saturated

groups of nodes, each of which has distinct arrival rates and initial backoff window
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sizes. The analytical model is further extended to model an IEEE 802.11e EDCA

network with backoff window size differentiation and AIFS differentiation based

on the key assumption that each node follows an independent time-homogeneous

backoff process with an identical steady-state probability of successful transmis-

sion of HOL packets. The proposed analytical framework enables us to reveal

a complete picture of throughput optimization for IEEE 802.11 WLANs. It is

shown that the maximum throughput that can be achieved by a heterogeneous

IEEE 802.11 DCF network or an IEEE 802.11e EDCA network is equal to that

of a homogeneous IEEE 802.11 DCF network, which is obtained as an explicit

function of the holding time of HOL packets in the successful transmission and

collision states. Explicit expressions of the optimal backoff parameters are also

derived, including the optimal initial backoff window sizes to achieve the max-

imum network throughput in heterogeneous IEEE 802.11 DCF networks, the

optimal initial backoff window sizes and AIFS numbers to maximize the network

throughput and maintain a certain target differentiation requirement in IEEE

802.11e EDCA networks, and the optimal initial backoff window sizes to maxi-

mize the throughput of non-real-time nodes under a mean access delay constraint

of real-time nodes.

From the practical aspect, the work in this thesis provides direct guidance for

network design of IEEE 802.11 WLANs. For instance, the analysis shows that

with the current DCF standard setting where the AP and mobile stations have

fixed and identical backoff parameters, both the downlink throughput and the

uplink throughput steadily decline as the number of mobile stations increases

when the network is fully-saturated, and the downlink throughput suffers from

much more severe degradation. To maximize the network throughput and main-

tain a target downlink/uplink ratio simultaneously, the initial backoff window

sizes of the AP and mobile stations should be adaptively tuned according to the

number of mobile stations and the target downlink/uplink throughput ratio. For

saturated IEEE 802.11e EDCA networks, on the other hand, with the current

standard setting, the network throughput deteriorates sharply as the network

size grows, and nodes in the low-priority ACs tend to be starved. To maximize

the network throughput and maintain a pre-specified target node-throughput d-
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ifferentiation requirement, the initial backoff window size of each AC should be

linearly increased with the network size, and in the meantime, the increasing

rate of the initial backoff window size or the AIFS number of each AC should be

also properly set according to the target node-throughput ratios.

To conclude, the main contributions of this thesis are summarized as follows:

1. The unified analytical framework in [48] is generalized to heterogeneous IEEE

802.11 DCF networks to evaluate the performance under various traffic con-

ditions and diverse backoff parameters. The analytical framework is further

extended to model IEEE 802.11e EDCA networks with backoff window size

differentiation and AIFS differentiation;

2. The network steady-state operating points, the network throughput, the

group throughput and the node throughput of each group/AC of hetero-

geneous IEEE 802.11 DCF networks and IEEE 802.11e EDCA networks are

obtained as explicit functions of system parameters;

3. An explicit expression of the maximum network throughput of heterogeneous

IEEE 802.11 DCF networks is derived. The optimal initial backoff window

sizes to maximize the network throughput and maximize one’s own group

throughput in heterogeneous IEEE 802.11 DCF networks are both obtained.

Moreover, explicit expressions of the optimal initial backoff window sizes

of the AP and mobile stations are obtained to maximize the total network

throughput (i.e., the sum of downlink throughput and uplink throughput)

and maintain the downlink/uplink throughput ratio at the target level si-

multaneously;

4. An explicit expression of the maximum network throughput of IEEE 802.11e

EDCA networks is derived. For given target node-throughput ratios, the opti-

mal initial backoff window sizes and AIFS numbers to maximize the network

throughput are derived for backoff window size differentiation scheme and

AIFS differentiation scheme, respectively. Although the maximum network

throughput with pre-specified target node-throughput ratios can be achieved

in both ways, the backoff window size differentiation scheme is suggested as
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a favorable choice due to its lower parameter-tuning dimension and better

precision;

5. The analysis enables a better understanding of the effects of key backoff

parameters on throughput differentiation in IEEE 802.11e EDCA networks.

It is revealed that the node-throughput ratio of two ACs is exponential to

their AIFS difference, but linear to the inverse ratio of their initial backoff

window sizes;

6. Explicit expressions of the optimal initial backoff window sizes are obtained

to maximize the throughput of non-real-time nodes under a certain mean

access delay requirement of real-time nodes. An admission control scheme

is proposed, where the maximum acceptable number of real-time nodes is

shown to increase linearly with its mean access delay constraint.

5.2 Future Work

The work in this thesis only provides a starting point. In the future, from the

theoretical perspective, it would be important to further extend our analytical

model to incorporate more realistic assumptions. Specifically, the analysis of

throughput optimization of non-real-time flows and delay guarantee of real-time

flows in Chapter 4 of this thesis is limited to the fully-saturated scenario, where

both non-real-time flows and real-time flows are saturated. In real-world net-

works, for non-real-time nodes, it is reasonable to consider that traffic always

exists during the lifetime of a data call because the data file to be transmitted is

usually pre-stored in a server. For real-time nodes, however, they can be saturat-

ed or unsaturated. Therefore, the next step is to extend the analysis to consider

distinct traffic scenarios such as partially-saturated networks, where non-real-

time flows are saturated and real-time flows are unsaturated, and to investigate

how to adjust the backoff parameters to optimize the network performance under

varying traffic scenarios.

Moreover, the discussion of QoS guarantee issue in this thesis only focuses
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on the aggregate throughput of non-real-time flows and the mean access delay of

real-time flows. In multimedia networks, distinct traffic flows may have diverse

key QoS metrics and requirements. For instance, real-time flows may have a

constraint not only on the mean access delay, but on the delay jitter or the end-

to-end delay as well. Furthermore, video and voice traffic both belong to real-time

flows, but may have different requirements for delay performance. Consequently,

another interesting future topic is to extend the analysis to include additional

QoS metrics such as the end-to-end delay performance of real-time nodes by

considering the queueing behavior, and to classify the traffic flows in a more

refined manner.

Finally, IEEE 802.11 standard is a fast-expanding family. IEEE 802.11aa, the

second attempt after IEEE 802.11e to provide QoS enhancements in WLANs,

has been recently released [109]. A number of new features have been introduced

based on the IEEE 802.11e EDCA standard, such as the so-called intra-access

category prioritization. This new feature was proposed to support finer-grained

prioritization of individual audio and video streams compared with that in the

existing EDCA. This standard extends the granularity of EDCA inter-AC traf-

fic differentiation and divides the transmit queue for Voice (VO) or Video (VI)

ACs into two primary and alternate sub-queues to provide differentiation be-

tween individual VO/VI streams. It indicates that if an AP serves both a video

conference and a TV broadcast with 802.11aa, it is possible to serve these two

video streams with different QoS. How to extend our work to include the newly

emerging features in the latest IEEE 802.11 MAC standards is also an interesting

problem, which deserves much attention in future study.

From the practical perspective, on the other hand, it would be desirable to

further implement our analytical solutions into real-world networks. Although

all the analysis presented in this thesis has been verified by simulation results us-

ing the ns-2 simulator, it would be of more significant practical value to conduct

further tests on the hardware platform. In particular, software-defined network-

ing (SDN) has recently emerged as an efficient approach for network design and

control. The workability and accuracy of our analytical results for performance

optimization of IEEE 802.11 WLANs should be further examined based on the
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SDN platform.

Last but not least, the methodology adopted in this thesis is not limited to

WiFi networks, and can be applied to a general CSMA-based system. Random

access schemes have already been adopted in many wireless networks, such as

wireless sensor networks, cognitive radio systems, and even the 4G LTE Ad-

vanced cellular systems. Therefore, another topic of great interest would be how

to extend our modeling, performance evaluation and optimization tools to other

random-access networks.

5.3 Epilogue

In the preparation of this thesis, it has become clear to me that research is a life

full of tradeoffs.

Let me begin with the analytical modeling, where there lies a tradeoff be-

tween accuracy and complexity. In the area of IEEE 802.11e EDCA networks,

most existing analytical models were established to provide more accurate pre-

diction of network performance metrics such as throughput and delay with given

system parameters. In my opinion, however, the most fundamental purpose of

system modeling is to gain more insights on its performance limit, the effects of

its key parameters, and the approaches to optimize the performance. Instead of

drowning in the pursuit of extreme precision or trying to capture all of the dy-

namics of a system, which leads to overly complex models, a simple yet powerful

analytical framework with appropriate approximations is what is truly desirable.

It can provide a better understanding of the effect of key parameters and offer

additional insight into performance optimization and network design. Follow-

ing this philosophy, in Chapter 3 of this thesis, the analytical model is greatly

simplified based on a key approximation of time-homogeneous backoff process

and AC-independent probability of successful transmission, thanks to which the

complete picture of throughput differentiation and optimization for IEEE 802.11e

EDCA networks is revealed. Sometimes less is more.

Furthermore, during the work on performance optimization of IEEE 802.11-
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based WLANs, I find that a tradeoff exists between distributed access and cen-

tralized control in random access systems. In the current IEEE 802.11 DCF and

EDCA standards, the backoff parameters are given as fixed values, which re-

sult in throughput degradation and larger delay as the network contention level

grows. It is evident that the performance of distributed systems degrades sub-

stantially due to the lack of adaptive control under varying network scenarios.

In this thesis, explicit expressions of the optimal initial backoff window sizes

are derived, with which the maximum network throughput and a certain service

differentiation or QoS requirement can be achieved simultaneously. These ana-

lytical results can be easily implemented in the practical systems, where the AP

is able to calculate the optimal backoff parameters according to the number of

nodes and the target QoS requirements, and subsequently broadcast the updated

backoff parameters in each beacon frame. It implies that in a distributed system,

the performance can be greatly improved with the assistance of a certain level

of centralized control.

There are always tradeoffs in conducting research or living life, of course. And

I believe that the key is not to search for the extremes, but to find the balance

point.





I always remember that Guglielmo Marconi, Father of wireless communications,

once asked himself: “Have I done the world good, or have I added a menace?”
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Roots of (2.25)

(2.25) can be written as

p = A1 exp

(
A2

p

)
. (A.1)

where A1 and A2 are given by
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∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

}
, (A.2)

A2 =
−(1 + τF )

∑M1

g=1 λ̂
(g) + 2τT

∑M
g=M1+1

n(g)

W (g)

τT − (τT − τF )
∑M1

g=1 λ̂
(g)

. (A.3)

(A.1) has two non-zero roots

pLB = A1 exp

{
W0

(
A2

A1

)}
=

A2

W0

(
A2

A1

) , (A.4)

and
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) , (A.5)
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if and only if

− e−1 ≤ A2

A1

< 0. (A.6)

pLB ≥ pSB and “=” holds when A2

A1
= −e−1. (A.1) has one non-zero root

pOB = A1 exp

{
W0

(
A2

A1

)}
=

A2

W0

(
A2

A1

) , (A.7)

if and only if

A2

A1

≥ 0. (A.8)

The roots of (2.25), i.e., pLB, p
S
B and pOB, can be obtained by substituting (A.2-

A.3) into (A.4), (A.5) and (A.7), respectively. (2.30) and (2.27) can be obtained

by substituting (A.2-A.3) into (A.6) and (A.8), respectively.
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Steady-state Point pBL

An approximate approach similar to that proposed in [28] is adopted to derive

the dynamic equation of pt+1, the probability of successful transmission of HOL

packets at time slot t+1 given that the channel is idle at time slot t. In particular,

for a node in Group g, let ρ
(g)
t denote the offered load at time slot t and π̃

(g)
Ri,t

denote the probability of the HOL packet being at State Ri at time slot t, i =

0, . . . , K. The probabilities that an unsaturated node is in state Sk, k = 1, 2, 3,

at time slot t are then given by

Pr{node in Group g is in S1 at t}=1− ρ
(g)
t , (B.1)

Pr{node in Group g is in S2 at t}=ρ
(g)
t

K∑
i=0

π̃
(g)
Ri,t

(1−r
(g)
i ), (B.2)

Pr{node in Group g is in S3 at t}=ρ
(g)
t

K∑
i=0

π̃
(g)
Ri,t

r
(g)
i . (B.3)

Similarly, the probabilities that a saturated node is in state Sk, k = 2, 3, at time

slot t are given by

Pr{node in Group g is in S2 at t}=
K∑
i=0

π̃
(g)
Ri,t

(1− r
(g)
i ), (B.4)

Pr{node in Group g is in S3 at t}=
K∑
i=0

π̃
(g)
Ri,t

r
(g)
i . (B.5)
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For each HOL packet, its transmission at time slot t + 1 is successful if and

only if at time slot t, the channel is idle and the other nodes are either in state

S1 or state S2. The probability of successful transmission at time slot t+1 given

that the channel is idle at time slot t, pt+1, can be then obtained as

pt+1 =

M1∏
g=1

{
1− ρ

(g)
t + ρ

(g)
t

∑K
i=0 π̃

(g)
Ri,t

(1− r
(g)
i )

1− ρ
(g)
t + ρ

(g)
t

∑K
i=0 π̃

(g)
Ri,t

}n(g)

·
M∏

g=M1+1

{∑K
i=0 π̃

(g)
Ri,t

(1− r
(g)
i )∑K

i=0 π̃
(g)
Ri,t

}n(g)

. (B.6)

Similar to [28], it is assumed that ρ
(g)
t and π̃

(g)
Ri,t

can be approximated by their

steady-state probabilities associated with pt, that is,

ρ
(g)
t ≈ ρ(g)(pt), and π̃

(g)
Ri,t

≈ π̃
(g)
Ri
(pt), i = 0, . . . , K. (B.7)

By combining (B.6) and (B.7), we have

pt+1≈p
τT−τF

τT

∑M1
g=1 λ̂

(g)

t · exp

{
τF
τT

M1∑
g=1

λ̂(g)−
M∑

g=M1+1

4n(g)

W (g)

}

· exp

{(
−1 + τF

τT

M1∑
g=1

λ̂(g)+
M∑

g=M1+1

2n(g)

W (g)

)
· 1
pt

}
. (B.8)

Fig. B.1 illustrates the approximate trajectory (B.8) under the constraint (2.30).

It can be clearly seen from Fig. B.1 that 1) if pLB < pt ≤ 1, then pt+1 < pt; and

2) if pSB < pt < pLB, then pt+1 > pt. As a result, pt will ultimately converge to

pLB as t → ∞ if pt ≥ pSB. On the other hand, if pt drops below pSB, it will be

departing from pSB as pt+1 < pt < pSB. It can then be concluded that although

both pLB and pSB are non-zero roots of (2.25) under the constraint (2.30), only pLB
is a steady-state point.
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Figure B.1: Approximate trajectory (B.8) of pt under the constraint (2.30).





Appendix C

Proof of Theorem 1

Proof. According to (2.36), the derivative of λ̂out is given by

dλ̂out

dpB
=

−τT (1 + τF )(1 + ln pB) + τT τFpB
(1 + τF − τFpB − (τT − τF )pB ln pB)2

=
f(pB)

(1 + τF − τFpB − (τT − τF )pB ln pB)2
, (C.1)

where f(pB) = −τT (1 + τF )(1 + ln pB) + τT τFpB. It can be easily obtained that

p∗B = −(1 + 1/τF )W0

(
− 1

e(1+1/τF )

)
is the root of f(pB) = 0. Moreover, the

derivative of f(pB) is given by

df(pB)

dpB
=τT τF−τT (1+τF )/pB=τT τF (1−1/pB)− τT/pB<0 (C.2)

for pB ∈ (0, 1). Therefore, f(pB) > 0 if pB ∈ (0, p∗B), and f(pB) < 0 if pB ∈
(p∗B, 1). It can be concluded from (C.1) that λ̂out is monotonically increasing

with pB if pB ∈ (0, p∗B), and decreasing with pB if pB ∈ (p∗B, 1). It reaches the

maximum value with pB = p∗B. (2.37) can be obtained as by substituting (2.38)

into (2.36).
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Proof of Corollary 1

Proof. With K = ∞, (2.24) can be written as

p=exp

{
−
∑M1

g=1 λ̂
(g)(1+τF−τFp−(τT−τF )p ln p)

τTp
−
2(2p−1)

∑M
g=M1+1

n(g)

W (g)

p

}
.

(D.1)

By combining (2.36) and (D.1), it can be obtained that

M1∑
g=1

λ̂(g) +
2λ̂out(2pB − 1)

−pB ln pB

M∑
g=M1+1

n(g)

W (g)
= λ̂out. (D.2)

According to Theorem 1, the maximum network throughput λ̂max is achieved

when pB = p∗B. (2.39) can be then obtained by combining (D.2) and Theorem

1.
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Proof of Corollary 2

Proof. The derivative of λ̂
(i), K=∞
out with regard to n(i)

W (i) of Group i ∈ {M1 +

1, ...,M} can be obtained from (2.49) as

dλ̂
(i), K=∞
out

d n(i)

W (i)

=

M∑
g ̸=i,g=M1+1

n(g)

W (g)

(̂
λout−

M1∑
g=1

λ̂(g)

)
(

M∑
g=M1+1

n(g)

W (g)

)2 +
n(i)

W (i)

M∑
g=M1+1

n(g)

W (g)

·dλ̂out

d n(i)

W (i)

. (E.1)

The first item of the right-hand side of (E.1) is always non-negative. The second

item can be written as

n(i)

W (i)∑M
g=M1+1

n(g)

W (g)

·dλ̂out

d n(i)

W (i)

=
n(i)

W (i)∑M
g=M1+1

n(g)

W (g)

·dλ̂out

dpB
· dpB
d n(i)

W (i)

. (E.2)

For given
∑M

g ̸=i,g=M1+1
n(g)

W (g) , Fig. 2.5 has shown that the steady-state operating

point pB is a monotonic decreasing function of n(i)

W (i) , i.e.,
dpB

d n(i)

W (i)

<0. Therefore,

if W (i)>W
(i)
m , pB>p∗B, and we have dλ̂out

dpB
<0 according to (C.1-C.2). It can then

be concluded from (E.1-E.2) that
dλ̂

(i),K=∞
out

d n(i)

W (i)

>0 if W (i)>W
(i)
m . Further note that

dλ̂
(i),K=∞
out

d n(i)

W (i)

=0 when W (i)=W
(i)
l . Therefore, we must have W

(i)
l ≤ W

(i)
m , and “=”

holds when
∑M

g ̸=i,g=M1+1
n(g)

W (g)=0.
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Proof of Theorem 2

Proof. For a two-group fully-saturated network, (2.24) can be written as

p ≈ exp

− 2n/W STA + 2/WAP

p
2p−1

+
(
1− p

2p−1

)
(2(1−p))K

 . (F.1)

With an infinite cutoff phase K = ∞, we have

n

W STA
+

1

WAP
=

−pB ln pB
4pB − 2

, (F.2)

according to (F.1). With a target downlink/uplink throughput ratio β, it can be

obtained from (2.45) that

λ̂DL
out

λ̂UL
out

=
W STA

nWAP
= β. (F.3)

Moreover, according to (2.37-2.38), λ̂max is achieved when pB = p∗B. (2.59-2.60)

can then be obtained by combining (2.38) and (F.2-F.3).
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Proof of Corollary 3

Proof. With K(g) = ∞, g = 1, ...,M , we have

M∑
g=1

n(g)

W (g)
=

−pA ln pA
4pA − 2

, (G.1)

according to (3.18). By combining (3.26) and (3.33), we have

W (1)

W (g)
= β(g), (G.2)

g = 1, ...,M . Moreover, as shown in Section 3.3.3, λ̂max is achieved when pA = p∗A.

(3.34) can then be obtained by combining (3.32) and (G.1-G.2).





Appendix H

Proof of Corollary 4

Proof. With K(g) = ∞, g = 1, ...,M , we have

W =
4pA − 2

−pA ln pA

M∑
g=1

n(g)pA
(g)−A(1)

A , (H.1)

according to (3.20). By combining (3.29) and (3.33), we have

pA
(g)−A(1)

A = β(g), (H.2)

g = 1, ...,M . Moreover, as shown in Section 3.3.3, λ̂max is achieved when pA = p∗A.

(3.36) can be then obtained by combining (3.32) and (H.1-H.2). (3.37) can be

obtained by combining (3.32) and (H.2).
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Proof of Theorem 3

Proof. According to Theorem 1, we have

nRTλRT
out ≤ λ̂out ≤ λ̂max. (I.1)

By combining (I.1) and the constraint of (4.6), it can be obtained that

C ≥ Cmin =
τTn

RT

λ̂max

. (I.2)

(4.7) can then be obtained by combining (3.31) and (I.2). In this case, the

objective function of (4.6) is maximized when λ̂out=λ̂max and λRT
out=

τT
C
. Therefore,

the maximum aggregate throughput of non-real-time nodes can be written as

λ̂NRT
max = λ̂max −

nRT τT
C

, (I.3)

and (4.10) can then be obtained by combining (3.31) and (I.3). Moreover, with

K = ∞, it can be obtained from (4.2-4.3) that

λ̂NRT
out

λ̂RT
out

=
nNRT/WNRT

nRT/WRT
(I.4)
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and
nNRT

WNRT
+

nRT

WRT
=

−p∗A ln p∗A
4p∗A − 2

. (I.5)

With λ̂out = λ̂max and λRT
out = τT

C
, the optimal initial backoff window sizes of

non-real-time nodes and real-time nodes WNRT
m and WRT

m should satisfy that

nNRT/WNRT
m

nRT/WRT
m

=
Cλ̂max − nRT τT

nRT τT
(I.6)

and
nNRT

WNRT
m

+
nRT

WRT
m

=
−p∗A ln p∗A
4p∗A − 2

. (I.7)

(4.8-4.9) can then be obtained by combining (I.6-I.7) and (3.31-3.32).

On the other hand, if C < Cmin, the constraint of (4.6) becomes

λRT
out >

τT
Cmin

=
λ̂max

nRT
, (I.8)

which cannot be satisfied according to Theorem 1. Therefore, (4.6) has no feasible

solution if C < Cmin.
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