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Abstract 

In IEEE 802.11 standard development process, new physical and medium access layer 

techniques for higher throughput (IEEE 802.1 In) and quality of service (IEEE 802.lie) 

enhancements are being designed on solid foundation of the distributed coordination 

function. None of these recently developed enhancements are immune to hidden node and 

hot-spot (congestion) problems. On the contrary, the increased operational bandwith of 

the higher throughput implementation makes them more prone to interference in limited 

number of IEEE 802.11 channels. 

Distributed coordination function is and will be the primary contention resolution 

algorithm of IEEE 802.11 systems. Identification and formulation of the common prob­

lems this channel access technique is facing in practical networks would give us a better 

understanding in terms of its limitations. In this work, we introduce a methodology 

to estimate the throughput performance of distributed coordination in unsaturated and 

hidden communication environments. Then by applying this methodology, we analyti­

cally estimate the abnormality in its fairness performance. The secondary channel access 

scheme of IEEE 802.11 is point coordination function, which does not suffer from hidden 

node and collision problems. We show that point coordination function in its current 

form has a poor throughput performance due to ignoring of the multi-rate transmission 

capability of users. We propose a new indexing algorithm for polling that increases the 

performance of point coordiation function significantly. 

In this thesis, we extend the performance analysis of the distributed coordination 

function to enterprise networks configurations where networks are typically comprised 

of multiple access points. We propose an intelligent association algorithm that provides 

consistent higher throughput and better network-wide fairness independent of user load 

distribution within the network in comparison to the standard association algorithm. 
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Chapter 1 

Introduction and Motivations 

Deployment of wireless local area networks (WLANs) becomes more and more common 

in corporate environments including university campuses, airports, because of its inher­

ent features (i.e., flexibility, mobility, ease of use, low deployment cost). However, the 

expectation to have similar connection speed and reliability as the wired local area net­

works (LANs) is quite high. Increasing number of wi-fi (wireless fidelity) capable devices 

along with increased network load in corporate environments and advanced multimedia 

applications fuel the growing demand for more bandwidth and higher data rates in busi­

nesses. WLANs operate in unlicensed frequency spectrums (IEEE 802.11b & g operate 

at 2.4 GHz industrial, scientific and medical [ISM] band and IEEE 802.11a operates at 5 

GHz unlicensed national information infrastructure [U-NII] band [1, 2]) that have limited 

non-interfering frequencies to operate. This limitation requires an efficient radio resource 

management technique in large network deployments to compensate for this constraint. 

At the same time, considering the fact that future IEEE 802.11 implementations propos­

ing to increase bandwidth as a way to boost the data rate (IEEE 802.1 In), having an 

efficient radio resource management becomes a necessity rather than a luxury. In a typ­

ical enterprise WLAN deployment, the network is made up of multiple access points 

(APs) and usually APs have overlapping coverage areas [3, 4]. However, the medium 

access control (MAC) protocol that underpins all IEEE 802.11 enabled devices was de­

signed for residential and small office applications where it is supposed to operate stand 

alone with limited amount of users. The operation of the same MAC design in widescale 

high load multi-AP environments along with non-uniform user distributions comes with 

consequences [5]. 

8 



Introduction 9 

1.1 Problem Formulation 

Operation of IEEE 802.11 MAC on multi-AP environments with high data rates and 

challenging load variations have some chronic problems that are listed in this section. 

1.1.1 Non-uniform network load in multi-AP environments 

In IEEE 802.11 WLANs, an AP has a serving area denned by its transmission power and 

channel condition. An AP can accept an association request from any station (STA) in 

its range. A STA, which is often in an overlapped coverage area of multiple APs, can 

associate with any AP it receives with a sufficient signal strength. However, according to 

IEEE 802.11 standard, STAs must associate with the AP that has the highest received 

signal strength indicator (RSSI) at the receiver [6]. In practice, user load is often unevenly 

distributed among APs; e.g., flight gates at airports, classrooms in schools, meeting 

rooms in corporate companies, seminar rooms in conference centres, creating hot-spots 

[7]. Because of the time multiplexing nature of the IEEE 802.11 coordination functions, 

the serving capability of an AP decreases as more and more STAs associate with it. 

In the current WLAN implementation, STAs are not informed about AP loadings and 

standards do not specify an upper limit on the number of users that can be associated 

with an AP [6]. Therefore in a network configuration, there might be some APs having 

excessive loads (with longer delays and poor throughput performance), whereas some 

having just a few STAs associated causing uneven system resource allocation. 

1.1.2 High MAC overhead in Distributed Coordination Func­

tion 

IEEE 802.11 orthogonal frequency division multiplexing (OFDM) physical layer (PHY) 

can provide connection speeds up to 48 or 54 Mbps [8]. The numbers given are the top 

speeds a STA might communicate with in low layers of the protocol stack (i.e., PHY). 

But, those numbers make WLANs sound much faster than they actually are. The inher­

ent overhead structure of the default random-access technique of IEEE 802.11 standard 

(Carrier Sense Multiple Access, Collision Avoidance [CSMA/CA]) of the primary con­

tention resolution scheme (distributed coordination function [DCF]) causes throughput 

performance to drop to ~26 Mbps on MAC level. In addition to this fact, 54 Mbps on 

PHY is possible if the considered STA is the only mobile node connected to the serving 

AP (no time sharing of the frequency band with other STAs). The scenario might be 
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even more dramatic (i.e., less throughput) if we consider multiple APs utilizing the same 

operational band and frequency channel causing additional contention to each other. It 

is well known that point coordination function (PCF) which is the secondary medium 

access algorithm of IEEE 802.11 MAC defined in the first draft of the standards gives a 

better throughput performance than the default access mechanism of DCF [9] (i.e., no 

performance loss due to collisions or hidden node and less overhead). 

1.1.3 Collision and hidden-node problem in DCF 

An AP and the STAs it serves share a certain frequency channel on the considered 

operational band. When the traffic of certain amount of users increases or when more 

users join the AP service, increased number of collisions and retransmission attempts 

occur; resulting in longer packet delays and poor throughput performance. Collisions 

are part of IEEE 802.11 MAC operation and dealt with accordingly, e.g., by increasing 

contention window size in a single AP environment, waiting an additional time in case of 

collision (i.e., extended inter-frame space). It is highly desirable for a WLAN equipment 

to include provisions to mitigate this increased latency and reduced throughput problem. 

As the number of users in the network increases and different propagation environ­

ments (i.e., factory, university campuses, office environments) are considered due to the 

popularity of this technology, hidden node problems become more of an issue. A hidden 

node is defined as a STA whose transmissions cannot be detected using carrier sense by 

a second STA, but whose transmissions interfere with the transmissions from the second 

STA to a third STA*. Non-centralized structure of IEEE 802.11 MAC is not able to cope 

with hidden-node problem which causes considerable performance drop of a network un­

der operation. In the initial standard development process, this problem was considered 

and an alternative contention resolution scheme aimed to reduce the packet collision due 

to hidden node is designed. In the technique called request-to-send (RTS)/clear-to-send 

(CTS), both the transmitter and receiver notify the users in their carrier sense region 

for the packet transmission, in a sense clearing the channel before the data transmis­

sion to avoid packet collision. The transmitter reserves the channel with RTS control 

packet, whereas the receiver performs the same operation with CTS packet. With this 

RTS/CTS scheme, the latency over the packet transmission is further increased, causing 

severe throughput reductions. 

*An example of hidden node scenario will be given in Chapter 3 
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1.1.4 Suboptimal polling list creation algorithm of PCF 

Point coordination function channel access algorithm is remarkably efficient due to its 

inherent features like: i) reduced time interval between channel access, ii) piggy-packing 

of control packets onto data packets and Hi) no collisions due to central controller. PCF 

operation is based on polling the STA for packet transmission. However, the current 

implementation of PCF does not achieve its full potential. The standard polling list 

creation method does not consider the multi-rate capability of the STAs in the com­

munication environment. On the link from AP to STA (downlink), AP can target two 

STAs at once (with a single packet). In such a scenario, AP has to choose the minimum 

communication rate of the two to be able to guarantee the packet delivery to both STAs. 

A polling list creation method that does not consider the multi-rate capability of the 

STAs may suffer considerable performance loss. 

1.2 Contributions 

In this dissertation, we have addressed the problems inherent to primary contention 

resolution algorithm of WLANs (e.g., DCF overhead, hidden node effect) as well as the 

problems due to resource handling in multi-AP environments (e.g., non-uniform user 

distributions, suboptimal association algorithm). The recent upgrades to the standard 

(i.e., IEEE 802.lie, IEEE 802.1 In) do not offer any novel solutions to the problems of 

hidden node and association control. IEEE 802.lie made an improvement on the channel 

access for time sensitive applications with prioritization in the channel contention [10] 

whereas IEEE 802.1 In [11] is proposing throughput performance increase with mainly 

multiple antenna and channel bandwidth expansion. This channel expansion technique of 

IEEE 802.1 In will bring additional constraints on the already limited number of channels 

and will make radio resource efficiency a requirement. 

The main contributions of this dissertation are: 

• Developing analytical estimation of hidden node problem on network 

throughput: Hidden node is a common problem for the large scale WLAN de­

ployments. As the number of such deployments and wi-fi capable devices increase, 

hidden node will be a bottle-neck for attainable network throughput with high data 

rate capable devices (e.g., devices with IEEE 802.lln interface.) 

In this thesis, the fairness and throughput performance of wireless local area net­

work environments considering multiple hidden nodes and unsaturated traffic con-
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dition are studied. Analytic performance of IEEE 802.11 primary medium access 

algorithm (distributed coordination function) is presented for practical network 

conditions. It has been analytically proven that the presence of hidden nodes 

barely affects the per user network fair share in low traffic conditions, but it causes 

considerable performance loss in moderate-to-high traffic scenarios. It has also been 

shown that per user performance highly depends on user location in the network. 

In the analysis, two types of network configurations are presented: 

1. Symmet r ic networks: In such a network set-up, each user in the network 

experiences the same amount of difficulty to access the channel (i.e., in terms 

of collision, latency). This network configuration can be visualized if every 

user in the network has the same number of users that are hidden (outside the 

carrier sense region) and users it has to contend with (inside the carrier sense 

region). For instance, the requirement of a symmetric network will be fulfilled 

if each user has b number of hidden users and c number of contending users in 

the network. In this thesis, it has been shown that in a network where initially 

there arc no hidden nodes the introduction of the first hidden node has the 

most decremental effect compared to the subsequent hidden node arrivals. 

2. Asymmetric networks: In such network configurations, each user might 

have different levels of difficulty to access the channel (i.e., packet collision 

probability). This difference is due to that fact that each user might have dif­

ferent number of contending and hidden users affecting its own transmission 

(e.g., STAl could have b number of hidden nodes and c number of contending 

nodes, whereas STA2 can experience d number of hidden and e number of 

contending nodes while communicating through the same AP). It is not hard 

to see that the most common practical network configurations tend to have 

asymmetric network configurations. In this thesis, we show that in an asym­

metric network configuration, increasing traffic increases per user throughput 

up to a certain point, depending on overall network orientation. Further in­

crease of traffic causes starvation of unfavourable users who encounter a larger 

number of hidden nodes during channel contention. 

• Proposing a new polling list indexing scheme for point coordination 

function: Point coordination function (PCF) is an important access mechanism 

of IEEE 802.11 MAC, which is resurrected as Hybrid Coordination Function (HCF) 

Controlled Channel Access in the recent standards [10]. Scheduled access in WLANs 
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promises certain QoS and high throughput as well as immunity from hidden-node 

problem and collisions, which are especially critical for popular real time systems. 

Current IEEE 802.11 applications implement auto rate fallback (ARF) algorithm 

in order to increase transmission efficiency in changing wireless channel environ­

ments. However, standard scheduled access algorithms do not take into account 

the multirate capability of the mobile stations in populating contention free polling 

list. In this thesis, a novel polling list creation method is designed. We illustrate 

that by utilizing the proposed technique, a throughput gain more than 20% can be 

obtained with moderate payload sizes, comparison to standard scheduled access. It 

is shown that for typical communication links requiring high download ratios, the 

proposed indexing algorithm significantly increases the throughput performance 

without any need of major change in the MAC or PHY layer of current IEEE 

802.11 standard. 

• Novel association algorithm for IEEE 802.11 extended service sets: In 

this thesis, a novel association algorithm taking into account not only the received 

signal strength of the APs at STAs, but also AP loadings, STA transmission rate 

and interference is proposed. The proposed algorithm is online* and distributed 

t. The network fairness index is also calculated in performance evaluations. The 

proposed algorithm consistently provides fair access to its associated users, whereas 

with the standard association algorithm the network fairness becomes a function 

of user-density in hot-spots. We evaluated the performance gains of the proposed 

association algorithm under many different scenarios: 

1. Interference: An interference calculation method in a mufti-AP communi­

cation environment is developed. The designed method takes into account 

users' location, downlink-uplink communication ratio, transmit power level, 

radio propagation, time share of the channel and association status (i.e., which 

AP and therefore the operational frequency channel is being used.). Different 

frequency reuse clusters are considered. We show that the proposed algorithm 

consistently provides performance increase in both limited (IEEE 802.llg) and 

partially unlimited (IEEE 802.11a) frequency channel configurations. 

"STAs re-evaluate their association decision upon a change in system conditions like slow channel 

fading or load. 

1"The association algorithm is located in the STA avoiding central association algorithm and mini­

mizing the complexity and implementation. 
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2. User Distribution: We illustrate the decremental effect of the hot-spots on 

the network throughput and fairness performance. Different hot-spot config­

urations are considered (i.e., size of the hot-spot cells, user density in the 

hot-spot areas.) We show that the current association algorithm of IEEE 

802.11 is not fair in hot-spot scenarios, which is generally the case in practical 

networks. The proposed algorithm provides fair access to the channel in spite 

of the hot-spot existence. 

3. User Traffic: In the previous configurations, the users are assumed to be 

greedy, where they constantly have a packet to send in their buffer. It was 

also our desire to evaluate the effect of user traffic in a given network and 

number of users. One should notice that having a certain amount of users 

in the network and increasing their traffic would not have the same effect 

as increasing the number of users with a given traffic. Each method would 

lead to saturation of the channel. However, the network resources wasted 

due to collision would be higher in a network configuration that has higher 

number of users. The increased collision is due to the fact that each STA has 

an independent MAC and discrete time backoff mechanism. Therefore, in a 

network configuration where channel capacity is 54 Mbps (all the STAs are 

in close proximity of the AP), a STA with generated traffic rate more than 

54 Mbps would have higher throughput than 4 STAs each having a traffic 

rate more than 13.5 Mbps. We quantify the performance of the proposed and 

standard association algorithms under different traffic conditions in multi-AP 

environments. We show that in hot-spot scenarios, the proposed algorithm 

proposes a considerable throughput performance increase compared to the 

standard association algorithm. 

1.3 Outline 

The rest of this dissertation is organized as follows. In Chapter 2, the network archi­

tecture is summarized. The targeted network configurations and parameters are given. 

An overview of IEEE 802.11 MAC&PHY and background information regarding IEEE 

802.11 specific channel coordination functions are also presented. 

In Chapter 3, an analytic performance formulation of distributed coordination func­

tion is presented for practical network environments. In this chapter, the DCF analytic 

formulation is extended to cover the hidden-node scenarios with OFDM PHY. Fairness 
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classes are defined, indicating a set of users experiencing similar packet collision prob­

abilities in the considered network configuration. Experimental results are displayed 

providing the support for the consistency of the analytically derived results. 

Considering the limitation of the DCF in congested and hidden-node environments, 

PCF throughput performance with developed polling list indexing scheme is presented in 

Chapter 4. Simulation results are presented showing the relative performance improve­

ment of the offered indexing method in comparison to both standard indexing in PCF 

and DCF performance. The inferior throughput performance of DCF due to excessive 

overhead is also illustrated. 

The congestion problem in multi-AP communication environments is considered in 

Chapter 5. AP load calculation method to be used in the proposed association algorithm 

is defined. An interference calculation method considering IEEE 802.11 PHY&MAC is 

introduced for extended service sets. The fairness performances of the proposed and 

standard association algorithms are estimated. Simulation results are presented for var­

ious network scenarios to prove that the developed method is not only applicable to 

a specific scenario but applicable in general. The obtained results show the improved 

network fairness and throughput performance with the proposed association algorithm. 

In Chapter 6, conclusions and suggestions for future work are given. 

The propagation channel model and noise calculation method used to generate re­

sults are presented in Appendix-A. The additional information regarding IEEE 802.11 

OFDM frame structure and vertical packet flow over MAC and PHY layers and overhead 

framework are given in Appendix-B. Finally, the list of papers published in conferences 

and journals are given in Appendix-C. 



Chapter 2 

IEEE 802.11 Network Architecture 

and Nomenclature 

The aim of this thesis is to model the inherent problems of IEEE 802.11 networks and to 

offer performance improvements to the current implementation defined by IEEE 802.11 

standards [6]. Therefore, before going into modeling and performance analysis details 

in the following chapters, we start by giving definitions of the network components and 

explanation of features which are used throughout the dissertation. In this chapter, the 

basic structure of IEEE 802.11 wireless networks is presented. The definitions of major 

network components are given. IEEE 802.11 PHY and MAC features of the IEEE 802.11 

networks are reviewed and the specific network configuration targeted by this thesis is 

explained. 

2.1 IEEE 802.11 Wireless Local Area Network Overview 

IEEE 802.11 WLAN architecture and major components of the network are illustrated 

in Fig. 2.1. The wireless networks designed according to IEEE 802.11 standards include 

three major components [6]: 

Station (STA) : Networks are built to transfer data to and from STAs. STAs are com­

puting devices that contain an IEEE 802.11-conformant MAC and PHY interface 

to the wireless medium. Typically STAs are battery-operated laptop (portable) 

or cell phones (mobile). However, it might as well be personal desktop computers 

(fixed). 

16 
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Figure 2.1: IEEE 802.11 architecture overview. Configurations for independent basic 

service set (STAs communicating with each other), infrastructure basic service set (STAs 

communicating through an AP) and extended service set (made up of overlapping or 

disjoint basic service sets) are illustrated. 
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Access Point (AP) : In IEEE 802.11 networks APs perform the wireless-to-wired 

bridging function. Basically, it is an entity that has STA functionality along with 

features to provide access to its associated STAs with the wired networks. Only 

one type of AP and its functionality is defined in the standards [6]. However, in 

practice one can name two types of APs: i) Thin APs* and ii) AP controllers.T 

[12] 

Distribution system (DS) : DS is a system used to interconnect a set of STAs and 

integrated LANs. Basically it is the logical component of IEEE 802.11 used to 

relay the frames to their destinations. IEEE 802.11 standards do not specify any 

particular technology for it, but generally Ethernet is used as the backbone network 

technology [13]. 

The fundamental building block of an IEEE 802.11 network is the basic service set (BSS), 

which is simply a group of STAs (optionally with an AP) that either communicate or 

contend with each other. In a BSS, communication takes place in a wireless medium 

called basic service area (BSA), which is defined by the propagation characteristic of the 

radio frequency (RF) channel. BSSs come in two breeds: 

Independent BSS : Independent BSSs are also referred to as ad-hoc networks since 

they can exist whereever two or more STAs come together to form a wireless net­

work. The communication is carried out directly between STAs with no reliance 

on any fixed or wired network (i.e. AP). 

Infrastructure BSS : Infrastructure networks are distinguished by the use of the APs. 

In infrastructure BSSs, all the communication between STAs is tunnelled through 

an AP. In such a configuration, STAs must associate with an AP to obtain network 

services. IEEE 802.11 standard places no limit on the number of STAs that an AP 

may serve. [6]. 

BSSs can create enough coverage for personal spaces (i.e. homes, small offices), but they 

can not provide network coverage to larger areas. However, IEEE 802.11 allows wireless 

networks of arbitrarily large size to be created by chaining infrastructure BSSs into an 

extended service set (ESS). The connectivity is provided with a common backbone. A 

sample ESS is illustrated in Fig. 2.1. In the figure, the ESS is made up of AP-1, AP-2, 

*APs whose several core functionalities like association, load balancing are moved to central con­

troller. 
^A central control unit that rules thin APs to improve radio resource efficiency. 
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AP-3, AP-4 and AP-5. The area within which members of an ESS may communicate 

is defined as extended service area (ESA). As expected, an ESA is larger than or equal 

to a BSA and may involve several BSSs in overlapping, disjointed, or both configura­

tions. In this dissertation, infrastructure basic service sets are considered for performance 

evaluation. 

2.2 IEEE 802.11 WLAN Features 

During the course of the development process, multiple PHY capabilities as well as MAC 

features are defined for IEEE 802.11 WLANs. In this section, a brief overview of the PHY 

and MAC specifications of IEEE 802.11 WLANs that are considered in this dissertation 

are given. An introductory summary of the IEEE 802.11 MAC coordination functions is 

also presented. 

2.2.1 Physical Layer (PHY) Overview 

The initial IEEE 802.11 standard supported three different physical layers in 2.4 GHz 

Industrial Scientific & Medical (ISM) band. These were the Infrared, Frequency Hopping 

and Direct Sequence Spread Spectrum. Further standards have been developed offering 

higher data rates up to 54Mbps. Namely, IEEE 802.11a/g [8] implements high-speed 

OFDM PHY that operates in the 5 GHz Unlicensed National Information Infrastructure 

(U-NII) (802.11a) and 2.4 GHz ISM (802. l lg) bands. OFDM PHY offers multi-rate 

transmission capability [14] with eight different rates ranging from 6 Mbps up to 54 

Mbps. Among these offered data rates, a STA has liberty to choose a suitable rate con­

sidering the propagation environment. Typically an auto rate fallback (ARF) algorithm, 

where data rate of the STA is decreased in case of deteriorating channel condition, is 

implemented in STAs. De-facto implementation of this algorithm tunes the communica­

tion rate relative to experienced signal-to-noise power ratio (SNR). When SNR is high 

(i.e., good channel condition), low demand for error correction capability and an efficient 

modulation scheme enable high transmission rates. On the other hand, when the SNR is 

low, high bit error rates (BER) can be prevented by using a robust modulation scheme 

and powerful error correcting codes, which results in a low data transmission rate. 

For performance evaluation of any wireless system, an accurate wireless channel model 

is vital for proper estimation of received signal power level and to find out the commu­

nication rate of a STA in a BSS. For indoor propagation channel characterization, the 
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Table 2.1: Different OFDM PHY modulation and coding scheme properties. SNR and 

communication range is calculated considering the channel model given in (Appendix-A). 

Rate 

54 Mbps 

48 Mbps 

36 Mbps 

24 Mbps 

18 Mbps 

12 Mbps 

9 Mbps 

6 Mbps 

Min. Sensitivity 

-65 dBm 

-66 dBm 

-70 dBm 

-74 dBm 

-77 dBm 

-79 dBm 

-81 dBm 

-82 dBm 

Modulation 

64-QAM 

64-QAM 

16-QAM 

16-QAM 

QPSK 

QPSK 

BPSK 

BPSK 

Coding Rate 

3/4 

2/3 

3/4 

1/2 

3/4 

1/2 

3/4 

1/2 

SNR 

26.76 dB 

25.76 dB 

21.76 dB 

17.76 dB 

14.76 dB 

12.76 dB 

10.76 dB 

9.76 dB 

Range 

33 m 

36 m 

48 m 

64 m 

80 m 

93 m 

107 m 

116 m 

pathloss model (in dB) that International Telecommunications Union (ITU) has recom­

mended in the 5 GHz band (IEEE 802.11a) is used in this work [15]. The details of 

the propagation model can be found in Appendix-A. Table 2.1 illustrates the minimum 

required received power levels for each data rate along with modulation and coding tech­

niques. In the table, the pathloss model presented in Appendix-A is used. It is assumed 

that terminals* transmitting with 200 mW (23 dBm) power (maximum power allowed 

in 802.11a networks [8]). As it can be seen from the table, a STA within a radius of 30 

rn to an AP can communicate with 54 Mbps, whereas a STA with the distance of 110 m 

to AP must choose the rate 6 Mbps in order to close the link. To represent real network 

environments, shadowing effect should also be considered in the propagation model. See 

Appendix-A for details. One should also pay attention to the fact that the communi­

cation rates presented in Table 2.1 are the rates in PHY. If we take into account PHY 

and MAC overhead on each transmitted packet, we see that the attainable data rate on 

MAC is considerably less (less than half) than what is being actually advertised. Notic­

ing this deceiving publicity, IEEE 802.11 standards moved the data rate requirement one 

"Throughout the thesis the terminal term is used to represent any AP or STAs in the communi­

cation environment. 
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layer up to MAC from PHY for the next generation protocols (i.e. IEEE 802.lln) [16]. 

Another detail that should be considered in performance evaluations is, the fact that a 

terminal choosing a certain data rate for communication does not necessarily mean that 

all the outgoing packets of the considered terminal is being transmitted by the chosen 

data rate. In IEEE 802.11 systems, the control frames are required to be transmitted 

with the mandatory rates. These are the list of data rates that must be supported by 

any station wishing to join the network. Stations must be able to receive data at all the 

rates listed in the set. The mandatory rates for OFDM PHY are defined as 6 Mbps, 12 

Mbps and 24 Mbps. As an example, if a STA is very close to its serving AP securing 

a data rate of 54 Mbps, it must still transmit control packets like acknowledgement, 

request-to-send, clear-to-send with the mandatory rate of 24 Mbps. 

2.2.2 Medium Access Control (MAC) Layer Overview 

In IEEE 802.11 systems, terminals use a peculiar mechanism called Carrier Sensing 

Multiple Access/Collision Avoidance (CSMA/CA) for channel access. Before any infor­

mation is transmitted over the wireless medium, a terminal will first sense the carrier 

(i.e. channel) to ensure that no other devices are using it. Two types of carrier-sensing 

functions in IEEE 802.11 control this process: i) physical carrier sensing (and/or energy 

detection) and ii) virtual carrier sensing (i.e. network allocation vector [NAV]). If either 

carrier-sensing function indicates that the carrier is busy, the terminal postpones the 

data transmission on the channel. 

Physical carrier-sensing functions (provided by PHY) depend on the PHY scheme 

(e.g. OFDM) being used. In such a carrier-sensing function, PHY reports binary (true 

or false) clear channel assessment results to MAC layer after measuring the carrier energy 

(for non-IEEE 802.11 signals) or detecting an OFDM signal with proper IEEE 802.11 

PHY preamble. Virtual carrier sensing is provided by the network allocation vector 

(NAV). IEEE 802.11 frames carrying a duration field (data frames, request-to-send, clear-

to-send control frames etc.) can be utilized to reserve the channel for a limited amount 

of time for data transaction. The NAV is a timer that indicates the amount of time (in 

microseconds) transmission onto the wireless medium will not be initiated by the STA. 

The virtual carrier-sensing function will indicate the medium as idle if the NAV counts 

down to zero, busy otherwise. 
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Contention-Free services'] 
for non-QoS STA I [ Required for QoS STA 

services 

MAC 
Structure 

Point Coordination 
Function (PCF) 

Hybrid Coordination 
Function (HCF) 

Distributed Coordination 
Function (DCF) 

{ Used for contention services, 
basis for PCF and HCF 

Figure 2.2: IEEE 802.11 MAC architecture. DCF is the fundamental access mechanism 

implementing CSMA/CA. PCF and HCF are designed on top of DCF, claiming channel 

access through DCF. 

2.2.3 MAC Coordination Functions 

In IEEE 802.11 networks, the access to the channel is controlled by coordination func­

tions. The typical access scheme of CSMA/CA is provided by distributed coordination 

function (DCF). For time sensitive services, contention free access is delivered by point 

coordination function (PCF). PCF is build on top of DCF, meaning that initial channel 

access for contention free period is executed through DCF. Among two extreme access 

methods (DCF providing channel contention for all users and PCF where channel is 

accessible only by a single user), hybrid coordination function (HCF) is defined for QoS-

STAs*. IEEE 802.11 MAC architecture is illustrated in Fig. 2.2. As it can be seen, PCF 

and HCF claim channel access through DCF contention scheme. A brief overview of the 

coordination functions are given as follows: 

DCF : DCF forms the basis for CSMA/CA. A STA utilizing DCF will ensure that 

the communication medium is idle for a minimum specified duration (DCF inter 

frame space [DIFS]) before attempting to transmit. If the medium is busy, the 

STA will defer until the end of the current transmission. After this deferral period, 

the STA will select a random backoff interval. When this backoff timer expires, 

*STAs supporting IEEE 802.lie MAC implementation 
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provided the medium is still idle, the STA may begin transmission. Every success­

ful frame transmission is acknowledged after a duration of short interframe space 

(SIFS) which depends on the PHY being used. DCF may also use request-to-send 

(RTS)/clear-to-send (CTS) scheme for additional protection against packet colli­

sion. In RTS/CTS mode, the channel is reserved on both transmitter and receiver 

side to avoid any collision during packet transmission. In such a scheme, a single 

data frame transmission requires three control frames, introducing further latency 

to already overhead overloaded DCF mechanism. More details and performance 

analysis of this coordination function are presented in Chapter 3. 

P C F : PCF is only used in contention free operation in an infrastructure BSS. This 

access method uses a PC (Point Coordinator), which operates in an AP, to deter­

mine which STA currently has the right to transmit. This method of operation can 

be considered as polling, where the PC acting in the role of polling master. PC 

uses DCF to grab the channel control but, waiting a shorter duration (PCF inter 

frame space [PIFS]) than a regular STA that enables easier channel access. Fur­

ther details and performance analysis of this coordination function are presented 

in Chapter 4. 

HCF : Hybrid coordination function permits QoS-STAs to have a priority in DCF con­

tention scheme for time sensitive applications by defining shorter backoff windows 

and inter-frame spaces (arbitrary interframe space [AIFS]). It also defines across 

classes (i.e. voice, background) and multiple service queues within STA MAC for 

various applications. In other words, HCF combines the functionalities of PCF and 

DCF for channel access. 

The illustration of the interframe spaces mentioned in the coordination function defi­

nitions along with CSMA/CA channel access mechanism are illustrated in Fig.2.3. As 

it can be seen in the figure, if the medium is busy according to virtual or PHY carrier 

sense mechanism, the STA defers the packet transmission. A non-QoS STA, after DIFS 

duration, picks a random backoff and decrements the backoff count one slot duration at 

a time as long as the carrier is sensed idle. Upon expiry of the backoff counter, the STA 

initiates packet transmission on the channel. 
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Figure 2.3: Illustration of channel access with CSMA/CA and interframe space relations. 

A discrete time scale is used in IEEE 802.11 networks, slot being the unit time, Inter 

frame time to defer the channel access after busy medium indication depends on terminal 

characteristics. An AP in contention period uses PIFS. A QoS-STA can use AIFS. A 

non-QoS STA has to wait for a duration of DIFS. SIFS on the other hand is typically 

used for acknowledgement frame transmission after data frame reception. 

2.3 Conclusions 

In this chapter, the definitions of the important network components are given. An 

overview of IEEE 802.11 PHY and MAC capabilities are presented. We have also re­

viewed various MAC coordination functions that allow channel access for terminals. In 

the network performance evaluations presented in this thesis, we assumed that all the 

STAs have the same channel access priority (non-QoS STAs) in order to evaluate the 

fairness and the overall network performance. Considering the following facts: 

• HCF combines the functionalities of PCF and DCF for channel access. 

• DCF is the primary and the most commonly utilized coordination function. 

• PCF provides high throughput with less overhead in the overall network. 

• RTS/CTS is used to avoid hidden terminals causing packet collisions, but it has 

excessive overhead causing additional latency in the network. 

The rest of this dissertation primarily focuses on: 

• Throughput and fairness performance of DCF. 
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• The challenges the primary coordination function (DCF) faces (i.e. hidden node 

problem, congestion, uneven load distribution in multi-AP environments.) 

• The attainable throughput performance of PCF and possible performance improve­

ments on this scheduled access scheme 

The modelling of DCF coordination function, along with the performance estimations in 

various network configurations and the decremcntal effects of hidden nodes are presented 

next (Chapter 3). 



Chapter 3 

Throughput and Fairness 

Performance of DCF 

DCF is a best effort, primary contention resolution algorithm that is widely used in 

WLAN market. It provides a distributed channel access mechanism to terminals in com­

munication environments that might have single or multiple APs. DCF defines a basic 

access mechanism (two-way hand shake) and an optional RTS/CTS mechanism (four-

way hand shake) for STAs to claim channel usage. RTS/CTS mechanism is designed 

especially to overcome hidden node problem. In a wireless network hidden nodes refer 

to nodes that are out of RF range of each other while sharing a common paired partner 

(typically an AP) for data transfer. RTS/CTS method introduces excessive overhead 

in the data transfer that degrades network throughput. It has been shown that the 

throughput loss of 30% is expected for systems using 54 Mbps communication rate and 

1500 byte packets in OFDM PHY [17]. In this transmission procedure, for each packet 

to be transmitted, the channel has to be reserved with two control frames (RTS and 

CTS) and the packet transmission has to be acknowledged with the third control frame 

(acknowledgement [ACK]). Therefore unless very long frames are being exchanged in a 

highly congested network with moderate-to-high data rates, the benefits of RTS/CTS 

are very limited. Detailed overhead analysis of RTS/CTS scheme is presented in [18] 

along with possible solutions like concatenation and piggy-packing. Considering that 

RTS/CTS scheme improves the performance in hidden node environments and unneces­

sary activation of this feature costs network resources, multiple analysises are presented 

to detect the hidden node in the environment to activate the RTS/CTS scheme [19],[20]. 

On the other hand, in highly congested networks or hidden node environments RTS 

26 
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frame transmission is also prone to hidden node problem [21]. An illustration of packet 

transmission with RTS/CTS scheme is given in Fig. 3.2. 

In this chapter throughput and fairness performance of DCF access mechanism is 

evaluated. Initially, a brief explanation of DCF procedure is given in Section 3.1. De­

tails of the analytical formulation of DCF scheme are presented in Section 3.2. The 

performance of DCF under different traffic conditions, hidden node scenarios and chan­

nel access schemes is evaluated in Section 3.3. The impact of cell loading on DCF is 

considered later in Section 3.3.1. The effect of hidden-node on DCF operation is evalu­

ated in Section 3.3.2. In hidden node configurations, the benefits of RTS/CTS channel 

access scheme are also estimated and the results are compared to DCF channel access 

performance. Finally the conclusions are given in Section 3.4. 

3.1 DCF Contention Resolution Scheme Overview 

STA behaviour with DCF access mechanism which is mentioned briefly in Chapter 2 is 

explained in this section. A STA that has a frame to transmit monitors the channel 

activities. If there is an ongoing transmission, the STA defers its packet transmission 

until an idle period which equals to a DIFS is detected. After sensing channel idle for a 

duration of DIFS, the station waits for a random back-off interval before commencing a 

packet transmission. The backoff time counter is decremented in terms of slot time (Ts[ot) 

as long as the channel is sensed idle. The counter is frozen if a transmission is detected 

on the channel, and reactivated when the channel is sensed idle again for a duration of 

DIFS or more. The STA transmits its frame when the backoff time reaches zero. Packet 

transmission fundamentals with DCF are illustrated in Fig. 3.1. At each transmis­

sion opportunity, the backoff time is uniformly chosen in the range of zero to current 

contention window (CW) size. At the very first transmission attempt, CW equals the 

minimum backoff window size {cwmin). After each unsuccessful transmission, CW size 

is increased exponentially until a maximum backoff contention window size (cwmax) is 

reached. If the destination STA successfully receives the frame, it transmits an acknowl­

edgement (ack) frame following a short inter-frame space (Tsifs). If the transmitting 

STA does not receive the ack within a specified duration of ack timeout, or if it detects 

the transmission of a different frame on the channel, it concludes that the transmitted 

packet is lost and reschedules the frame retransmission. 
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Figure 3.1: Basic channel access in DCF contention resolution scheme. Every transmitted 

packet needs to be acknowledged. Other STAs adjust their network allocation vector 

(virtual carrier sense) to avoid interfering with the ongoing packet transmission. 
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Figure 3.2: The channel access with RTS/CTS in DCF contention resolution scheme. 

The source and the destination terminals clear the channel before commencing packet 

transmission. The other STAs in the communication environment update their network 

allocation vector (NAV) upon receiving RTS and CTS messages. As it can be seen, in 

this access scheme, a single packet transfer requires exchange of three control packets, 

introducing further latency and overhead on the system. 
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3.2 Modelling DCF 

Analytical formulation of DCF performance considering non-saturated traffic * conditions 

will be summarized in this section. The theoretical results will be used to illustrate the 

decremental effect of congestion on DCF functioning. It will be explicitly shown that in 

congested APs, the STAs are actually getting a fraction of the throughput values that is 

usually being advertised (54 Mbps). 

3.2.1 Modelling IEEE 802.11 MAC 

In DCF of IEEE 802.11 MAC, as the number of contending STAs increases, the probabil­

ity of successful frame transmission decreases. By considering the DCF state transitions 

as discrete-state Markov process and with certain assumptions {e.g. saturated channel 

condition, perfect propagation channel, the frame transmission probability with DCF 

contention resolution scheme is calculated initially in [22]. The algorithm later applied 

to several different scenarios: Adapting it to different back-off schemes [23, 24], deriving 

saturation delay [25], taking into account finite retransmission attempts [26], consider­

ing multiple traffic classes [27], taking into account propagation channel errors [28] etc.. 

The chief postulate that enables the analysis in [22] is the assumption of constant and 

independent collision probability of a frame transmitted by each station. The considered 

assumption is proven to be extremely accurate by simulation results. In the model, a 

MAC state is represented by two variables: i) The current retransmission stage and ii) 

remaining backoff time. A frame is transmitted when the backoff time counts to zero. 

The frame transmission suffers collisions with probability p, and it is assumed to be suc­

cessful with probability 1 — p. In case of a collision, the STA's retransmission stage is 

incremented by one and a new backoff time is uniformly chosen from the new contention 

window range. The algorithm presented in [22] is further improved for non-saturated 

traffic condition in [29]. By denoting 1 — q as the probability that there are no packets 

waiting in a STA's buffer, the packet transmission probability r in a generic slot time 

can be estimated as follows [29]: 

q2W0 q2(l-pY 
{l-p)(l-q)(l-(l-q)w0) ( i _ g ) 

(3.1) 

'where the users can have idle periods where no packet is scheduled in the transmitter buffer; i.e. 

non-greedy users. 

^All users are in carrier sense range of each other and the propagation channel is assumed to be 

errorless. 
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where WQ is the minimum window size and rj is: 

1 q2W0(W0 + 1) 

q(W0 + l) f q2W0 , , , , , , ^2^ PI* 
2 ( 1 - , ) V l - ( l - ^ + ^ - g ) - ^ - ^ 2 ( l - ^ ( l - p ) - ^ 

l-(l-q)w° v ^ ^ 7 V l - 2 p 
where M is the maximum back-off stage. Given q, the probability that there is a pending 

frame to be transmitted in the buffer, and constants W0, M; r would still depend on p, 

which is unknown as well. The value of p can be calculated by noting that the probability 

of a transmitted packet encounters a collision, is the probability that, in a time slot, at 

least one of the other STAs transmit. The fundamental independence assumption implies 

that each transmission sees the system in the same state. Considering that there are n 

contending STAs and each STA transmits with r probability, p can be calculated as: 

p=l-(l-T)n-1 (3.3) 

Other than conditional collision probability (p), Markov Chain model also gives us the 

probability measures of the events possible in a slot time. Basically a slot can be: i) Idle, 

ii) used for successful packet transmission or Hi) in a collision. Transition from Markov 

Chain model's stationary probabilities to real-time can be accomplished by taking into 

account how much time is spent in each slot time. Then, the network throughput can 

be calculated by the number of bits transmitted during an average slot time: 

Thrsys = (psptrElp}yT (3.4) 

where E[P] is the average payload size (in bits); Ptr is the probability that there is at 

least one frame transmission in the channel (Ptr = 1 — (1 — r) n ) ; Ps is the probability of 

successful frame transmission (Ps = (nr( l — r)(™-1))/'Ptr) in a communication environ­

ment with n contending users and T is the average slot time (or average occupation time 

in a markov state). Considering the events possible in a slot time and their durations, 

the average slot time T can be calculated as: 

T = (1 - Ptr)Tslot + P* [PSTS + (1 - PS)TC] (3.5) 

where Tsiot is the slot duration, Ts and Tc are the expected durations for successful packet 

transmission and packet collision respectively which can be calculated as follows: 

Ts = Tdata + TsifS + 2rch + Tack + Tdifs (3.6) 

Tc = max(Tdata,..., T^ta) + rch + Te eifs 
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Table 3.1: IEEE 802.11a MAC and PHY characteristics. 
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where K is the number of colliding frames in a collision scenario; rch is the propagation 

duration; T^ta packet frame transmission duration and Tack ACK frame transmission 

time; Tsifs, Tdifs and Teifs are PHY specific inter-frame spaces given in Table 3.1. All 

the parameters utilized in (3.6) can either be found explicitly in [8] or can easily be 

estimated (i.e. T^ata and Tack) considering vertical data flow across IEEE 802.11 MAC 

and PHY layers (Appendix-B). Data and acknowledgement frame transmission durations 

can be calculated as follows: 

Tr data ~-*-pre ~r •*• sig ~T~ •*- sym 

J-ack ~~-*-pre r J-si a ~T~ J- < lstg sym 

sevr + tb + 8(mac(h+payioad) + fcs) 

L * dhrm 

serv + tb + 8ack 

•i-V dhnfi 

(3.7) 

where N^bps is a modulation dependent parameter indicating data bits per OFDM symbol. 

All the IEEE 802.11 OFDM PHY and MAC parameters related to our study are presented 

in Table 3.1 for convenience. If we consider the parameters presented in Table 3.1, we 

can easily obtain the numerical value for (3.7) as follows: 

Tdata = 2 0 Lisec + 4 LLSeC * 

Tack =20 I^LSCC + 4 usee * 

16 + 6 + 8 * (24 + macpayioad + 4) 

N, dbps 
(3.f 

16 + 6 + 8*14' 

Ndl 

3.2.2 Modelling User Traffic 

So far in the model the offered network load is represented by parameter q, the proba­

bility that a packet becomes available to the MAC buffer in a given slot time. For the 

verification of the analysis with simulation results, it is vital to correlate the parameter 

q with the actual STA load (i.e. 4 Mbps). Considering exponentially distributed inde­

pendent and identically distributed inter-arrival times t of rate A between packets, the 

probability that no packets arrive during an average slot time can easily be calculated 

as 1 - q = P(t > T) -XT Different traffic conditions in the analysis can be met by 

modifying the packet arrival rate. The estimated q value can be used in (3.1). Finally, 

the analytical network throughput then can be calculated by solving (3.1), (3.3) and 

(3.4) jointly for a range of q values. 
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3.3 DCF Performance 

DCF contention resolution algorithm is designed in 1999 considering residential and small 

office applications where STAs are supposed to operate stand alone in a low traffic and 

contention conditions. During the course of technology evolution, the usage of WLANs 

expanded to businesses that deal with large coverage areas (i.e. airports, conference 

centres, university campuses). These communication environments involving high traffic 

and user populations scattered in a large area with possible obstacles between them had 

negative effect on the DCF performance due to two apparent reasons: i) Elevated traffic 

load, where a single AP serves large number of users and ii) hidden nodes, where the 

users utilizing a common AP for communication unintentionally interfere with each other 

due to spatial separation. 

3.3.1 The Impact of Cell Loading 

Congestion has a decremental effect on DCF throughput performance. It can hamper 

the DCF throughput performance in two different ways: 

1. Considering the fact that the capacity of an operating channel is fixed in a given 

propagation environment and transmission power, individual user throughput is 

inversely proportional to the number of users sharing the common resources. 

2. In case of congestion, IEEE 802.11 networks naturally increase the contention win­

dow size to decrease the probability of packet collision. This has a negative effect 

of increased latency in the packet transmission. Considering a fixed contention 

window size (i.e. 1023 [Max in IEEE 802.11a]), the probability of a transmitted 

packet being in a collision increases as the number of contending users in the chan­

nel increases. This is due to the fact that each user has its own backoff counter and 

start transmission as this counter reaches to zero. The increased collision proba­

bility leads to a high fraction of the network time being wasted for packet collision 

and recovery algorithm; eventually ending up with low network throughput. 

Since the current interest is on the impact of congestion on the DCF throughput per­

formance, it is important to evaluate the DCF performance in single user environment 

for comparison reasons. Figure 3.3 illustrates the throughput performance of a single 

user with different modulation and coding schemes along with different packet sizes. As 

it can be seen, ~26 Mbps is possible if a single user with transmit packet size of 1000 
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Single user througput values 

Modulation and Coding Schene 

Figure 3.3: DCF performance in single-user environment with multirate transmission. 

Different modulation and coding schemes are illustrated for comparison purposes. The 

STA throughputs is calculated on MAC layer considering PHY and MAC overhead. 

bytes utilizes the whole capacity of the serving AP. As mentioned in Section 2.2.1 of 

Chapter 2, this is due to the fact that the data rate figures stated by IEEE 802.11 man­

ufacturers consider the data rate on PHY level, whereas we calculate the throughput on 

MAC layer with (3.4). Finally, the throughput performance results for overall network 

as well as individual STAs are illustrated in Fig. 3.4 for a range of contending number 

of users. IEEE 802.11a OFDM MAC & PHY frame structure, modulation and coding 

scheme, frame control overhead and control packets presented are taken into account in 

the results. In the figure, per user packet arrival rates are chosen high enough to satisfy 

saturated channel condition. It can be seen that there is only a slight degradation on 

network throughput as the number of contending users increase. The slight decrease on 

the throughput performance is due to increased contention-window size. It is clearly seen 

that per user throughput is inversely proportional to the number of users in the network. 
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Figure 3.4: DCF performance in multi-user environment. The number of contending 

users (STAs are in the carrier sense range of each other) is changed from 2 to 20. 1000 

byte frame length is considered with different data rate configurations. A single AP 

serving its users is simulated. 



Throughput and Fairness Performance of DCF 36 

Fig. 3.4 points out possible performance issues in hot-spots and the importance of the 

load balance algorithm. The figure suggests that the network load sharing is critical 

to have better network throughput performance and the STAs that suffer the most are 

usually the ones associated to highly congested APs. In Chapter 5, the techniques to 

alleviate this problem are explained in detail. 

3.3.2 The Impact of Hidden Nodes 

Hidden nodes in a basic service set refer to STAs that are out of range of each other 

but still sharing the same AP for backhaul connectivity. A hidden node scenario is 

illustrated in Fig. 3.5. If we consider a network with a single AP with many nodes 

surrounding it in a circular fashion, each node will be within communication range of 

the AP. However, not each node can hear the transmitted packets of every other node 

tunnelled through the common AP. The problem arises when the hidden nodes start to 

send packets simultaneously to the common AP. Since the nodes can not hear each other 

due to spatial separation, the collision avoidance mechanism of IEEE 802.11 can not 

handle this situation and the collision becomes unavoidable. The hidden node problem 

is commonly observed in widespread WLAN setups (airports, conference centres etc.) 

where communicating node can have obstacles between them that hinders their line of 

sight signal strength and impairs their carrier sense mechanism [30, 31, 32]. 

3.3.2.1 Hidden Node Effect 

DCF employs a discrete-time backoff scale where a STA that has a pending frame waits 

for the channel availability. In contention resolution, the time following an idle DIFS is 

slotted, and a STA is allowed to transmit only at the beginning of each slot time [6]. The 

assumption of perfect carrier sense by every STA in [29] and [22] implies that a collision 

may occur only when two or more packets are transmitted within the same slot time. 

For hidden node considerations, we need to extend this collision probability period to 

whole packet transmission duration of the considered STA (that will extend multiple slot 

durations). Considering a certain collision probability, r does not depend on the access 

mechanism but the MAC structure. Therefore consideration of hidden node problem 

has no effect on the derivation of r. p needs to be reworked to include hidden user 

interactions. In a hidden node scenario, all the users in the communication environment 

might have the same number of contending and hidden users (i.e. symmetric networks). 

The common assumption of papers [22] and [29] (where all the users are contending) is 
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(a) Hidden node scenario. STA-2 can not detect the uplink transmission (from 

STA to AP) of STA-1. Therefore it could initiate an uplink data transfer any time 

during STA-l's packet transmission. The generic slot times in which STA-2 could 

start transmission are illustrated as X in the figure. Collision prone period spans 

from beginning of the packet transmission until the ACK packet transmission from 

AP. The same scenario is valid for from STA-1 perspective (i.e. symmetric network). 
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(b) Contending node scenario. STAs are in the carrier sense region of each 

other. Therefore STA-2 defers its packet transmission until STA-1 completes its 

packet delivery. The only time a packet collision is possible in this scenario is if the 

STAs have a frame to send in their buffers and choose the same slot to start the 

frame transmission. Possible packet collision in this scenarios is illustrated as X in 

the figure. 

Figure 3.5: Hidden and contending user scenario illustrations in a network with 2 STAs 

communicating with a common AP. 
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a subset of the symmetric networks. In practical networks however, it is more likely to 

see users having different number of hidden and contending stations (i.e. asymmetric 

networks). Analytical formulation of the user performances differ for these two scenarios 

and therefore will be handled in two different subsections. 

3.3.2.2 Symmetric Networks 

In a wireless network, if users experience the same number of terminals inside the carrier 

sense region as well as outside, then such a network configuration is called symmetric 

(e.g. each STA in the network has d number of users in their carrier sense region and e 

number of users outside). In a considered network, we use S to denote the set of mobile 

users that reside in the network coverage area and let n = \S\ denote the total number of 

STAs in S. In a symmetric network, from the considered STA point of view, n number 

of users can be categorized as contending (c) if the STAs are in the carrier sense of the 

considered STA or hidden (h) if they are not (i.e. n = c + h). Considering the hidden 

node network setup, a STA would have a successfull frame transmission if: 

1. In a generic slot time*, none of the contending STAs transmit. The probability of 

such condition can be expressed as: (1 — r ) c " 1 

2. During the duration of packet delivery (i.e. DATA + SIFS + Tsiot), none of the 

hidden STAs has interfering transmission and vice-versa (i.e. the considered user 

does not interfere with an ongoing hidden node transmission). This probability 

can be calculated by: [(1 - r)h]k 

where k indicates approximate number of generic slot decrements in 2TS duration: 

k = 2TS/T (3.9) 

In symmetric networks, all the users have the same contention characteristics (e.g. each 

user in the network has 2 contending users [in carrier sense region] and 1 hidden [outside 

of the carrier sense region] user affecting own transmission). Therefore they share the 

same packet transmission, r, and conditional collision, p, probabilities. Considering the 

fact that a STA that has a pending packet is allowed to proceed for transmission only at 

the beginning of a slot time (once in contending case and k times for hidden node case) 

the common conditional collision probability can be calculated as: 

p = 1 - (1 - r)^1 [(1 - r)h]k (3.10) 

"The derivation of the generic slot time, also named as average slot time is given in equation 3.5. 
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Then, for symmetric hidden node scenario, the common packet transmission probability 

(Ptr) and successful packet transmission probability (Ps) for each STA become: 

UT(1 ~ TY~l+hk 

Ptr =1 " (1 " T)", Ps= ±_{l
}_T)n (3.H) 

In the formulation, the parameter k needs to be expressed in constants and known param­

eters in order to have a numerical solution. Assuming that successful frame transmission 

and collision durations can be expressed in slot time (T3iot) 

Ts = aTsiot, Tc = (lTsi0t (3-12) 

then k can be found by replacing Ts and Tc of (3.12) along with (3.5) in (3.9): 

2cv 
(3.13) 

(l-Ptr) + Ptr[Psa + (l-Ps)f6\ 

Notice PsPtr = n r ( l — p) from (3.11) and (3.10) and replacing this in (3.13) would give 

us: 

k l + Ptr(0-l) + nr(l-p)(a-p) ( 3 ' 1 4 ) 

Finally we rearrange (3.14) and replace Ptr from (3.11) to obtain: 

2(x 

1 + (1 - (1 - T)n)(fi - 1) + ,IT(1 - p){o - (i) 
(3.15) 

The k value given in (3.15) can be substituted to (3.10). A non-linear system represented 

by (3.1) and (3.10) can be solved using numerical techniques for the two unknowns r 

and p. After estimating p along with r, the average slot durations and finally the system 

throughput can be calculated by (3.5) and (3.4) sequentially. 

The derived equations are put in place in Example 1, demonstrating the performance 

of possible symmetric hidden node network scenarios up to 4 users (i.e. n = 1, 2, 3, 4). 

E X A M P L E 1: Consider a wireless system of one AP with multiple STAs. The con­

tending and symmetric hidden node network scenarios considered for performance eval­

uation are illustrated in Fig. 3.6. Fig. 3.6-(a) illustrates the classic contending user 

case, where STAs are in the carrier sense range of each other. Figs. 3.6-(b),(c) and (d) 

show the hidden node cases, where each STA is symmetrically hidden from each other. 

Considering the same amount of traffic per STA, under medium to high user loads we 
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(a) One contending node scenario. 

Considering the communication environment 

from a considered user perspective, for in­

stance STA-l, there is only one STA (STA-

2), that contends with it. Therefore in the 

simulation results, this scenario is called one 

contending node. 

(b) One hidden node scenario. Considering the 

communication environment from a considered user 

perspective, for instance STA-l, there is only one 

STA (STA-2), that is hidden to its communication. 

Therefore in the simulation results, this scenario is 

called one hidden node. 
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(c) Two hidden nodes scenario. (d) Three hidden nodes scenario. 

Figure 3.6: Contending and hidden node scenarios in a network with multiple STAs. 
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IEEE 802.1 la performance with multiple hidden nodes 
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Figure 3.7: Network throughput with different symmetric hidden node network config­

urations are illustrated. 500 byte frame length is considered. STAs are assumed to be 

transmitting with 6 Mbps communication rate. IEEE 802.11a MAC and PHY parameters 

are utilized in the results. 
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expect the network performance of Fig. 3.6-(d) to be the worst among others due to high 

number of hidden nodes and increased number of collisions. Network throughput relative 

to changing traffic condition are presented in Fig. 3.7. As it can be seen, hidden-nodes 

cause more than 50% capacity loss in medium-to-high traffic conditions compared to no-

hidden user case and barely affect the system in low traffic. Contending user results are 

obtained by modifying throughput equation of [29] for the IEEE 802.11a OFDM PHY 

characteristics. It should be noticed that there is a significant performance gap between 

one contending node and one hidden node scenarios. Addition of more hidden users 

causes slight incremental performance degradation in comparison. The scenarios with 

high number of users (i.e. Figs. 3.6-(c) and (d)) present a better network throughput 

performance when the STAs are lightly loaded. This is the case when the network is 

highly unsaturated and the network throughput is increasing linearly with the traffic. 

In such a scenario, packet collisions occur very seldom due to long idle periods in the 

unsaturated channel. As the traffic load per user increases, the network experiences 

more collisions and eventually suffer throughput performance loss. It should be noticed 

that networks with different number of hidden STAs have different throughput breaking 

points (when the network reaches to saturation). The more hidden users a network has, 

the less traffic it requires to reach to this saturation point. 

Fig. 3.7 includes not only the model equations but also NS2 simulation results for 

comparison purposes. In the simulations, the STAs are transmitting packets to a single 

AP. Along with the hidden user scenarios, one contending user case is also presented to 

validate the analytic formulation as well as for comparison purposes. NS2 parameters 

are configured for the IEEE 802.11a OFDM PHY and MAC values as given in Sec 17.5.2 

of [8] and partially in Table 3.1 for convenience. In NS2, the carrier sense range of 

an individual STA is configured and hidden nodes are simulated by tuning CSThresh-

parameter of wireless PHY. UDP frames are generated according to NS2 exponential 

on/off distribution. In the simulation campaign, the exponential on/off generator is 

configured to behave as a Poisson process by setting the variable burst_time_ to 0 and 

the variable ra te_ to a very large value, making the packet transmission time negligible 

and setting idle„time_ parameter as packet inter-arrival time. In NS2 performance 

figures, the packet payload is assumed to be 500 bytes (i.e. packetSize_ 500). AP and 

STA transmission power levels are assumed to be constant 200 rnW (23 dBm) and located 

accordingly to simulate hidden or contending user scenarios considering two-ray ground 

reflection propagation model [33]. As it can be seen, the model developed matches the 

simulation results perfectly, verifying the model's accuracy. 
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IEEE 802.1 la MCS performance with single hidden node 

ex 

3 
ft, 

-C 
60 
O 

.5 
H 
^£ ;-
O 

4 
3.8 
3.6 f-
3.4 
3.2 

3 V-
2.8 l-
2.6 
2.4 
2.2 

2 
1.8 
1.6 
1.4 
1.2 

1 
0.8 
0.6 
0.4 
0.2 -

0 

NS2 6 Mbps 
NS2 9 Mbps 
NS2 12 Mbps 
NS2 18 Mbps 
NS2 24 Mbps 
NS2 36 Mbps 
NS2 48 Mbps 
NS2 54 Mbps 
Model 6 Mbps 
Model 9 Mbps 
Model 12 Mbps 
Model 18 Mbps 
Model 24 Mbps 
Model 36 Mbps 
Model 48 Mbps 
Model 54 Mbps 

4-

X 
* 
• V 

o o A 

~i 1 1 1 1 <~ 

0 

6' 

< 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 

Per station load (Mbps) 
1.5 1.6 1.7 1.8 1.9 2 2.1 

Figure 3.8: Network throughput with different IEEE 802.11a modulation and coding 

schemes. Single hidden user scenario with 500 byte packet size. 

The effect of a hidden node on different modulation and coding schemes (MCSs) are 

illustrated in Fig. 3.8. In the figure, only single hidden user case is illustrated (Scenario-b 

of Fig. 3.6). As it can be seen from the illustration, the derived model follows closely the 

NS2 results confirming the accuracy. The traffic required to saturate the communication 

channel is an increasing function of the communication rate. It requires 1.3 Mbps per 

STA load to saturate the channel with data rate of 6 Mbps, whereas it needs more than 

2 Mbps for the communication rate of 24 Mbps. Considering a fixed STA load, as the 

communication rate increases, the time required to transmit a frame (fixed length packet) 

decreases; this reduces the probability of the hidden STA to interfere with the ongoing 

packet transmission, increasing the network throughput. From Fig. 3.8, we can see that 

for 2 Mbps per STA load, the network can have the throughput of 1.6 Mbps with 6 Mbps 

data rate, whereas 54 Mbps data rate (with 24 Mbps mandatory rate) can supply up to 

3.8 Mbps network throughput. 

Conditional packet collision probability (p) of single hidden user scenario along with 

different user traffic load and MCSs is illustrated in Fig. 3.9. As expected, conditional 

collision probability is an increasing function of user traffic load and decreasing function 
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Conditional collision probability relative 
to MCS and STA load^ 

Cond. Coll. 
Prob 

Individual STA 
load (Mbps) 
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54 Mbps 

36 Mbps 

6 Mbps 
9 Mbps 

12 Mbps 
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IEEE 802.1 la MCS 

Figure 3.9: Packet conditional collision probability relative to user load and communi­

cation rate. Single hidden user scenario with 500 byte packet size is illustrated in the 

figure. 
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Generic slot time duration with packet length 500B 
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Figure 3.10: Average generic slot duration for different network configurations. Users 

are transmitting with data rate of 6 Mbps. 

of communication speed. This behaviour can be explained as follows: Increased com­

munication speed, providing shorter transmission time, can afford lower k value for the 

same frame size, which in turn decreases the collision propability presented in (3.10). 

The other measure of interest considered in this thesis is the average (generic) slot 

duration with different traffic loads and network configurations which is given in (3.5). 

Fig. 3.10 illustrates the average slot durations for hidden user as well as contending user 

scenarios along with different traffic loadings. Average slot duration is an important 

indicator for network congestion and performance. As it can be seen, generic slot duration 

is an increasing function of network traffic as additional traffic amplifies Ptr weighing Ts 

and Tc against Tstot in (3.5). For the same traffic conditions, the hidden node scenario 

has a higher average slot duration comparison to contending users case as collision takes 

more network time than successful packet transmission (i.e. Tc > Ts). Comparing 2Mbps 

data point in the figure, it can be seen that both contending and hidden user scenarios 

have comparable average slot time values. In the contending user case however, this 

increased average slot time is due to domination of Ts in (3.5), whereas in hidden user 

case this is due to the influence of Tc. 
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3.3.2.3 Asymmetric Networks 

In asymmetric networks, the users in the communication environment are naturally clus­

tered into fairness groups, Gk Q S. This clustering depends on the users' orientation in 

the network. In a network, it is possible for a set of users to have a similar contending 

and hidden node numbers. For instance, if a set of users all have 3 hidden nodes and 2 

contending nodes, then they will have similar packet transmission probability (and con­

ditional collision probability), making them members of the same fairness group. In a 

single AP network environment, the list of groups are mutually exclusive and collectively 

exhaustive. Considering there are N different fairness groups then 

G1 + G2 + G3... + GN = S (3.16) 

Let's denote the number of STAs in each group as gk = \Gk\- The number of contending 

STAs in Gk is denoted as Ck whereas the number of hidden stations in Gi effecting STAs 

in group Gk is denoted as hki. It should be noted, the fact that STAs are in the same 

fairness group, does not necessarily mean that those STAs are co-located (i.e. in the 

carrier sense of each other). In each group, STAs can be either contending with or hidden 

to each other, Qk = Ck + hk,k- In a network of n users and N fairness groups, it can easily 

be shown that 

N 

VfcG l,2,...,N:n = ck + ^2hk,i (3.17) 

For calculation of the packet transmission probability, a similar approach presented for 

symmetric networks will be followed. However, in asymmetric networks, the users in 

different fairness groups will have different r as well as p parameters. Let's denote r^ 

and Pk as the packet transmission and conditional collision probabilities of users in Gk-

For asymmetric case, the network wide probability that there is at least one transmission 

in the considered slot time, Ptr can be found as: 

JV 

Ptr = l-Y[(l-Ti)9i (3.18) 
i=l 

Successful frame transmission probability would be different for each fairness group. The 

probability that a transmission of a user in Gk is successful can be found by calculating 

the probability that exactly one STA in that fairness group transmits and all the hidden 

users to the considered user do not interrupt the transmission conditioned on the fact 

file:///Gk/-
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that there is a packet transmission on the channel: 

Sk 9kTk(l ~ Tfc 
\ C f c - l 

TV 

lid \hk,i 
N 

i - U(l - T^9t (3.19) 
i = i 

The conditional collision probability for a user in Gk can be calculated by taking into 

account the fact that a packet transmission would be successful if: i) None of the con­

tending STAs in the considered fairness group initiate a packet transmission on the same 

slot time and ii) none of the hidden nodes in all fairness groups interfere with the ongoing 

data transmission: 

(1-Tfc v c f c - l 

Pk = 1 

N -ifc 

,i=l 
TV 

(3.20) 

l -na -^ 
i=\ 

Finally, the corresponding average slot duration (T) for asymmetric networks can be 

estimated by calculating the average durations the channel is used for successful packet 

transmission, packet collision or not used at all (idle channel condition): 

T — (1 — Ptr)Tsiot + Ptr 
' N \ / N \ 

^i=l / V i=l / 
(3.21) 

Calculation of k value becomes more convoluted in asymmetric networks, if the steps of 

symmetric hidden node scenarios are followed. However, if assume a = fi* the formula­

tion of the value of k simplifies to: 

k 1) 

N 

1 IK1 T-\9i (3.22) 

In Example 2, the performance analysis of all possible network configurations with 4 

users (i.e. n — 4) are illustrated. In such a configuration (4 STAs communicating with a 

single AP), one can have three symmetric and two asymmetric hidden node configurations 

as illustrated in Fig. 3.11. 

"This assumption implies Tr = Ts. Packet collision duration depends on ACKTimeout- if the user 

is involved in the collision. Considering the fact that ACKTimeout- is not defined in the standards, it 

is possible to tune this parameter relative to expected network load. In this work, it is verified with 

simulations that this assumption is safe with small-to-medium packet sizes. 

file:///Cfc-l
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Figure 3.11: Possible symmetric and asymmetric scenarios in a network with 1 AP and 

4 STAs. 
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E X A M P L E 2: Scenarios (d) and (e) illustrate asymmetric scenarios for a network 

configuration of 4 STAs and 1 AP given in Fig. 3.11. Different fairness groups in 

each orientation is also shown in the figure. Let's focus on Scenario 4 to illustrate the 

formulation parameters. In this spacial setup, there are total of two fairness groups, 

N = 2 as G\ = {a, b} and G2 = {c,d}. If we consider the performance of users in G2; 

from a considered user perspective there is only one contending STA, C2 = 1 and STAs 

in G2 are hidden to each other, /i2,2 = 1- All the users of Gi are also hidden to users in 

G2; therefore, /i2,i = 2. Intuitively, it is expected that the users of Gi in both scenarios 

4 and 5 (which have higher number of hidden nodes), would have less of a network 

fair share. Simulated network configurations are illustrated in Fig. 3.12 and Fig. 3.13. 

Performance of a more elaborate network configuration can be calculated by natural 

extension of the ideas presented in this work. Similar to the symmetric hidden node 

network configuration, in the simulated network environment, STAs are transmitting 

packets to a single AP. In NS-2 performance figures, the packet payload is assumed to 

be 256 bytes (i.e. packetSize_ 256). 

Total network throughput of all the scenarios relative to changing traffic conditions is 

presented in Fig. 3.12. Mandatory and communication data rate of the users are assumed 

to be 6 Mbps, and the frame length of 256B is chosen in the simulation. Numerical results 

obtained from NS-2 show good agreement with the results obtained from analytical 

expressions. As expected, all contending STAs scenario illustrated in Scenario-3 has the 

best throughput performance whereas all hidden STAs presented in Scenario-1 has the 

worst performance. As it can be seen, presence of hidden nodes does not affect the 

network performance in low traffic conditions. As mentioned in Section 3.3.2.3, users 

in different fairness groups illustrated in Scenario-4 of Fig. 3.11 are expected to have 

different network shares. This phenomenon is illustrated in Figs. 3.13 and 3.14. It can 

be seen that network fairness performance is a function of offered load. In low-traffic 

conditions, all the users of the network (independent of the number of hidden users 

affecting the transmission) have their fair share of the network. As the network load 

increases, users that have less number of hidden-nodes dominate the network, causing 

starvation of the badly located users. Higher packet transmission probability and lower 

conditional collision probability of users in fairness group G\ illustrated in Fig 3.14 clearly 

indicates that users in this group have an unfair advantage in this network configuration. 

Similar network fairness abnormality is seen in Scenario 5 illustrated in Fig. 3.11 are 

presented in Figs. 3.15 and 3.16. As expected, the performance difference of the fairness 

groups is bigger in this case compared to Scenario 4, because the user in G2 has three 
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Conditional Collision (CC) and Packet Transmission (PT) probability analysis 
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Figure 3.16: Packet transmission and conditional collision probability of different fairness 

groups in Scenario 5. 

hidden users interfering with its transmission whereas users in G\ have only one. As 

it can be seen from the illustrations, the derived model follows closely the NS2 results 

confirming the model accuracy. 

The other measure of interest considered in this section, assessing the network fairness 

performance, is the number of collided packet transmissions per successful transmission. 

Fig. 3.17 illustrates this performance figure in asymmetric network configurations with 

different traffic loadings. As it can be seen, average packet collision per successful trans­

mission is an increasing function of network traffic as well as number of hidden users 

in a network. For the same traffic conditions, users that experience more hidden nodes 

interfering with their transmissions have higher number of collided packets per successful 

transmission. 

Besides individual STA throughputs, a network fairness index is also calculated and 

compared in asymmetric scenarios. To quantify the network fair share of the asymmetric 

network configurations, the fairness index (also called The Jain's index) introduced in 

[34] and [7] is used as a metric. Consider ©j as the throughput of STA i in a multi-STA 
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Average number of frame collision per successful 
transmission in Scenarios 4 and 5 
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Figure 3.17: Average number of collided transmissions per successfull transmission for 

fairness classes in Scenario 4 and 5. Data rate is 6 Mbps and frame length is 256B. 

network, then the fairness index $ can be defined as: 

/ n \ 2 / n 

s= Ee* /n5>? (3-23) 
\i=0 ) I i=0 

The fairness index has the property that it is equal to 1 when all STAs have the fair 

share of the network and it gets closer to 1/n (n = |5|) when the STA throughputs 

are distinctly different. Fairness index results of the asymmetric networks relative to 

offered user load are illustrated in Fig. 3.18. It can be seen that network fairness index 

is a decreasing function of user load. Considering the same number of users, Scenario 

5 scores way lower fairness index comparison to Scenario 4, illustrating worse fairness 

performance in such setup. 

3.3.2.4 RTS/CTS Performance 

In IEEE 802.11 standards RTS/CTS channel access scheme is developed as solution 

to hidden-node problem. However, since the implementation of RTS/CTS scheme is 

costly from radio resource perspective, its performance evaluation is mostly ignored in 
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Figure 3.18: Jain's index in asymmetric network Scenarios 4 and 5. 

literature. In RTS/CTS mode, the channel is reserved on both transmitter (RTS) and 

receiver (CTS) side to avoid any collision during packet transmission. In such a scheme, 

a single data frame transmission requires three control frames (four-way handshake), 

introducing further latency comparison to DCF mechanism. 

The developed model explained in this paper is also applicable to RTS/CTS channel 

access scheme with a couple of modifications. Initially the expected successful packet 

transmission and collision durations will be different than the values presented in Section 

3.2.1. For RTS/CTS four-way handshake, the successful packet transmission (XJis) and 

packet collision (Tc
rts) durations can be calculated as follows: 

•L s rts ~r -* sifs ~r T~ch T irfs T i sifa r . . . 

Tch + Tdata + Tsifs + Tch + Tack + Tdifs + Tch 

rpr s _ j . ^ _̂_ J>di^ _|_ Tch 

(3.24) 

In (3.24), RTS and CTS frame transmission durations are indicated as Trts and Tcts. With 

the help of the OFDM PHY and MAC parameters, the frame transmission durations 
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defined for RTS/CTS scheme can be calculated as follows: 

serv + tb + 8rts 
-Lrts J- pre ~r •!• sig T" J- sym 

-Lets -Lpre i J-sig > -L sym 

^dbps 

serv + tb + 8cts 

1'dbps 

(3.25) 

The analytic formulation of the RTS/CTS throughput performance in hidden node com­

munication environment is similar to the study presented in Section 3.3.2. However, 

for hidden node collision cases, we will need to consider only RTS frame transmission 

duration rather than whole data frame transmission duration which was valid for DCF 

usage case. Therefore, in a hidden-node communication environment, the considered 

STA using RTS/CTS scheme would have a successfull frame transmission if: 

1. In a generic slot time, none of the contending STAs transmit RTS frame. The 

probability of such condition can be expressed as: (1 — r ) c _ 1 

2. During the duration of a RTS frame transmission (i.e. Trts + Tsifs + rc/j), none of 

the hidden STAs has interfering transmission and vice versa, (i.e. the considered 

user does not interfere an ongoing hidden node transmission). This probability can 

be calculated by: [(1 - T)h]krt!' 

where k indicates approximate number of average slot decrements in 2T, rts' 

krts = 2Trts/T (3.26) 

The throughput performance of the RTS/CTS channel access scheme is given for the 

scenarios presented in Section 3.3.2.3 and illustrated in Figure 3.11. Total network 

throughput performance of different channel access schemes (RTS/CTS and DCF) is 

given in Figure 3.19. As it can be seen from the illustration, the overall throughput 

variation of RTS/CTS scheme is less comparison to DCF channel access mechanism. The 

reason for such a behaviour is the reduced network time being wasted during collision even 

in multiple hidden-node environments. In RTS/CTS channel access, even though both 

transmitter and receiver reserve channel for further data transmission, we notice overall 

throughput reduction as the number of hidden nodes increases. This is due to RTS 

packet collision during channel reservation. RTS packet transmission is not protected 

against hidden node problem. Therefore as the traffic of individual users increase the 

probability of transmitted RTS packets increases; which eventually causes throughput 

loss. 
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Total Network Throughput for different scenarios 
with 256B packet size, 6 Mbps data rate and RTS/CTS scheme 
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Figure 3.19: Total network throughputs of different scenarios with DCF and RTS/CTS 

channel access schemes. 

Individual STA throughputs of Scenario-4 with RTS/CTS channel access scheme is 

illustrated in Figures 3.20 and 3.21. As it can be seen, RTS/CTS channel access scheme 

provides a better fairness performance in terms of throughput allocation in asymmet­

ric network allocations. In higher load regions, RTS packet collision causes through­

put performance differences among network users. Similar performance illustration for 

Scenario-5 is given in Figure 3.23 and 3.22. 

3.4 Conclusions 

The fairness performance of practical wireless local area network environments consider­

ing multiple hidden nodes and unsaturated traffic condition is studied in this Chapter. 

Analytic performance of IEEE 802.11 primary medium access algorithm (DCF) is pre­

sented for both symmetric and asymmetric hidden node networks. It has been shown 
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Scenario 4 Individual STA Throughputs with different channel access schemes 
with 256B packet size, 6 Mbps data rate 
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Figure 3.20: Throughput performances of individual users in Scenario-4. RTS/CTS and 

DCF channel access scheme performances are compared. 
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Scenario 4 Individual STA Throughputs with RTS/CTS 
256B packet size and 6 Mbps data rate 
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Figure 3.21: Throughputs of different fairness groups in Scenario 4 with RTS/CTS chan­

nel access mechanism. 
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Scenario 5 Individual STA Throughputs with RTS/CTS 
256B packet size and 6 Mbps data rate 
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Figure 3.22: Throughputs of different fairness groups in Scenario 5 with RTS/CTS chan­

nel access mechanism. 
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Scenario 5 Individual STA Throughputs with different channel access schemes 
with 256B packet size, 6 Mbps data rate 
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Figure 3.23: Throughput performances of individual users in Scenario4. RTS/CTS and 

DCF channel access scheme performances are compared. 
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that the presence of hidden nodes barely affects the per user network fair share in low 

traffic conditions, but it causes considerable performance loss in moderate-to-high traffic 

scenarios. 

It has also been shown that per user performance highly depends on user location 

in the network. In an asymmetric network configuration, increasing traffic increases per 

user throughput up to a certain point, that depends on the overall network orientation. 

Further increase of traffic causes starvation of badly located users that has more num­

ber of hidden nodes. The accuracy of the analytical model presented is illustrated by 

comparison to simulation results. The throughput performance of RTS/CTS channel 

access scheme is also presented with NS2 simulations. It is shown that even though, 

RTS/CTS scheme helps network achieve a better throughput performance, RTS packet 

collision seen mostly highly loaded environments causes performance drop in hidden node 

environments. 

After evaluating the DCF throughput and fairness performance in practical network 

configurations, we see that congestion and commonly observed hidden node problem 

limits DCF performance. Reducing the communication overhead and avoiding excessive 

collisions (either due to congestion or hidden node) would drastically increase the net­

work throughput. In the next Chapter we show that point coordination function (PCF) 

provides a superior throughput performance with its reduced overhead, no contention 

environment and proposed polling indexing scheme. 



Chapter 4 

P C F Performance with Advanced 

Indexing Scheme 

Communication delay is a limiting factor for any real time, time bounded link. IEEE 

802.11 WLANs implement point coordination function (PCF) and hybrid coordination 

function (HCF) controlled channel access (HCCA) to accommodate real time services 

with a certain QoS [10]. Scheduled access schemes (PCF and HCCA) allow an IEEE 

802.11 network to provide an enforced fair access to the medium. In some ways, the 

access to the channel is scheduled such that only the STA that is being polled is allowed 

to use the medium where AP is the poll-master (point or hybrid coordinator). Scheduled 

access has not been widely implemented in commercial products. As a result, most of the 

performance improvement studies are concentrated on DCF algorithm in the literature, 

ignoring the basic scheduled access scheme of PCF. Despite the fact that PCF has a 

better MAC efficiency (less overhead and better piggy-pack implementation) [35, 9] and 

no loss due to contention, it is mostly neglected in the literature and only limited number 

of studies are published [36, 37, 38, 39, 40]. This is mainly because DCF is the default 

access scheme configured with the commercial products and it has more independent 

and distributed channel access mechanism, not requiring any central controller. Only 

limited number of enterprise class products have implemented PCF to have the control 

centralized in the AP. This implementation targeted the hot-spot scenarios aiming to 

seize the wireless channel control in the presence of greedy herd of stations. 

It is possible to increase the efficiency and throughput of the scheduled access even 

further. Current implementation of scheduled access (HCCA and PCF) in IEEE 802.11 

WLANs does not take into account the physical channel information and multi-rate 
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capability of the STAs in building the STA polling list in contention free period. This 

usually results in much lower downlink data rates than what can ideally be achieved 

causing the overall network throughput drops. 

In this chapter, the performance of point coordination function is evaluated and com­

pared to distributed coordination function. The shortcoming of the current polling list 

creation technique in the current scheduled access schemes is illustrated and an efficient 

polling order scheme with increased throughput performance is proposed for infrastruc­

ture basic service sets with multirate transmission capability. Significant throughput 

performance increase (up to 20%) can be achieved, in a typical communication environ­

ment where downlink dominates the overall communication link. Initially the PCF mode 

of operation is summarized in Section 4.1. Later, the problem of the currently deployed 

PCF mechanism that is limiting the throughput performance is explained in Section 4.2. 

The proposed polling list creation method is described in Section 4.3. Finally, simulation 

results are presented to illustrate the performance increase with the proposed polling list 

creation method. 

4.1 Point Coordination Function of IEEE 802.11 

PCF is a deterministic access scheme which eliminates the packet collisions on the wireless 

communication medium. It is typically used for real-time services requiring a timely 

delivery of traffic with less error. It should also be noted that the polling based PCF 

might as well be used for non-real time services. PCF is known to achieve a better 

throughput performance than the contention based DCF [9], and hence one may want 

to use the PCF instead of the DCF in order to maximize the system throughput for 

data traffic. PCF is utilized in infrastructure BSS and it requires a point coordinator 

(PC) in each BSS that initiates and controls the contention free period (CFP). PC takes 

control of the wireless medium by sensing the channel for PCF inter frame space (PIFS) 

duration, which is shorter than DIFS, giving it a priority to grab and hold on to the 

channel. Once PC has the control of the medium, it may start transmitting downlink 

(from AP to STA) traffic to STAs. PC starts a CFP by broadcasting a beacon signal. All 

users in the BSS update their network allocation vector (NAV) duration by this beacon, 

to avoid contending during the CFP. PC can end the CFP at anytime by sending a 

CF-END signal. During a CFP, STAs can start data transmission after a poll if: i) 

they have a pending data frame (DATA) and respond to a poll frame (POLL) from 

the PC and ii) they acknowledge a data packet after a short interframe space (SIFS) 
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Figure 4.1: Example of PCF frame transfer. Contention free period is initiated with a 

Beacon (B) frame from point coordinator. Point coordinator has liberty to end contention 

free period with contention-free-period-end (CFE) frame. In the contention free period, 

only the STAs polled can transmit uplink data. 

interval. In the PCF transmission scheme, it is a common practice to combine POLL and 

acknowledgement (ACK) frames onto data frame in order to utilize the medium more 

efficiently. 

A sample PCF frame transfer is illustrated in Fig. 4.1. PC takes control of the 

channel after PIFS of inactivity. PC could start data transmission (on the downlink) a 

SIFS interval after the beacon frame by sending a POLL, DATA or DATA+POLL frame. 

If a CF-aware STA* receives a POLL frame from the PC, STA can respond to PC after 

a SIFS idle period, with a ACK or a DATA+ACK frame transmission (on the uplink). If 

PC receives a DATA+ACK frame from a STA, it can send a DATA+ACK+POLL frame 

to a wireless medium, where the ACK portion of the frame is used to acknowledge the 

receipt of the previous data frame of a STA and the DATA and POLL is targeted to a 

different STA. After creating a polling list during the contention period (CP), PC shall 

issue polls to STAs on the polling list in the order of ascending association ID (AID) 

value as stated in Section 9.3.4.1 of [6]. Considering the fact that AID is an arbitrary 

number in the range 1-2007 assigned by the AP to a STA when it associates with a BSS, 

we can assume that the polling list ordering in IEEE 802.11 standard is done in a random 

manner. After addressing all the STAs, if there is no further data to send or receive, PC 

can terminate the CFP by transmitting a CF-END frame. 

*A STA that supports contention free transmission. 



PCF Performance with Advanced Indexing Scheme 65 

4.2 Problem Statement 

In contention-free period of scheduled access mechanism, every single transmitted frame 

needs to be acknowledged as in DCF contention resolution method. Additionally, every 

STA needs to be polled prior to transmission, which would cause a high spectrum ineffi­

ciency due to PHY and MAC overhead if every acknowledgement (ACK), poll (POLL) 

and data frame (DATA) is to be transmitted individually. However, PC can combine 

polling and ACK frames with data frames in order to improve the throughput efficiency 

by cutting the extra overhead that might be introduced otherwise [41]. On the down­

link communication (i.e. from PC to STAs) with the piggy-packed frame format (e.g. 

DATA+ACK+POLL), the frame carries information for two separate STAs that are or­

dered one after the other in the polling list. Correspondents of the frame are: the STA 

who is waiting for an ACK for the previously sent data frame and the STA who is the 

recipient of the DATA (and the POLL if it is included in the frame). 

The polling list ordering issue becomes important if we take into account the multi-

rate transmission capabilities of the ordered STAs. IEEE 802.11a OFDM PHY has 

multi-rate transmission rate skill that allows implementations to perform dynamic rate 

switching with the objective of improving performance. Clause 9.3 of [6] indicates that, 

on the downlink PC must choose a data rate to send DATA+ACK, DATA+POLL+ACK 

or POLL+ACK frames that satisfies the communication link conditions of both the STA 

that is expecting DATA or POLL frame and the STA to which the ACK is directed 

to. Such an implementation implies that the common communication rate should be 

the lower of both STAs' data rates in order to guarantee the reliable communication. 

Adaptive multi-rate transmission enhancement enables STAs to determine their own 

data rate by the channel condition. Therefore, the STAs targeted by the same frame 

might have two different connection speeds with the PC. However, the frame directed 

to those two STAs on the downlink will be transmitted with the lower data rate of the 

both PC-STA links in order to guarantee the reliable data transmission to both STAs. 

For example, consider a downlink frame targeting STAl and STA2 (i.e. it is either 

DATA+ACK or DATA+ACK+POLL). If STAl's channel condition allows the data rate 

of 54 Mbps with PC, and the STA2's channel condition barely guarantees the data rate 

of 6 Mbps and in the polling list if they are ordered consecutively, then the data rate of 

the STAl, on the downlink, would be trimmed down to 6 Mbps in order to guarantee the 

QoS to STA2 [6]. IEEE 802.11 standards indicate that during CFP, the PC shall issue 

polls to STAs in the polling list in the order of ascending association ID (AID) [6]. Since 
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AID is assigned to a STA randomly as part of an association without considering the 

transmission rate capability or the communication link condition of the STAs, it results 

in reduced system throughput. This problem can be solved by modifying the polling 

list order generation algorithm at the PC. Instead of ordering the STAs relative to their 

AIDs, if we build the polling list order relative to descending received signal strength at 

PC, the negative effect of the trimming data rate on the system throughput would be 

minimized. The detrimental effect of standard polling list applies to both HCCA and 

PCF. The performance increase with the proposed solution is illustrated on PCF access 

scheme in this work. Similar results can also be obtained with HCCA. 

4.3 Adaptive Multi-rate Transmission 

An efficient communication system can be designed by selecting the data rate according 

to the channel condition as proposed in [42] and [43]. IEEE 802.11a/g OFDM PHY can 

serve its clients with high data rates up to 54 Mbps. These high data rates are made 

possible through advanced modulation and coding techniques that dramatically increase 

bandwidth efficiency. An adaptive multi-rate transmission algorithm is responsible for 

selecting the data rate that gives the optimum throughput for the specific channel con­

dition. In order to close the link, different data rates require different received power 

levels. The receiver minimum input level sensitivity of OFDM PHY is clearly indicated 

in [8]. Data rate fallback algorithm tunes the communication rate relative to experienced 

signal-to-noise power ratio (SNR). When SNR is high, STA can afford to use higher or­

der modulation schemes enabling high transmission rates. On the other hand, when the 

SNR is low, the need for a robust modulation scheme and powerful error correcting codes 

results in a low data transmission rate. 

An illustration of a data rate map relative to receiver-transmitter separation is given 

in Fig.4.2. Radios for 5 GHz wireless LAN applications could transmit at a power level 

of 200 mW (23 dBm) or less [8]. The attainable data rate regions of adaptive rate fall 

back algorithm is estimated with pathloss model presented in Appendix-A. The figure 

shows the received signal strength regions of an AP transmitting with 200 mW power. 

As it can be seen, a STA within a radius of 30 m to AP can communicate with 54 Mbps, 

whereas a STA with the distance of 110 m to AP must utilize autorate fallback to shift 

the speed down to 6 Mbps in order to close the link. 

An example CFP frame exchange with multi-rate transmission enhancement is illus­

trated in Fig. 4.3. Data rates of four STAs illustrated in CFP data exchange of Fig. 4.3 



PCF Performance with Advanced Indexing Scheme 67 

l l l 
-50 0 50 

Distance, m (Relative to AP x- coordinate) 

Rx 
Sensitivity 

(dBm) 

Figure 4.2: IEEE 802.11a coverage and data rate illustration. The deterministic ITU 

propagation model for 5 GHz U-NII band detailed in Appendix-A is utilized for data 

rate map. All the STAs and AP are assumed to transmit at max power level possible 

(200 mW). 
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are assumed to be the same as STAs' illustrated in Fig. 4.2 for convenience. Taking into 

account the fact that AIDs are randomly assigned and are in the range of 1-2007, assume 

that AIDs of four STAs as follows: AIDS™ = 15, AIDSTA2 = 59, AIDSTA3 = 548 and 

finally AIDSTA4 = 2001. According to current IEEE 802.11 standards, PC is supposed 

to order the STAs in the polling list by ascending AID values. Therefore, the polling 

list of the considered STAs would be like: "STA1 -> STA2 -»• STAS -»• STA4 => STA1" 

... . The double arrow in the last transition illustrates the round-robin characteristic 

of the polling order, which polls the first STA after going through all the STAs in the 

polling list considering all STAs have pending data in their buffers. The data rates of the 

both AP and STAs are color-coded in Fig. 4.3. The uplink data rates of the STAs are 6 

Mbps, 54 Mbps, 9 Mbps and 48 Mbps respectively; whereas the downlink data rates are 

forced to be 6 Mbps, 6 Mbps, 9 Mbps and 9 Mbps for sequential polling interrupts to 

accommodate the succeeding transmission rates. The proposed polling order algorithm 

suggests reconfiguring the polling order relative to received signal strength. Therefore, 

the suggested polling order would be: "STA2 -»• STA4 -»• STAS -»• STA1 => STA2 ..." 

which has the same uplink transmission rates but improved downlink rates; namely 54 

Mbps, 48 Mbps, 9 Mbps and 6 Mbps for sequential polling interrupts. 

4.4 Throughput Calculation Method 

For throughput calculation, we need precise information of IEEE 802.11a MAC and 

OFDM PHY frame formats and overhead. In Appendix-B MAC and PHY OFDM over­

head for IEEE 802.11a systems as well as vertical data flow are explained in detail. A 

data frame has 34 bytes overhead including the MAC header and FCS field. PHY over­

head of OFDM includes fixed PHY preamble delay (Tpre) of 16us, PHY header of 4/.i,s 

and variable delay of service (16 bits), tail (6 bits) and pad bits (variable length). The 

symbol time (Tsym) and SIFS time (Tsifs) of OFDM PHY is 4/zs and 16/ts respectively 

with propagation delay rch << l/'-s. All the relevant MAC and OFDM PHY parameters 

are also presented in Table 3.1, but replicated in this chapter for convenience. For IEEE 

802.11a/g systems, the transmission duration of a data frame can be calculated by (4.1) 

[35, 44]. 

T T 4 .T ± T \S6Vr + tb + 8(mac(h+Payioad) + fcs)~\ 
•L data -'-pre "T" -I sig ' -*• sym , x \*-*-) 

•* *dbps 

Throughput of a basic service set can be found by calculating the ratio of the number of 

correctly received data bits (excluding control bits) per second. Following assumptions 
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STA4(48^bpS) 

Figure 4.3: CFP data exchange algorithm with multi-rate adaptation. As it can be 

seen on the downlink, the piggypacked packets target two STAs at a time to increase 

transmission efficiency. The downlink frames are required to be transmitted with the 

lower data rate of the two to guarantee packet delivery to both STAs. 
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are made for throughput estimations: i) ideal channel with no communication errors. 

ii) During the CFP downlink all the POLL and ACK frames are piggy-packed on to 

data frame to reduce excessive overhead, in) All the STAs are in the coverage area 

of AP. iv) The length of the CFP is assumed as the maximum value attainable (i.e. 

CFPMaxDuration). v) All the user traffic is greedy, vi) All the frame lengths are the 

same. For each CFP repetition interval, the throughput of the BSS can be found by 

calculating ratio of total received (uplink and downlink) bits (excluding the PHY and 

MAC overhead) to the transmission duration of CFPMaxDuration. BSS throughput 

calculation flow chart is given in Fig. 4.4. The system throughput is expected to be a 

function of the connection speed of each STA, polling order of the STAs in the polling 

list and payload size of the frame. 

4.5 Simulation Results 

In this section, the effect of polling order creation method on IEEE 802.11 PCF through­

put performance is evaluated and compared to DCF performance. DCF throughput 

data points obtained from NS-2 simulations [33]. In the simulations both uplink (STA 

to AP) and downlink (AP to STA) traffic is simulated. The ratio of the overall traffic 

is modified and its effect on the throughput gain is illustrated. As mentioned in section 

4.3, the proposed indexing algorithm improves the performance on downlink communica­

tion. In order to see the effect on the downlink percentage on the gained performance, the 

throughput performance of proposed received power ordering (RPO) algorithm as well as 

standard (STD) IEEE 802.11 ordering algorithm are illustrated relative to frame payload 

size and the downlink communication percentage. We expect the performance margin 

between two indexing algorithms to be maximum when the communication is dominated 

by downlink (100% downlink). Figure 4.5 illustrates average PCF throughput perfor­

mance of 10 STAs relative to different payload sizes and downlink communication ratios 

with mentioned indexing algorithms. Communication rates of 10 STAs are selected ran­

domly from values described in Table 2.1 of Chapter 2 and the results are averaged over 

200 simulations for each data point. 

From Fig. 4.5 it can be seen that, for 1000 byte payload size, the proposed indexing 

algorithm improves the throughput performance almost by 20% for downlink dominated 

communications which is normally seen in practice. The gain margin decreases as uplink 

communication eclipses the downlink data transfer. Despite the decreased gain margin, 

the actual throughput performance of the network increases as uplink communication 
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Figure 4.4: Throughput calculation flow chart for a single contention free period. 
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Figure 4.5: Throughput of different data rates of IEEE 802.11a point coordination func­

tion. As the downlink communication dominates the overall packet transfer the delta gain 

provided by the proposed polling indexing algorithm increases. The network throughput 

is increasing naturally as the data frame size increases. 
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Throughput comparison of DCF and different PCF indexing algorithms 
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Figure 4.6: IEEE 802.11a PCF performance with different polling order schemes along 

with comparison to DCF contention resolution technique. 10 STAs are randomly assigned 

communication rate. The communication rate of a STA is estimated by taking into 

account STA-AP separation and simulated propagation model (Appendix-A). 

overrules the link because contrary to downlink that has to choose the minimum com­

munication rate to deliver ACK and DATA information in a single frame, on the uplink 

communication STAs are not bounded with that constraint and the probability of a 

frame being transmitted with a higher communication rate increases. 

In order to show the performance improvement of the proposed indexing algorithm 

with PCF to de facto contention resolution technique DCF, similar assumptions and 

channel conditions are simulated with NS-2 simulator. 10 STAs are generated in the 

communication environment with randomly chosen communication rate. Mandatory 

data rates are chosen relative to the communication rate as specified in the standards 

[8]. Exponential traffic is simulated for each user. Generated traffic is kept bigger 

than the link capacity of each and every user to simulate greedy user environment. 

NS-2 snapshot simulations are repeated 200 times to obtain average throughput value 
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for each data point. Fig. 4.6 illustrates the throughput performance of PCF indexing 

algorithms as well as DCF contention resolution technique. The performance of downlink 

communication is presented in the figure. The performance improvement of the proposed 

algorithm can be observed by selecting a fixed payload size. For instance, at the payload 

size of 900 bytes, the proposed algorithm gives a throughput performance increase of 

almost 1.5 Mbps relative to standard indexing algorithm. This performance gap reaches 

to 5 Mbps relative to DCF contention algorithm almost doubling the performance. The 

fact that PCF scheduled access has no hidden-node problem is one of the reasons for the 

performance gap comparison to DCF contention resolution mechanism. 

4.6 Conclusions 

PCF is an important access mechanism of IEEE 802.11, which is resurrected as HCCA 

in the recent standards. Scheduled access in WLANs promises certain QoS and high 

throughput as well as immunity for packet collision and hidden node issues, which is 

especially critical for popular real time systems. Current IEEE 802.11 applications im­

plement adaptive rate fallback algorithm in order to increase transmission efficiency in 

changing wireless channel environments. However, standard scheduled access algorithms 

do not take into account the multi-rate capability of the mobile stations in populating 

contention free polling list. It has been illustrated that by carefully designing the polling 

list ordering method of scheduled access, more than 1.5 Mbps additional throughput can 

be obtained with moderate payload size of 1000 bytes. It has been shown that for typi­

cal communication links requiring high download ratios, the proposed indexing algorithm 

significantly increases the throughput performance without any need of major change in 

the MAC or PHY layer of IEEE 802.11 standard. 

After estimating the DCF performance and challenges it is facing in Chapter 3 and 

proving that a better fairness and throughput performance can be obtained with modified 

PCF in a single AP environment, we want to move to a more challenging communication 

environment, namely extended service sets. In the next Chapter, the DCF throughput 

and fairness performance with standard association algorithm are evaluated in extended 

service sets where multiple APs are operational in the communication environments. 

After pointing the performance issues with the standard association algorithm, a novel 

association algorithm is proposed to improve the performance. 



Chapter 5 

DCF Performance in Extended 

Service Sets 

In literature most of the studies evaluating DCF performance in an extended service set 

have common assumption of uniformly distributed users in the communication environ­

ment. In practice however, STAs are distributed unevenly among APs, causing congested 

hot-spots and under-utilized APs [45, 46]. Considering a typical network with multiple 

APs which has some nodes carrying excessive loads degrades not only the considered AP's 

performance, but also the overall network operation [47]. The system performance can 

be improved by associating STAs efficiently throughout the network, in a sense sharing 

the network resources fairly among APs and thus relieving congestion. The association 

algorithm currently employed in IEEE 802.11 systems, that is specifically designed for 

residential and small office environments, takes into account signal strength as the only 

parameter and associates STAs to the closest (in signal strength sense) AP, ignoring its 

load. Novel user association algorithms are required to solve the problems commonly 

seen in corporate network environments spanning multiple APs. Such algorithms would 

improve DCF performance by avoiding congestion and reducing the time wasted during 

packet collisions. 

In this chapter, a distributed (i.e. running in individual STAs rather than centralized) 

and online (i.e. adapting to changing network and radio conditions) association algorithm 

is proposed that demonstrates improved average throughput performance, a balanced 

load distribution as well as fairness across the network compared to the conventional 

algorithm. It has also been demonstrated that the developed association algorithm has 

superior performance in various network conditions i.e. different hot-spot configurations, 
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user loads, frequency reuse clusters. 

5.1 Introduction 

In IEEE 802.11 WLANs, an AP has a serving area defined by its transmission power and 

channel conditions. An AP can accept an association request from any STA in its range. 

In a typical multi-AP deployment (also called extended service set [ESS]) a WLAN is 

made up of multiple APs and usually APs have overlapping coverage areas. Therefore, a 

STA in an overlapped area can associate with any AP it receives with a sufficient signal 

strength. However, according to IEEE 802.11 standard, STAs must associate with the 

AP that has the highest received signal strength indicator (RSSI) at the receiver [6]. In 

practice, the network load is often unevenly distributed among APs, e.g. flight gates at 

airports, classrooms in schools, seminar rooms in conference centres, creating hot-spots 

[7]. Because of the time multiplexing nature of the IEEE 802.11 coordination functions, 

the serving capability of an AP decreases as more and more STAs associate with it. In the 

current WLAN implementation, STAs are not informed about AP loadings. Therefore 

in a network configuration, there might be some APs having excessive loads, whereas 

some having just a few lightly loaded STAs associated with. 

From STA point of view, the current association method lets STAs, that are in the 

communication range of multiple APs, associate themselves with an AP that promises 

the maximum transmission rate. However, being able to communicate with the highest 

transmission rate (i.e. strongest signal) does not necessarily mean that this association 

would provide the best throughput and delay performance. Association of a STA to a 

less loaded AP with weaker signal strength might supply a higher effective data rate and 

better overall network performance, especially in networks with hot-spots. Effective data 

rate term indicates the actual data rate share of individual users communicating with 

a specific AP by taking into account the time division multiple access nature of IEEE 

802.11 MAC layer (i.e. as more users associate with a specific AP, the less effective data 

rate they will have). 

A novel association algorithm that alleviates this abnormality of IEEE 802.11 MAC 

is needed. WLANs spanning multiple APs are the most vulnerable to this inefficient 

way of operation. The proposed algorithm should be able to balance the network load, 

have a distributed nature and adapt to the changing load fluctuations in the network. 

By the load of AP, the congestion level or the serving capability of an AP is denoted. 

Association control is the key to adjust the individual AP loadings and network wide 
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resource sharing as it can be achieved by directing new STAs to less loaded APs. 

5.2 Resource Sharing by Association Control 

Currently a very simple association algorithm which takes into account only RSSI values 

is implemented in IEEE 802.11 WLANs. An efficient association algorithm should be 

able to infer the business level of the APs in the network and adjust to the changing 

system conditions in the communication environment. In the literature this type of 

algorithms are called on-line association algorithms [48]. 

Network resource sharing through association control has been considered by both 

academic community and industry. Advanced association algorithms to balance the 

network load are already implemented by various WLAN equipment vendors [49], such 

as least loaded association algorithm which takes into account only the AP loadings and 

associates the new users to the AP that has the least load. In this chapter, it will be shown 

that implementation of such an algorithm will have chronic problems like high average 

network load and therefore fair but overall reduced throughput. An association algorithm 

which estimates the possible signal to noise plus interference power ratio (SNIR) for 

each connection is proposed by [50]. The algorithm estimates the available signal to 

noise and interference power ratio before association and chooses the best offer in a bi­

directional link. Although this algorithm is one step ahead of the standard association 

algorithm in terms of taking interference into account rather than just RSSI at the 

receiver side, adaptive transmission rate ability of wireless equipment is ignored and AP 

load or congestion relief are not considered. Another predictive association algorithm is 

described in [51]. In that study, each STA calculates its own RSSI value and compares it 

to the average RSSI value of the STAs associated with the considered AP and runs the 

association algorithm relative to the condition of if STA's own RSSI is less or more than 

the AP average RSSI. In the association technique of [51], adaptation of the algorithm 

to the changing traffic condition is not taken into account. An AP based association 

algorithm is described in [52]. In this scheme, access controller (a central control unit that 

rules all the thin APs* in the communication environment) decides on two thresholds: 

i) overload threshold, ii) underload threshold. APs that have the load values higher 

than the overload threshold force their excessive STAs to associate with the neighboring 

APs. Another association control algorithm [53] illustrates network-wide fair data rate 

*APs whose several core functionalities are moved to access controller from where radio resource 

control and management can be done centrally in an ESS 
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allocation among users independent of their locations, while maximizing the fair share 

of each user. Their fairness concept is called rnax-rnin fairness, which is a data rate 

allocation if there is no way to give more data rate to any user without decreasing 

the allocation of a user with less or equal data rate. In [54], authors define a cost 

function which takes the average uplink throughput vector (e.g. AP throughputs are 

individual elements of the vector) as a variable and outputs a scalar value and they 

try to maximize this scalar value by choosing different user associations. The last two 

algorithms mentioned require to run a central association algorithm to minimize the cost 

function and allocate data rate fairly which is computationally complex and not suitable 

for large networks. 

5.3 Load Definition 

A proper definition of load in WLAXs is required for problem formulation. Intuitively, 

the load of an AP should reflect its inability to serve properly to all its associated users. 

Assuming that each STA has the same traffic characteristic, a STA that has the highest 

connection rate among the associated STAs would be the least burden on the AP. Hence 

a load imposed on an AP by a STA should be inversely proportional to the connection 

rate that considered STA attains. 

In order to formulate the load definition, a description of the considered network 

setup should be given. We assume a WLAN that comprises a large number of APs 

and STAs. We use A to denote the set of APs and let m denote their number, i.e. 

m = \A\. Each AP has a transmission range limited by its transmission power as well 

as propagation condition and can only serve STAs in this range. We use S to denote 

the set of STAs that reside in the network and let n = \S\ denote the total number 

of STAs in the network. For each STA s G S and each AP a € A, we use 9\a,s to 

denote data rate they communicate with and (EatS refers to the average effective data 

rate they experience as a result of resource sharing with other STAs in the environment. 

A distinction between communication (£HajS) and effective (<£a,s) data rate can easily be 

made by a simple example. Let's consider a communication environment that comprises 

of a STA and an AP. Consider that STA communicating with AP with data rate of 54 

Mbps. Assuming that STA always has a pending data frame to transmit (i.e. greedy user 

assumption), then its effective and communication data rate would be the same, which 

is 54 Mbps. However, association of another STA with the same propagation and traffic 

characteristics to the considered AP would have a communication rate of 54 Mbps as 
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well, but their effective data rate would be 27 Mbps due to time sharing nature of IEEE 

802.11 MAC. If the second STA's communication rate was 36 Mbps, then the effective 

communication rate would be 21.6 Mbps. 

The consistent load definition indicated in [53] is used in this work. The load [0jS 

induced by STA s on AP a is defined as the time it takes for the AP to provide the 

STA one unit of traffic; and the total load £ a on AP a is the aggregate load of all its 

associated STAs. In order to generalize the AP load calculation formula to all the STAs 

in the communication environment, it is required to define an association index that 

reflects the connection of a STA to AP. It is assumed in this study that if a STA s G S 

is associated with AP a G A then yQ)g = 1 and the STA imposes a certain load on AP a 

that is inversely proportional to its connection rate, 9\a,s. If it is not associated with AP 

a then y0)S = 0 and it does not contribute to that AP's load. Therefore, the load of STA 

s on AP a and the total load of AP a can be defined as follows: 

V s G 5 , V a G ^ : [ a , s = ^ . a n d £ a = J^ la,s (5.1) 

5.4 Balanced Association Algorithm for Extended 

Service Sets 

In this section, the proposed association algorithm for improved resource sharing and 

performance in extended service sets is described. In the algorithm, it is assumed that 

AP performance figures are calculated in each AP with described load metric (5.1) and 

this information is relayed to STAs in the communication environment (e.g. by man­

agement frames*). Each STA joining the network associates with the AP that supplies 

the highest effective data rate. After initial association, the STA keeps track of this 

performance figure during its operation and triggers re-association decision when cer­

tain conditions are met. For hot-spot scenarios, contrary to the standard association 

algorithm (i.e. strongest signal first jSSF]), the proposed method prefers a less loaded 

AP which offers a better effective data rate and relieves possible congestion. A careful 

examination of (5.1) would reveal that an AP serves to all of its associated users with 

effective data rate that is inversely proportional to its load. The proposed algorithm is 

also different than the least loaded first (LLF) association algorithm [49]. As the name 

'Management frames are dedicated packets exchanged between two interested parties carrying in­

formation regarding their behaviours in the network. Association Request, Re-association Request, 

Association Response, Probe Request could be named as sample management frames. 
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implies, with LLF algorithm, STAs choose an AP that has the least load value, ignoring 

the considered STA's own loading effect on the AP. For hot-spot scenarios, this type of 

association scheme frequently forces STAs to associate with APs located further away 

offering low data rates just because they have lower loads than closer APs providing 

better effective data rates. A particular consequence of such an association algorithm is 

increased average network load, therefore lowered effective data rate. Considering the 

fact that the proposed association algorithm predicts the effective data rate offers of the 

APs in the vicinity, it is called predictive association algorithm (PAA) in the subsequent 

sections of this work. The PAA is on-line, meaning that each STA not only checks the 

best AP (in terms of effective data rate) when it joins to network, but also dynamically 

reassesses available APs' effective data rate offers. In case of finding a better AP that 

satisfies the re-association condition, it initiates the re-association process. To alleviate 

the well known ping-pong effect for re-association decision in wireless networks [55], min­

imum delta effective data rate percentage threshold is defined at STAs, which is denoted 

as Amm. If a STA discovers an AP that would supply an effective data rate percentage 

at least A m m better than the rate currently it has, then it will initiate a re-association 

process. A formal description of the proposed association algorithm is given in (5.2) 

and (5.3) and illustrated in Fig.5.1. A typical STA behaviour complying with proposed 

association algorithm can be described as follows: When STA s £ S joins the network 

at time T0, it associates with an AP that grants itself the best effective data rate (A: G A 

and pfc,s = 1): 

@T0: 

<£k,s = rnax {<SS} 
{s|ses} 

f/e.s = 1 

A = (gi>a-(£&,„) xlOO 

As = {A l j S . . . ATO_ijS} 

As the propagation condition and the loading of APs change in a dynamic network 

environment, STA s recalculates the effective data rate offers of the APs in its commu­

nication range. If a STA detects an AP / that provides an effective data rate percentage 

more than A m m compared to current AP k (at time T\ of 5.3) then it gives a re-association 

decision to AP / (tk,s = 0 and &iS = 1) and updates effective data rate vector (<£'s) as 

m = \A\, sES (5.2) 

keA 

k e A, s e s 

{i, k} G A, i ^ k, s G S 

m= \A\, s £ S 
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IF (A't.s > A""") { 
Re — associate (s) { 

?fc,« = 0; &,., = 1: _^ 

f/pdafe Dei to Fe ctor (<£',):} 
} 
ELSE { 

UpdateDeltaVector(£' s) 
} 

Figure 5.1: The flowchart of predictive association algorithm. 

well as delta effective data rate percentage vector (A's). If the effective data rate per­

centage is lower than A m m , then STA s would just update its effective data rate and 

delta effective data rate percentage parameters without any re-association decision: 

@Ti : 

<E'itS = max {e's} 
{s\ses} 

*- s \*- l,s • • • *- m,sf 

A s = {A 1 > s . . . A m_i iS} 

A'ls = max {A's} 
{s,l\s£S/\leA/\l^k} 

leA 

m= \A\, s G S 

m = \A\, s £ S 

(5.3) 

Minimum delta effective data rate percentage value (Amm) is a network design pa­

rameter and it introduces a trade-off between a fair effective data rate allocation among 

STAs and the number of re-associations. Choosing a small Amm value would fine tune 

the fairness among STAs at the cost of increased re-association attempts per unit time. 

5.5 Interference Effect 

For IEEE 802.11a PHY operating in U-NII (Unlicensed National Information Infras­

tructure) band, the number of non-overlapping frequencies is 12 [8]. In North America, 

Federal Communications Commission (FCC) allowed additional spectrum opening that 

increased the number of non-overlapping frequencies in U-NII band to 23 [56]. Consid­

ering the fact that IEEE 802.11b/g technologies are designed for single AP with wide 
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communication range targeting consumer market, it is expected to see IEEE 802.11a 

PHY in corporate environments where the network load is high and the networks typi­

cally spans multiple APs. A careful frequency planning along with 23 non-overlapping 

frequencies would suffice a pervasive connectivity and mobility with negligible interfer­

ence. 

However, the performance of the proposed association algorithm with limited fre­

quency availability can still be in question, especially for networks that adopted IEEE 

802.llg systems (that has 3 non-interfering operational frequencies in ISM band) rather 

then less interference prone IEEE 802.11a systems. Therefore, the effect of the interfer­

ence with 3 frequency reuse cluster should be taken into account for complete performance 

analysis. Since the long term network performance is considered, an average interference 

calculation method taking into account the considered user and interferer location, com­

munication rate (i.e. channel occupancy), transmit power level, propagation channel 

(pathloss and shadowing effect) and uplink & downlink communication ratio should be 

utilized. 

A terminal (STA or AP) can cause interference to another terminal if it is using the 

same frequency channel and associated to a different AP (or it is a different AP) than the 

considered terminal. A STA causes an interference to other terminal whenever an uplink 

connection (i.e. STA=^AP) is established and similarly an AP causes an interference to 

other terminal whenever it serves to its associated users (on the downlink). The main 

concern is to calculate the average interference on long term basis, mainly influenced by 

path loss and slow fading. For average interference calculation, the relative time that 

each individual STA or AP utilizes the channel needs to be found. The relative channel 

occupation times can be estimated by calculating the individual transmission duration 

to total AP utilization duration ratio. It is assumed that AP has no idle time and 

the operational frequency is used by either STAs or AP 100%. A typical interference 

calculation scenario is illustrated in Example 3. 

5.5.1 Example 3: 

Consider the communication environment illustrated in Fig. 5.2. In wireless networks, 

generally downlink connection dominates the overall connection. Assume that the uplink-

to-total link ratio is 0.3, which means 30% of the connection durations a STA makes 

with its associated AP are uplink (e.g. request an URL [Uniform Resource Locator] like 

www.site.uottawa.ca) whereas 70% of the connections are downlink (e.g. whole website 

http://www.site.uottawa.ca
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contents with pictures and videos). Consider that with each connection a STA sends a 

frame of 2304 octets. In the illustrated example, STA a-1 with 6 Mbps uplink data rate 

would keep AP-A busy for the duration of tu
al = 2304x8(6?ts)/6xl06(6ps) = 3072 ^sec 

for each uplink packet transmission and td
aX = 2048//.sec for each downlink connection. 

Uplink and downlink connection rates are assumed to be different due to different in­

terference levels on AP and STA. Therefore on average, for 10 random transmission 

opportunities, with the assumed uplink-to-total link ratio, STA a-1 would keep AP-A 

busy for tl
al — 7xt^x + 3x i" j = 23552 [isec. Considering the fair transmission opportu­

nity and the same calculation method, STA a-2 and STA a-3 channel occupation times for 

10 random transmission opportunities on AP-A can be calculated as i^2
 = 1792 /isec and 

i„3 = 4608 usee. The values presented can be normalized considering single transmission 

opportunity (i^) and single bit transmission (|i^|). Normalized AP-A utilization time 

(| £,41) then can be estimated by adding individual STA normalized uplink and downlink 

transmission durations as follows: 

î i = i4i + i*y + i a (5.4) 

= (IOI + I&I) + (tei + fei) + (I&I + fei) 
= 0.1278 + 0.0458 + 0.1417 = 0.3153/isec 

Assume that AP-A and AP-B that are illustrated in Fig. 5.2 are operating in the 

same operational frequency. Interference effect of AP-A and its associated users on the 

downlink connection of STA b-1 will be illustrated in this example. Let's denote the 

interference power of STA al affecting the downlink connection of STA 61 as Iai,bi, 

interference power of AP-A as IA,H> the average interference caused by STA a-1 uplink 

transmission on STA b-1 downlink connection as Ial bl, the average interference observed 

on STA b-1 downlink connection due to STA a-1 downlink connection as Ialbl, and the 

total interference affecting STA b-1 downlink connection due to STA a-1 data activity 

(transmission and reception) as Ial bl. The total average interference power affecting the 
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Figure 5.2: AP load calculation example with interference. AP-A and AP-B use the 

same operational frequency. STA b-1 is a new user to be associated with AP-B. If we 

consider STA b-l 's downlink connection, AP-A, STA a-1, STA a-2 and STA a-3 will 

interfere with the STA b-1 connection and affect downlink data rate. 
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downlink connection of STA 61, 7M, can be found as follows: 611 

+ 4 , M (5-5) 

\lal 

On each and every downlink connection, AP-A is the interferer, which is illustrated 

on the sixth line of (5.5). After calculating the average interference on STA b-1, the 

communication rate can be found by estimating the AP-B received signal strength to total 

average interference and noise power ratio (SINR). The analysis can easily be extended 

to STA b-1 uplink connection by considering AP location as the reference point for 

interference calculation. 

5.6 Performance Evaluation 

In this section, the details of the WLAN performance evaluation process and the perfor­

mance improvement of the proposed association algorithm compared to standard WLAN 

algorithms are presented. Simulation results are compared primarily in terms of through­

put performance. Besides network and individual STA throughputs, a network fairness 

index is also calculated and compared. To quantify the load balancing ability of the 

predictive association algorithm, the balance index (also called The Jain's index) that is 

previously defined in Chapter 3 is used as a metric. Consider £j as the load of AP i in 

a multi-AP (m = \A\) communication environment, then the balance index 23 can be 

defined as: 

® = % F i (5-6) 

The balance index has the property that it is equal to 1 when all APs have the same 

load and it gets closer to 1/m when the AP loads are distinctly unbalanced. 
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5.6.1 System Model 

The simulation results are presented for multi-AP IEEE 802.11a as well as IEEE 802. l l g 

networks to evaluate the interference effect. An exhibition hall propagation environment 

is used for analysis. The size of the exhibition hall is 240 m x 240 m. Sixteen APs are 

regularly distributed on a grid distance of 60 m. The number of STAs in the network 

and STA locations are changed to represent different communication environments. In 

simulations, deciding on the modulation and coding scheme of a STA highly depends 

on the channel propagation model being used. ITU recommended propagation model 

for indoor systems at 5 GHz band given by [15] is used for path-loss calculation. Slow 

fading has also been considered and simulated in order to have more accurate propagation 

model that takes into account the environmental characteristic (indoor, outdoor) as 

well as the material characteristic (hard partition, soft partition) [57]. Each user is 

assumed to be undergoing slow fading with power levels determined with a path loss 

exponent and randomly distributed log-normal shadowing with a variance of 8 dB, which 

is considered to be a typical value for indoor environmet at 5 GHz frequency band [58]. 

This assumption is needed to determine the transmission rates available. However once 

the power level is determined, the channel is assumed to be perfect (i.e. errorless). 

In the simulations AP and STA transmission power levels are assumed to be constant 

200 mW (23 dBm). Hot-spot cells are simulated by concentrating certain percentage of 

the STAs in circular areas around selected APs and considering the rest of the STAs as 

uniformly distributed (UD). APs are assumed to be frequency planned. The frequency 

planning implies 3-cell or 4-cell frequency re-use cluster for IEEE 802.llg systems and 

interference free environment for IEEE 802.11a systems. The communication rate of 

each STA varies between 6-54 Mbps and is estimated by considering the SNIR level 

experienced at the receiver. In NS2 simulations IEEE MAC parameters (short retry limit, 

CWMin, CWMax, SIFS, slot duration etc.) as well as PHY parameters (carrier sense 

threshold, transmitter power, operational frequency, receiver sensitivity, PHY preamble 

etc.) are configured as defined in IEEE 802.11a specifications and illustrated in Table 

3.1. 

5.6.2 Numerical Results 

Fig. 5.3 compares the resource sharing capability of the proposed association algorithm 

with standard algorithm. The figure itself is a snap-shot of a simulation scenario and 

illustrates user association decisions by drawing a line between STA and its serving AP. 
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Figure 5.3: Illustration of different association techniques in a communication environ­

ment of 75 STAs and 16 APs. 50% of the users are located in two hot-spot cells (AP-7 

and AP-10) where the other half of the users are uniformly distributed in the network. 

As it can be seen proposed predictive association algorithm (PAA) partially relieves the 

load on the hot-spots by assigning some of the hot-spot users to the neighboring APs. 

The environment is assumed to be interference free. 
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Similar STA locations and user distributions are used in the figures and the only difference 

is the employed association algorithms. Fig. 5.3-a illustrates the SSF algorithm, where 

most of the users selected AP-7 and AP-10 because of their close proximity. However, 

this scheme overwhelms the hot-spot APs and would result in poor average throughput, 

delay and load balance in the network. Fig. 5.3-b shows the load balancing ability 

of the proposed algorithm. The congestion in hot-spot APs are partially relieved by 

associating STAs to neighboring APs. The data rate improvement map of the proposed 

association algorithm comparison to the standard association algorithm is illustrated in 

Fig. 5.4. In the figure, there are 50 STAs in the communication environment. First 49 

of them are utilizing the conventional association algorithm (SSF) to pick their serving 

AP. We were curious what data rate improvement would the last STA (50^ STA) get by 

utilizing the proposed association algorithm (PAA) instead of SSF (i.e. (DataRate)PAA 

- (DataRate)SSF). To estimate per STA connection rate, 5 GHz U-NII frequency band 

is considered with ITU propagation model detailed in Appendix-A. All the possible 

locations in the network are considered for the last STA and as it can be seen from 

the figure, the performance improvement is mainly taking place in hot-spot areas, which 

proves the congestion relief ability of the proposed algorithm. 

Finally the association map of the new-comer STA (50th STA) to a network is illus­

trated in Fig. 5.5. Basically, the figure compares and illustrates how a STA joining a 

network with certain setup would behave in terms of association decision. The figure 

demonstrates the sharp contrast between proposed and standard association algorithms. 

Conventional association algorithm has a symmetric tile pattern, because of the distance 

based propagation assumption. However, if we look at the proposed algorithm, the rst 

thing noticed is the expansion of the lightly loaded AP coverage area and inversely, 

shrinkage of the loaded AP coverage area. The proposed algorithm tries to balance the 

network load between the neighbouring APs arid improve spectral efficiency by increas­

ing the association areas of the lightly loaded APs. In Fig. 5.5, the same simulation 

assumptions as Fig.5.4 are made (i.e. ITU propagation model, 50 STAs and 16 APs in 

the network, IEEE 802.11a PHY) 

5.6.2.1 Impact of Interference 

In IEEE 802.11a systems the interference can be negligible by judicious selection of 12 [8] 

(23 in North America [13]) operational frequencies. To see the effect of interference on the 

performance of the proposed association algorithm with IEEE 802. l lg systems, which 

is more popular in consumer market, a set of simulations are performed. Simulation 
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16AP&50STAS 

X coordinate (m) MbPs 

Figure 5.4: Data rate improvement map of proposed predictive association algorithm 

(PAA) comparison to conventional association algorithm (SSF). The figure illustrates 

the possible data rate improvement of the 50th STA introduced in the network who 

chooses PAA instead of SSF. In the communication environment 4-cell frequency re-use 

cluster is assumed. 

results illustrating the effect of interference are presented in Fig. 5.6. The Fig. 5.6 

compares the median throughput performance of 50 STAs utilizing different association 

algorithms in separate operational bands (i.e. IEEE 802.llg systems in ISM band and 

IEEE 802.11a systems in UNII band) and user distributions. For IEEE 802.11a system, 

the throughput performances of both association algorithms improve as more and more 

users are uniformly distributed in the communication environment. For IEEE 802.llg 

systems, the algorithm performance behaviours are similar, but consistently lower than 

IEEE 802.11a systems as expected. It should be noticed that for IEEE 802.llg systems 

there are two reasons for low throughput performance: i) Congestion in hot-spots and 
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SSF Association PAA Association 

Figure 5.5: Association map of the new-comer (50th STA) to an already established 

network. The two figures illustrates the users spacial association preference relative 

to different association algorithms. In the communication environment 4-cell frequency 

re-use cluster is assumed. 

ii) interference. Intuitively, for IEEE 802.llg systems, a similar performance increase 

behaviour due to increased uniform user distribution is expected. However, the more 

uniformly users are distributed, the more interference they would cause to each other, 

reducing the communication rate. Due to increased interference, we can only see a 

marginal performance improvement by increasing uniformly distributed users. If we 

focus on 10% uniformly distributed users scenario, PAA performance drops to 2.011 Mbps 

due to interference in IEEE 802.llg system compared to 8.844 Mbps in 802.11a system 

(77.3% performance drop), whereas the SSF algorithm gives 1.196 Mbps in IEEE 802.llg 

systems which drops from 2.32 Mbps (48% performance drop). Despite the interference, 

the performance of the standard association algorithm is improved 38% (from 1.1965 

Mbps to 1.65173 Mbps) when the uniform distribution percentage is increased from 10% 

to 50%. However, the performance increase due to uniform distribution increase is barely 

noticeable in proposed algorithm due to always high interference nature of the algorithm 

(3.9% [from 2.011 Mbps to 2.0896 Mbps]). Even with the sharp performance drop due to 

interference (comparison to IEEE 802.11a systems), the proposed algorithm still presents 

a better median throughput performance compared to standard association algorithm. 
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Figure 5.6: Performance of association algorithms on different technologies. For 802.11^ 

systems 3-cell frequency reuse cluster is used in 16 AP communication environment. 

5.6.2.2 Impact of Physical Layer 

In this section the impact of physical layer characteristics on the AP loads is evaluated 

and different association algorithms are compared. The size of the considered environ­

ment is 500 m x 400 m. Twenty APs are regularly distributed on a grid distance of 100 m. 

The number of STAs in the network changed from 100 to 250 to simulate loaded system 

conditions. In the simulations, the effect of IEEE 802.llg and IEEE 802.11b PHY data 

rates are considered. Users are assumed to be in hot-spot regions within a certain radius 

(120 m). AP load performance of proposed predictive association algorithm (PAA) is 

compared to least loaded first (LLF) association algorithm as well as default strongest 

signal first (SSF) association. In the LLF algorithm, the newly introduced STA in the 

communication environment prefers the AP that has the least load at the time. 

Fig. 5.7 illustrates the performance of different association algorithms with OFDM 

PHY with high data rates. Users pick their data rates according to experienced SIR 

ratio and corresponding data rates. The attainable data rates and channel model used 

are given in Appendix-A. In Fig. 5.7, the most basic observation is the increase of the 

average AP load with increasing number of users. APs 10 and 11 experience more loading 
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Figure 5.7: AP load comparisons with different user populations and association al­

gorithms. Users are uniformly distributed in two hot-spot areas. OFDM PHY and 

attainable data rates of 6,9,12,24,36,48,54 Mbps (depending on STA-AP separation) are 

considered in the figure. APs 10 and 11 experience more loading due to close by hot-spot 

region. 
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Figure 5.8: AP load comparisons with different user populations and association algo­

rithms. Users are uniformly distributed in two hot-spot areas. IEEE 802.11b PHY and 

and attainable data rates of 1,2,5.5,11 Mbps (depending on STA-AP distance) are con­

sidered in the figure. APs 10 and 11 experience more loading due to close by hot-spot 

region. 
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due to close by hot-spot region. In all the figures the proposed PAA algorithm provides 

a balanced load across the APs. It should be noted that LLF algorithm succeeds to 

balance the loads among APs, however the average load per AP could be really high. In 

Fig. 5.8, this abnormality of LLF is more obvious, giving even higher average AP load 

comparison to two hot-spot APs of the SSF algorithm. The reason for such a behaviour 

can be explained as follows: LLF algorithm by design assigns the users to any accessible 

AP (i.e. AP that is in the coverage area of the considered STA) that has the least load 

value, irrespective of the offered communication rate. Such an implementation frequently 

leads to a scenario where the users are forced to associate to APs located further away; 

serving really low data rates (e.g. 6 Mbps for IEEE 802.llg and 1 Mbps for IEEE 802.11b 

systems). Since the AP load is inversely proportional to the communication rate, this 

causes the average AP load in the network to rise. In both performance figures (Figs. 5.7 

and 5.8) the proposed association algorithm manages to strike a good balance between 

balanced and low average AP load. 

5.6.2.3 Impact of User Distribution 

In order to illustrate the effect of user distribution, for each network snap-shot simula­

tion, total of 100 STAs are introduced in 16 AP communication environment described in 

Section 5.6.1. STA locations are varied at each simulation run and the median through­

put values are obtained by averaging the results over 100 runs. A sample simulation 

snap-shot is illustrated in Fig. 5.3. STAs are distributed either in hot-spots (HS) or 

uniformly (UD) in communication environment. The percentage ratio of uniform and 

hot-spot STAs are changed for each simulation campaign. The throughput performance 

comparison of proposed and standard association algorithms is illustrated in Fig. 5.9. In 

the figure, X-axis represents different user distributions, Z-axis represents the per-STA 

throughput (Mbps) and the Y-axis represents the sorted STA index. STA throughputs 

are sorted in increasing order, meaning that throughput data value for the 99'th STA 

index in a 100 STA environment is the average throughput of the second best STA over 

all simulation iterations. If we consider the median point of the sorted STA throughputs, 

the predictive association algorithm (PAA) performs better than the standard association 

algorithm (SSF) for all user distributions. One thing we notice is the better performance 

of the SSF association algorithm on some STAs compared to PAA. These STAs are the 

ones abusing almost empty APs for communication without sharing. Nevertheless if we 

look at the median point, we notice almost 4 times better performance of the PAA for 

hot-spot user distribution and twice the performance for 50% uniformly and 50% hot-
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Figure 5.10: Number of STA per AP for different user distributions. 

Table 5.1: Load balance indexes of different association algorithms. 

SSF 

P A A 

100%HS 

0.193 

0.980 

75%HS&25%UD 

0.273 

0.982 

50%HS&50%UD 

0.381 

0.990 

25%HS&75%UD 

0.514 

0.992 

100%UD 

0.624 

0.996 

spot distributed user scenarios. The congestion in hot-spot APs is apparent for SSF. For 

hot-spot distribution, 88% of the users are establishing a connection with below 4 Mbps 

data rate with SSF, whereas there is no users in PAA that has a data rate that low. Fig. 

5.10 illustrates this congestion in hot-spot APs in the communication environment. The 

figure plots the number of STAs associated to each AP in the network relative to different 

user distributions and association algorithms. As it can be seen from the figure, PAA 

has balanced user assignment, around 6-7 STAs per AP, independent of the user dis­

tribution. However, for SSF association algorithm, in non-uniform population scenario, 

hot-spot APs have around 30 STAs per AP that slashes their effective throughputs. The 

load balancing abilities of the association algorithms are given in Table 5.1. The Jain's 

index is calculated for both association algorithms with different STA distributions. As 

expected, as we increase the hot-spot user percentage, SSF algorithm load balance per-
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formance s tar ts falling behind. As the percentage of the hot-spot STAs increase, the 

index of SSF association algorithm approaches to 1/m (m being the number of APs in 

the communication environment, m = 16) which is the indication of highly unbalanced 

load distribution. Whereas, the PAA manages to keep the balance index on 0.98 level 

by intelligent STA associations. This load balance abnormality of the SSF algorithm 

for practical hot-spot scenarios can also be observed in Fig. 5.11. The figure illustrates 

individual AP load values in multi-AP environment. The excessive load spikes with SSF 

algorithm for hot-spot APs are obvious, explaining decreased throughput values for SSF 

algorithm. 

5.6.2 .4 I m p a c t of Traffic Load 

So far the performance of the proposed algorithm is presented for saturated network 

conditions and with greedy user assumption where channel utilization is 100%. This 

saturation condition can be easily satisfied if the serving AP is overloaded. For instance, 

if an AP is serving its associated users with maximum data rate of 54 Mbps; it can 

be saturated by 7 STAs transmit t ing 1000 bytes packets with exponential traffic having 

inter-arrival time of 0.001 seconds {i.e. the considered AP would need more than 56 

Mbps to satisfy unsaturated channel condition in this case). In this section the effect 

of the traffic load on the proposed algorithm performance will be evaluated with NS2 

simulations [33] and it will be shown tha t the superior performance of the proposed 

algorithm is valid for a large spectrum of traffic conditions. 

The traffic model that is used in NS2 simulations is exponential on/off, where frames 

are sent at a fixed rate during on periods, and no packets are sent during off periods. In 

the simulation campaign, the exponential on/off generator is configured to behave as a 

Poisson process by setting the variable burst_time_ to 0 and the variable r a t e , to a very 

large value, making the packet transmission t ime negligible and setting id le_ t ime_ as 

packet inter-arrival time. In the NS2 performance figures, the packet payload is assumed 

to be 1000 bytes (i.e. packetSize_ 1000). The location of the STAs kept constant and 

STAs choose modulation and coding scheme relative to SNIR level they experience. STA 

traffic generator parameters are changed and they are scaled from 100% down to 1%. For 

a STA having a connection rate of 12 Mbps, 100% traffic would mean the considered STA 

generates 1000 byte frames with inter-arrival t ime of 0.00067 seconds (i.e. id le_ t ime_) . 

For this considered STA, the inter-arrival time would increase to 0.0013 seconds for 50% 

traffic simulation. 

NS2 simulation results are presented in Fig. 5.12. The effect of user traffic on 
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Figure 5.11: AP loads comparison of PAA and SSF with different user distributions. 
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the throughput performance is illustrated in the figure by distributing 50 STAs in two 

hot-spots and utilizing different association algorithms. As expected, throughput is a 

decreasing function of traffic. With PAA the individual throughput values have a ten­

dency to stay constant until ^ 50% traffic. This behaviour can be explained as follows. 

With PAA, STAs that would otherwise be associated in the hot-spot APs are distributed 

to neighboring APs, balancing the load, and average STA number per AP is small in 

comparison to SSF algorithm. Therefore, the communication environment can be un­

saturated with users having a high traffic load (until ^ 50% of traffic). As the traffic 

level drops below ^ 50%, some idle time openings were observed where none of the STAs 

have a packet waiting to be transmitted. For SSF, the network is saturated until 1% 

STA traffic because of the hot-spot congestion (i.e. ^ 25 STAs per AP). Individual STA 

performance depends on the location of the STA (data rate) as well as how congested 

the AP is. Individual STA throughput performance varies between 3-8 Mbps for PAA 

whereas the performance drops to 0.7-3.5 Mbps for SSF algorithm. 

5.7 Conclusions 

A novel algorithm for associating a station to an access point is described for IEEE 

802.11 extended service sets. The proposed algorithm is compared in terms of load bal­

ance index and individual station throughput considering the effects of user distribution, 

interference and traffic load. It has been shown that the proposed algorithm improves the 

average system throughput performance more than twice for practical user distributions 

and offers a better load distribution across the network compared to conventional asso­

ciation algorithm. Its adaptability feature makes it a robust solution for dynamic user 

environments as normally seen in practice like airports, campusses and coffee shops. The 

proposed algorithm equally improves the downlink and uplink throughput and channel 

access performances. Due to load balance nature of the novel algorithm, the number 

of contending STAs are far less than standard association algorithm. Considering the 

fact that probability of packet collision is an increasing function of contending STAs, 

the proposed association algorithm would have a better uplink traffic and packet access 

condition. 

In a practical network environment, the challenges of implementing the proposed as­

sociation algorithm are two folds: i) Calculating the performance figure (per AP load) in 

APs and ii) relaying this information to STAs in the communication environment to fa­

cilitate their association decision. In current implementation, APs are aware of the STAs 
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that are associated with them as well as their communication rates. Therefore APs are 

able to calculate their loads (£) with the information that is already available in current 

networks. A minor modification in IEEE 802.11 standards will be needed to relay this 

performance figure to STAs in the communication environment to assist their associa­

tion decision. Management frames (beacon message, probe request, probe response etc.) 

using information elements would be perfect candidate for this functionality. Informa­

tion elements included in management frames are variable-length components, contrary 

to fixed-length components of control frames. If we investigate this particular frame 

structure more closely [6], we see that most of the information elements (total of 255) 

are reserved for future applications. Utilization of management frames with novel in­

formation elements would be backward compatible. STAs that are able to decode such 

an information would detect AP load values, form their effective data rate vectors (£'s) 

engage proposed association algorithm and enjoy a better performance. STAs that do 

not have this feature would just ignore the considered information element and proceed 

with normal association algorithm. 
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Figure 5.12: STA throughput comparisons of SSF and PAA algorithms relative to dif­

ferent traffic conditions. 



Chapter 6 

Conclusions and Suggestions for 

Future Work 

More and more people rely on using portable computers and internet services in their 

daily work. This fact is one of the major reasons that IEEE 802.11 wireless local area 

network market is expanding rapidly. In this dissertation, we developed an analytical 

method to estimate the performance of wireless local area networks in practical network 

conditions where hidden nodes and users with unsaturated traffic are commonplace. We 

have shown that the primary contention resolution algorithm of IEEE 802.11 networks 

faces many challenges like congestion (hot-spots), hidden nodes, excessive overhead in 

densely deployed corporate network environments. 

In this thesis, after evaluating the performance of distributed coordination function in 

the presence of hidden nodes with proposed methodology and confronting the difficulties 

it is having, a point coordination function with novel polling indexing scheme is proposed. 

With such a scheme, high throughput performance is obtained by reduced overhead, no 

contention and proposed polling list creation method. Then the performance charac­

terization of the primary contention resolution scheme is extended to wireless networks 

with multiple access points. It has been illustrated that uneven user distribution is the 

greatest obstacle to obtain network-wise fairness and high throughput. We proposed a 

novel association algorithm that significantly improves the throughput performance and 

fairness index in networks having multiple access points. 

We have evaluated the performance of the networks in the presence of hidden nodes 

and unsaturated network conditions. It has been illustrated that the effect of the hidden 

nodes in a network with low traffic is minimal; whereas as the network load increases the 

102 
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decremental effect of hidden nodes becomes more and more obvious. With the method­

ology developed, we have also estimated the fairness performance of the network with 

hidden nodes. It has been illustrated that individual STA performances highly depend 

on the orientation of the user in the network and its traffic load. In low traffic condi­

tions, it has been illustrated that all the users in the network get their fair share despite 

the presence of hidden node. However, badly located users destined to starve upon in­

creasing network traffic load. Comparative network performance assessments considering 

networks with different number of hidden node configurations are presented. Consider­

ing the fact that request-to-send/clear-to-send (RTS/CTS) channel access mechanism is 

designed specifically to cope with the hidden node problem, further simulation results 

are presented comparing RTS/CTS and DCF throughput performances in similar hidden 

node network environments. 

We also proposed a novel association algorithm for networks comprised of multiple 

access points. We named this association algorithm as predictive association algorithm. 

In the designed algorithm we took into account multiple network parameters that affect 

the overall network functioning (i.e., access point load, communication rate, interfer­

ence, dynamic network structure and distributed decision making process) to predict 

user throughput performance before actually deciding on association. By doing so, we 

drastically increased the throughput performance and especially the fairness index of the 

networks. 

6.1 Suggestions for Future Work 

There are various possible future works regarding the architecture introduced in this the­

sis. The developed methodology can be used to evaluate the analytic throughput perfor­

mance of exposed node scenarios or RTS/CTS channel access scheme. The probability 

calculation of hidden node occurrence in a given network setup is another interesting 

topic one can look at. The application of PCF to multiple access point communication 

environments can also be considered as an extension of the work presented in this thesis. 

In closing, further details of some of future research topics mentioned are given in this 

chapter. 
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6.1.1 Calculation of hidden-node and contending-node proba­

bility 

As a part of this work, we developed a model to assess the performance of a network in 

the presence of hidden nodes. In the methodology, with given number of contending and 

hidden users, the network and individual user performances are calculated with great 

precision. However, given total number of users, expected user distribution and RF 

propagation model, it would be interesting to estimate the probability of a considered 

user to have certain number of hidden and contending users in a network configuration. 

For instance, considering that the user locations are selected uniformly and independently 

in a communication environment, what is the probability of two users to be hidden to each 

other? With any given RF propagation model and a common AP, if the link distance 

(dsTA-i,STA-2) between two independently created STAs (ST A — 1 and ST A — 2) is 

less then the carrier sense distance (dcs), then these two STAs are in the carrier sense 

region of each-other and they are contending for the channel access; hidden otherwise 

(i.e. if dcs < dsTA-i,STA-2)- Therefore, given the number of users in the communication 

environment, user distribution and finally the RF propagation model, the propability of a 

considered user to have a certain hidden and/or contending user can be calculated. This 

calculation then can be used in the network throughput calculation for further analysis. 

6.1.2 Application of P C F in multi-AP environments 

Another interesting area could be to study the applicability of point coordination function 

in multiple access point network configurations. In such a set-up, in order to benefit 

PCF features (i.e. no interference, no hidden node), during any given time of contention 

free period only a set of non-interfering access points should be activated while others 

(possibly interfering access points) are silenced. 

In PCF, if two APs poll their mobile users independently and if the polled STAs 

are in the carrier sense of each-other then the collision is inevitable. Considering the 

fact that IEEE 802.11b and g systems only have 3 non-overlapping frequencies, the 

implementation of PCF in multi-AP corporate environments using ISM bands is not 

practical. One solution to enable multiple APs to work in harmony in PCF mode is 

dividing the time into equal sized slots such that within each slot only a subset of APs 

(non-interfering) are activated, while the rest of the APs are silenced. By ensuring that 

the APs simultaneously activated in any slot of the time are non-interfering, the scheme 

guarantees that the system is free from interference and hidden node problems. The 
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Figure 6.1: Interfering AP illustration. 

peculiarity in such implementation is, in each time slot the overall system imitates the 

point coordination function behaviour in single access point environment. An efficient 

scheduling algorithm that takes into account the number of time slots allocated to each 

access point proportional to its load could be designed. 

In implementation of PCF to multi-AP communication environment, the very first 

task is to find the interfering AP pairs in the multi-AP communication environment. 

In IEEE 802.11a networks, two thresholds are defined for terminals: (i) signal sensing 

threshold (-91.76 dBm [OFDM]) and (ii) minimum signal decoding threshold (-82 dBm 

[OFDM]) [8]. Any signal with received power below signal sensing threshold will be 

assumed as background noise. Similarly, a received signal needs to be at least -82 dBm 

level to be decoded properly. For the time being, let's consider that the path-loss is the 

only factor affecting the signal strength (i.e. no shadowing). Thus, each mobile station 

can be associated with two circular regions around it. The inner circle is the transmission 

range of the station (dtx) that defines the zone in which any message sent by the station 

can be decoded properly; and the outer circle is the carrier sensing range (dcs)- Any 

mobile station included in this range (dcs) can sense every transmission of the considered 

station. Two APs are assumed to be interfering when a message exchanged by one AP 

may prevent a proper message decoding in the vicinity of the other. Any two APs are 

assumed to be interfering if the distance between them are less than 2dtx + dcs- This is 

the maximum available distance for interfering APs as illustrated in Fig. 6.1. A sample 

interfering AP relationship is illustrated in Fig. 6.2. Interfering APs are illustrated by 

drawing a straight line between thern. (i.e. Any ongoing transmission of AP-d might 

interfere with AP-b, AP-c, AP-e and AP-f.) Such interfering AP relationship can be 

represented by the interference graph. 

6.1.2.1 Interference Graph 

The interference graph G(A, E), is defined by the set of APs (A) and a set of edges (E) 

between any pair of APs (a, b G A) that are using the same operational frequency and 

have the spatial separation less than 2dtx + dcs, i-e- dAP~a,AP-b < 2dte + dcs- That is 
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Figure 6.2: Sample interference graph. 

to say if the APs are utilizing the same operational frequency and the distance between 

them are less than 2dtx + dcs any transmission in one AP can potentially be interference 

on the other AP. A sample interference graph illustrating interference distances is given 

in Fig. 6.2. In normal PCF applications (single AP operations), mobile users in the 

AP performing PCF operations are time-sharing the bandwith. The difference between 

single-AP PCF and multi-AP PCF applications is, for multi-AP PCF, the same time 

slot can be allocated to more than one APs simultaneously. However this is not possible 

in single AP configuration because all the mobile stations are in interfering distance of 

each other. Let's look at an example scenario for PCF implementation in a multi-AP 

environment. 

6.1.2.2 Example 4: 

Let's consider that the total data rate of contention free period (CFP) is 10 Mbps and 

each mobile user in communication environment is capable to communicate with data 

rate of 10 Mbps. Assume that all the APs are using the same operational frequency for 

the time being. Let CFP be divided into K time slots enumerated from 1 to K. We 

denote by SLa the set of slots allocated to AP a in a given CFP and by ka the number 

of slots in SLa (i.e. ka = |5L a | ) . A slot assignment vector can be defined as follows: 

SL = {SLa,SLb,...SLz} (\SL\ = \A\) where each element (i.e. SLa) specifies the slots 
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Figure 6.3: Interference graph illustration. 

assigned for each AP a G A. A slot assignment is feasible if for every AP a, SLa C [1..K] 

and any pair of adjacent nodes in the interference graph do not have any common slot. 

A sample figure illustrating the slot assignment is given in Fig. 6.3. In the figure this 

requirement means that we can not allocate more than 5 slots (K = 5, the maximum 

number of slots in CFP) to an AP and the same slot can not be assigned to APs {d, e, / } 

in the given CFP, because they are interfering APs. In the figure, Sa denotes the number 

of mobile stations associated to AP a. Considering that total data rate of CFP is 10 

Mbps, a single slot assignment to an AP will supply 2 Mbps to the considered AP and 

its associated users in the given CFP. The challenge is to assign the slots to the APs 

by taking into account APs load as well as interference characteristic and maximize the 

network utilization. A sample slot allocation for the considered network is illustrated in 

Fig. 6.4. For the example slot allocation illustrated in Fig. 6.4, slot assignment sets, 

average AP and per STA data rates can be calculated as follows: 

• Slots assigned to AP-a Sa = {1,2,5} providing total AP-a data rate of 6 Mbps. 

Considering that there are 9 STAs associated to AP-a, per-STA throughput would 

be 6/9 Mbps 

• Slots assigned to AP-a St, = {3,4} providing total AP-a data rate of A Mbps. 

Considering that there are 4 STAs associated to AP-a, per-STA throughput would 
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Figure 6.4: Sample slot allocation illustration. 
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be 4/4 Mbps 

• Slots assigned to AP-a Sc = {3,4} providing total AP-a data rate of 4, Mbps. 

Considering that there are 10 STAs associated to AP-a, per-STA throughput would 

be 4/10 Mbps 

• Slots assigned to AP-a Sd = {1,2} providing total AP-a data rate of A Mbps. 

Considering that there are 7 STAs associated to AP-a, per-STA throughput would 

be 4/7 Mbps 

• Slots assigned to AP-a Se = {5} providing total AP-a data rate of 2 Mbps. Con­

sidering that there are 5 STAs associated to AP-a, per-STA throughput would be 

2/5 Mbps 

• Slots assigned to AP-a 5/ = {3,4} providing total AP-a data rate of 4 Mbps. 

Considering that there are 3 STAs associated to AP-a, per-STA throughput would 

be 4/3 Mbps 

As it can be seen from Fig. 6.4, the achievable throughput of the system depends on the 

density of the interfering graph G, which is the number of edges in the graph. Generally 

speaking the number of slots allocated to each AP should be inversely proportional to 

its degree (number of edges, for instance the degree of AP-d is four, which means all 

four neighboring APs should be silenced when AP-d communicates) in G. Time slot 

assignment in a interfering graph is similar to graph colouring problem in graph theory. 



Appendix A 

IEEE 802.11a Propagation Model 

A.l Propagation Model 

In numerical results, deciding on the modulation and coding scheme of a station depends 

highly on the channel propagation model used. Therefore, it is vital to have a realistic 

channel model to evaluate the true performance of a WLAN. The propagation model 

that ITU has recommended for evaluating indoor systems at 5 GHz band is given by 

[15]. According to this model, the received signal power at distance d can be calculated 

as follows: 

Pr{d)dB = Pt + Gt + Gr-'ildB- 10.tflog10(d) - LdB {indB) (A.l) 

where Pt is the transmitter signal power level; Gt and Gr are the antenna gains of the 

transmitter and the receiver respectively; L(L > 1) is the system loss, d is the distance 

between transmitter and receiver in meters; 41 dB is fixed loss at 1 m and finally (3 is 

path-loss exponent that depends on the communication environment. Default path-loss 

exponent assumed by ITU is 3.1. Table A.l illustrates some typical values of path-loss ex­

ponent for different propagation environments [57]. Unless noted specifically the default 

values for antenna gains and system loss are assumed to be Gt = Gt = L = 0 in (A.l). 

ITU propagation model given in (A.l) basically represents the communication range as 

a circle around the transmitter as illustrated in Chapter 4, which is a deterministic ap­

proach to calculate the received signal power level. In practice however, the surrounding 

environmental clutter may be significantly different at two different locations having the 

same transmitter-receiver separation. This leads to measured signal levels which are sub­

stantially distinct than the average predicted by (A.l). Measurements have shown that 
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Table A.l: Typical path-loss exponent values. 

Environment 

Outdoor 

Indoor 

Free space 

Shadowed urban area 

Line-of-sight 

Obstructed 

3 

2 

2.7 to 5 

1.6 to 1.8 

4 to 6 

at any value of d, the received signal power at a particular location is a log-normally dis­

tributed random variable about the mean distance-dependent value [57]. In order to use 

more accurate propagation model that takes into account the environmental characteris­

tic (indoor, outdoor) as well as the material characteristic (hard partition, soft partition) 

the shadowing propagation model is used more often in the literature. The shadowing 

model consists of two parts. The first part indicates the average signal strength at dis­

tance d. It is a common practice to use a close-in point as a reference point to calculate 

the relative received signal strength. The second part of the shadowing model reflects the 

variation of the received power at certain distance. It is a log-normal random variable 

(Gaussian distribution if measured in dB). The received signal power level (both in linear 

and dB scale) with shadowing model can be calculated as follows: 

Pr(d)dB — Pr{do)dB 10/ilog + X, dB (in dB) (A.2) 
dB 

If we consider the reference point as the signal strength at 1 m and use equation parameter 

values as follows c = 3 x 108 m/s, Pt = 200 mW and / = 5 GHz the received power level 

in dBm at distance d can be found as follows: 

Pr(d) = -18 - WB\og(d) + XdB (A.3) 

Deterministic path-loss signal strength calculation, random log-normal shadowing and 

their overall signal strength map (in dBm) are illustrated in Fig. A.l. The figure shows 

a communication environment with size of 256 m by 256 m and it is assumed that there 

is an AP in the middle of the communication environment transmitting with power 

of 200 mW. The very first figure illustrates the deterministic ITU propagation model 

and shows the received signal power in dBm. Circular communication range is evident. 

Second figure illustrates log-normal shadowing pattern with 0 dB mean, 8 dB standard 
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Figure A.l: The effect of shadowing and path loss together. 
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deviation and the correlation distance of 10 m [59]. Standard deviation of the slow fading 

which is assumed to be 8 dB depends on the environment clutter. For 5 GHz frequency 

band, the typical value for home environment is assumed to be 8 dB [58]. However higher 

standard deviation values are expected for offices with hard and especially soft partition 

[57]. Very last figure illustrates the received signal power with shadowing mapping on 

the ITU propagation model. As it can be seen from Figs. A.l, the communication range 

of an IEEE 802.11a AP transmitting with power of 200 mW is about 110 m. 

A.2 Background Noise Calculation 

The IEEE 802.11a WLAN standard recommends that receivers have a noise figure (NF) 

of NF = 10 dB or better [8]. On the basis of this figure, we can calculate nominal receiver 

noise floor value as follows: 

N0 = (NF)kT0 W/Hz (A.4) 

= (10)(1.38xl0-2 3W.s/°K)(290°K) = 4.002xl0-2 0 W/Hz 

= 10 dB - 228.6 dBW.s/°K + 24.624 dB °K = - 193.977 dBW/Hz 

= - 163.977 dBm/Hz 

where k is Boltzman constant (1.38xl0~23W.s/°K), T is ambient temperature (290°K). 

The noise power at the receiver in a bandwidth of B (16.6 MHz [8]) can be calculated 

by: 

(A.5) N = N0B 

= (4.002 xHT 2 0 W/Hz) (16.6xl06Hz) = 6.64xl0~13 

= - 121.76 

= -91.76 

W 

W 

dBW 

dBm 
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802.11a MAC and P H Y Overview 

For IEEE 802.11a WLAN throughput calculation, packet transmission (or reception) 

procedure of IEEE 802.11 MAC as well as the PHY services provided to MAC by the 

5 GHz OFDM PHY system should be understood properly. In order to allow the IEEE 

802.11 MAC to operate with minimum dependence on the physical medium dependent 

(PMD) sublayer, a PHY convergence sublayer is defined. The aim is to simplify the 

PHY service interface to the IEEE 802.11 MAC services and share a common MAC for 

different PHY implementations like frequency hopping, direct sequence spread spectrum 

and OFDM. The PMD sublayer provides a means to send and receive data between two 

or more stations. When a packet to send is generated in higher layers (logical link control 

[LLC] layer or up) MAC layer is notified to involve in the contention resolution process to 

transmit the packet. After taking over the packet (also called MSDU [MAC service data 

unit]) from higher layers, MAC header (30 or 24 bytes depending if packet goes between 

distribution systems or not) and the frame check sequence (FCS) (4 bytes) is added to 

the payload. The packet assembled (also called MPDU [MAC protocol data unit]) is 

then handed over to PHY layer. The overhead added by MAC layer should be taken into 

account for accurate throughput analysis. The detailed structure of MAC Frame format 

(including MAC header, LLC payload and FCS) as well as acknowledgement (ACK) 

frame format following every successful frame transmission are illustrated in Fig. B.l. 

The two layers of 5 GHz OFDM PHY responsible for reliable packet transmission are 

stated as follows: 

• A PHY converge function: This function is supported by physical layer convergence 

procedure (PLCP), that defines the method of mapping the payload obtained from 

MAC layer on frames, e.g. fragmentation, modulation technique determination, 
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Figure B.l: IEEE 802.11 MAC frame format 

coding scheme determination. This layer is defined in order to make IEEE 802.11 

MAC layer independent of any PHY layer implementation. 

• A PHY medium dependent (PMD): PMD defines the method of transmission tech­

nique. Low level operations are executed in this layer, e.g. actual modulation (bi­

nary phase shift keying [BPSK], quadrature phase shift keying [QPSK]), OFDM, 

DSSS, FH, frequency modulation, channel estimation, energy measurement. 

After obtaining the packet (also called PLCP service data unit [PSDU]) from MAC 

layer, PHY PLCP layer decides on the modulation and coding scheme for transmis­

sion and starts preparing the preamble. In PHY layer, PSDU with added PHY header, 

padding bits, tail bits and PHY preamble represents PLCP protocol data unit (PPDU). 

The mapping of the PHY overhead from PLCP to PMD should be denned clearly for 

transmission duration analysis. The mapping of PLCP header (in PHY PLCP) to PMD 

(in PHY PMD) field is two fold. In terms of modulation, LENGTH (defines the number 

of bytes in the embedded MAC frame, 12 bits), RATE (indicates the data rate, 4 bits), 

RESERVED bit and PARITY bit constitute a separate single OFDM symbol, denoted 

as SIGNAL and which is transmitted with the most robust combination of BPSK mod­

ulation and coding rate of R = 1/2. The SERVICE (16 bits; 6 bits to initialize the 

scrambler, the rest are reserved for future use) field of the PLCP header and the PSDU 

are transmitted at the data rate described in the RATE field and may occupy several 

OFDM symbols. 

The throughput of a successful transmission can be found by taking into account 

the overhead in both PHY layer and MAC layer. It can be seen that the overhead in 
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Figure B.2: IEEE 802.11a packet flow 

PHY PMD is consists of PLCP Preamble (12 OFDM symbols) and the SIGNAL field 

(1 OFDM symbol). If we move one layer up to PHY PLCP, we notice that SERVICE 

field as well as tail and pad bits are a part of the overbad too. This overhead structure 

is illustrated in (B.2). MPDU includes MAC header and FCS. The data accepted by 

the MAC for delivery to another MAC on the network is called MAC Service Data Unit 

(MSDU) and it is pure higher layer data without any header. MSDU is indicated as 

frame body in Fig. B.l and some researches call this as payload. 

After considering the packet vertical flow across the layers, the throughput of the sys­

tem can be found by calculating the the number of payload bits successfully transmitted 

in a given transmission. In IEEE MAC with DCF access mechanism, a successful frame 
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transmission is always followed by an ACK frame. The receiver waits Tsifs duration be­

tween frame reception and ACK transmission and all the mobile terminals have to wait 

Tdifs duration after every single successful frame transmission. If there is a collision dur­

ing the frame transmissions all the mobile terminals have to wait the collision to be over 

and Teijs duration more after the incident to avoid repeated collisions. If we represent 

the duration for successful frame transmission with Ts and the duration for a collision 

with Tc we can find these values as follows: 

Ts — Tdata + T + Tsifs + Tack + r + Tdifs (B-l) 

Tc = Tdata + T + Teifs 

where r is the propagation duration and Tsifs, Tdifs and Teifs are inter-frame spaces 

dependent on the PHY employed. In (B.l) all the parameters are specified in [8] except 

Tdata a n d Tack which are the data and ACK frame transmission durations. With the help 

of IEEE 802.11a system timing values of Table 3.1 in Chapter 3, the indicated durations 

can be calculated as follows: 

rp _ rpPHY , rpPHY . rpMAC , rpMAC , rpMAC , rpPHY , rpPHY /TJ r,\ 

J-data — J-PRE "+" J H r -L H "+" 1 Payload "+" J FCS "+" 1TailBits "+" 1 PadBits \a-A) 

-̂  pre i" J- sig ~r • • • 

Tsym * ceil((serv + tb + 8* (mach + macpayioad + fcs))/Ndbps) 
o n , , r i6 + 6 + 8*(24 + macpay(oa(i + 4)" 

= 20 usee + 4 j^isec * — -
^dbps 

rp _ rpPHY , rpPHY , rp . rpPHY , rpPHY 

J-ack ~ J-PLCP-Pre "+" 1PLCP-H ~T ±ack^~ J-TailBUs "> x PadBits 

= Tpre + Tsig + Tsym + ceil((serv + tb + 8* ack)/Ndbps) 

'16 + 6 + 8 * 1 4 ' 
= 20 //sec + 4 /.(.sec * 

N, dbps 

Ndbps is a modulation dependent parameter indicating data bits per OFDM symbol. 

For ACK transmission this parameter should be selected from one of the mandatory 

modulation modes, whereas for data transmission there is no restriction. With all given 

information about 5 GHz OFDM PHY an accurate system throughput for DCF medium 

access mechanism can be estimated by utilizing Ts, Tc, payload size (macpayioad) and 

probability of successful frame transmission. 
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