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IEEE 802.11 networks successfully satisfy high data demands and are cheaper 

compared to cellular networks. Modern mobile computers and phones are equipped with 

802.11 and are VoIP capable. Current network designs do not dynamically accommodate 

changes in the usage.  We propose a dynamic power control algorithm that provides 

greater capacity within a limited geographic region.   

Most other power algorithms necessitate changes in 802.11 requiring hardware 

changes. Proposed algorithm only requires firmware updates to enable dynamic control 

of AP’s transmit power.  We use earlier studies to determine the limit of the number of 

users to optimize power.  By lowering transmit power of APs with large number of users, 

we can effectively decrease the cell size. The resulting gap is then covered by 

dynamically activating additional APs.  This also provides greater flexibility and reduces 

the network planning costs.                                                    . 
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1 INTRODUCTION 

Starting from 1990’s, wireless communication in commercial market increased 

dramatically. After the release of GSM and CDMA systems, and with the improvement 

in handset production and battery technologies, wireless communication became very 

common and widely used around the world. Initial wireless systems were designed to 

satisfy voice communication demand and very limited data transmission (such as Short 

Message Service). However, the high data rate demand of users increased, and as a result 

new technologies emerged. These new technologies include EVDO, UMTS, WiFi and 

WiMAX. Today, more than two billion people around the world use cellular 

communication [1].  

Table 1.1 summarizes the rate and coverage radius of some of the common 

wireless technologies. 

Table 1.1: Comparison of data rate and coverage area of some Wireless Systems 

Technology Data Rate 

GSM/GPRS 9.6 kbit/sec 

EDGE 236.8 kbit/sec 

WiFi (802.11b) 11 Mbit/sec 

UMTS 384 kbit/sec 

Bluetooth v2 (802.15) 3 Mbit/sec 

WiMAX (802.16) 15 Mbit/sec 
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1.1 Motivation 

Continuous high data rate in wireless networks is crucial especially in satisfying 

the high data demand of users. A number of studies in literature focusing on increasing or 

keeping system throughput stable [6][33]. Most of such studies propose changes in 

existing spectrum. More recently 802.11 networks have been widely available after their 

initial release in 1997. Various variations of 802.11 became very successful because of 

low cost, and ease of use. A new power control method without changing existing 

standards will be very helpful because of backward compatibility. In another words, 

starting from 1999, many number of 802.11 networks are already installed and operates 

around the world. Proposing new algorithm with a change in existing specifications can 

only be helpful for the new 802.11 deployments. In this study we focus on developing 

backward compatible algorithm. Another critical point in access point control is as 

follows: Since high number of AP deployment in the limited frequency spectrum limits 

the efficiency of 802.11, careful network planning similar to cellular networks [2] has to 

be considered. However such planning is done by highly specialized experts. Generally 

the cost of employing highly specialized engineers takes significant portion in the overall 

cost of network planning and deployment [3]. Our study dynamically changes the 

configuration of Extended Service Set (ESS) [4] based on user station distribution, 

causing dynamic network adaptation with considerably less expert interaction. ESS is a 

collection of logical APs which are designed to recognize each other. Our algorithm will 

manage ESS and will not only increase the system throughput but also reduce the cost of 

network planning in 802.11 networks because the specific location of APs will not be as 
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critical as before.  

1.2 Contribution 

For environments that have a large number of mobile users, we propose a power 

control algorithm that depends on current the distribution of its mobile users within an 

ESS. A new power control method without changing existing standards will be very 

helpful. In this study we focus on developing such an algorithm. By developing new 

software called Wireless Router Control Unit (WRCU), we demonstrate that the transmit 

power of an AP can be controlled dynamically from centralized unit called APC (Access 

Point Controller). WRCU controls APs using DD-WRT open-source firmware [5]. 

Furthermore, we show that in the lab environment, it is possible to emulate changes in 

realistic signal levels received by a mobile device, as it is moving. We consider the 

number of users as the parameter to represent the offered load to the network. Using data 

from previous studies conducted by Bianchi [6] we calculate the threshold for this 

parameter for which the system throughput is optimal.  

Finally, we present an algorithm called “User Based AP Control” (UBAPC) that 

takes into account the number of user associated with an AP, and controls downlink 

power level and activates/de-actives APs. In a dynamic Wi-Fi environment where the 

number of available users and the position of users change frequently, use of the 

proposed adaptive power control algorithm to optimize the power of a group of close-by 

APs will not only optimally improve the service quality but also provide the network the 

capability of automatically shrinking and extending cell size based on the current number 

of associated users. We define two groups of AP in any given Extended Service Set. The 
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Extended Service Set is control by a central control unit that communicates with APs 

using their LAN ports. In our design we classify APs as active and inactive, inactive APs 

can be activated when one of its neighbor active AP is heavily loaded. This adaptive 

capability will not only improve the quality of service provided to the ESS users, but it 

will also make deployment of APs at precise locations less critical thus reducing the 

planning, deployment and maintenance costs of 802.11 networks significantly. When 

APs location are flexible, the network costs will be further reduced because the network 

planners can negotiate better terms for the rights to install APs by opening the 

competition to neighboring location-owners.  

The remaining sections in this thesis are as follows: In Section 2 we talk about 

previous studies, general information about WiFi Technology and we describe the Carrier 

Sense Multiple Access, which is the main mechanism focused. In Section 3 we define our 

system model and give details about the theory of our proposed algorithm and 

architecture together with the calculation of thresholds and transmit power. In Section 4 

we talk about the experiments done by us to proof that our design will work successfully 

and show the calculation of threshold values empirically. Finally, in Section 5 we 

conclude our study.  
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2 BACKGROUND 

In our study we focus on Wireless Fidelity (a.k.a. WiFi, Wireless LAN or 

802.11). In this section, we give general description of wireless and digital networks 

related to 802.11 before going into the details of our proposed algorithm. 

Communication systems include three basic elements; transmitter, channel and 

receiver. The transmitter converts the data from the source into an electromagnetic signal. 

This signal is carried by the transmission medium (a single or a collection of channels). 

The receiver detects the transmitted electromagnetic signal and attempts to retrieve 

original information by processing the received signal. All channels in wireless 

communication systems are analog because of their physical nature.  Our main focus area 

is 802.11, which uses digital signals with spread spectrum technology to mitigate noise 

and interference and Carrier Sense with Collision Avoidance for multiple access, in 

transmission environment. Next section gives brief information about digital 

communication. 
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2.1 Digital Communication 

Digital communication refers to transmission that is done using bit streams or 

digitized analog information. Digital Communication systems are widely used in military, 

commercial and enterprise environment. As the capability of digital signal processing 

systems and high-speed processors increased, cost of implementing digital system 

decreased relatively. One of the main advantages of digital system over analog systems is 

that the information is composed of quantifiable digital units called bits, so detecting the 

error and mitigation of distortion in the received data are systematically manageable. In 

contrast to the analog systems, data can be manipulated and the noise interference can be 

mitigated easily. All modern communication systems are digital in nature. Even if the 

source information is not digital, it has to be converted to bit streams and is transmitted as 

digital symbols. Figure 2-1 shows the basic elements of digital systems [7].  

 In Figure 2-1, the upper part shows the components of the transmitter and 

the lower part shows the component of the receiver. If the “information source” is analog, 

it is converted to digital. The channel is the transmission medium between the transmitter 

and the receiver. In general it can be wired or wireless, but in the case of 802.11 networks 

it is wireless. The digital communication systems use different access technologies in the 

transmitter such as Time Division Multiple Access (TDMA), Frequency Division 

Multiple Access (FDMA), Code Division Multiple Access (CDMA), and Carrier Sense 

Multiple Access (CSMA) [32]. We discuss them in section 2.3. In the next section we 

focus on the main subject of our study, WiFi. 
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Figure 2-1: Basic elements of Digital Communication Systems 

 

2.2 Wi-Fi 

Wireless Fidelity (Wi-Fi) is one of the most successful technologies deployed to 

satisfy high data demand. It is the common term used for IEEE 802.11 standard for 

wireless local area network. WiFi networks have been used widely around the world 

since the initial release in 1997. After its initial release, different 802.11 standards are 

defined, such as 802.11a, 802.11b, 802.11d, 802.11f, 802.11g, 802.11h, etc [8]. These 

variations include country specific enhancements. In 802.11h, Transmit Power Control 

(TPC) is one of the enhancements introduced which controls the transmit power in the 5 

GHz band. Dynamic Frequency Selection (DFS)[9] is also mandated by “European radio 

emission regulation” authorities in 5 GHz band to prevent frequency collision with radar 

systems. Popularity of WiFi continues to increase because of its low cost of 
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implementation, relatively high data rate, wireless nature, simplicity, ease of installation, 

and reliability. Most modern laptops, notebooks and smart phones come equipped with 

WiFi transceivers and some are capable of Voice of IP (VoIP) communication that 

enables users to use low cost WiFi networks instead of expensive cellular networks 

(GSM, CDMA). As the availability of WiFi increased, many wireless phone plans are 

also encouraging users to use WiFi for voice communications. As an example, recently 

T-Mobile in US started to provide hotspot WiFi service to its customers to satisfy their 

high data demand [10]. Another example of success story of WiFi is the “WiFi Olympic 

City Project”. In 2008, China Beijing City government launched the first phase of its free 

WiFi network for Beijing in the Olympic city. The first phase of the plan provided free 

WiFi over a 100 square kilometer area during the Olympics. At completion of this 

project, in 2010, all urban and rural areas of Beijing will be covered by the free WiFi 

[11].   

The usage of 802.11 devices has increased and will continue to increase 

dramatically with the introduction of VoIP. These trends imply that the users will want 

WiFi to be even more pervasive and widely available. This will result in large number of 

WiFi Access Point (AP) deployments within small areas. In fact, high density has been a 

deliberate design choice in enterprise environment [12] as it results in shorter client 

distance for better service. Since an AP provides coverage to only a small area, the 

change in the number of mobile users in a Basic Service Set (BSS) can change 

dynamically. BSS is defined as the logically connected set of user stations and a 

collection of logical APs which are designed to recognize each other called Extended 

Service Set (ESS) [4]. On the other hand, due to the nature of 802.11’s channel design, a 
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large number of channels is crammed into a narrow frequency band. These conditions 

increase the probability of frame collisions in the air-interface and lead to lower 

throughput because of high packet retransmission. Since high AP deployment in the 

limited frequency spectrum limits the efficiency of 802.11, careful network planning 

similar to cellular networks [13] has to be considered. However such planning is done by 

highly specialized experts. Generally the cost of employing highly specialized engineers 

takes significant portion in overall cost of network planning and deployment [14].  

 

 

2.3 Transmission Medium Access Technologies 

The access technologies mentioned in Section 2.1 are used to divide channels so 

that more than one communication connection can be done simultaneously. TDMA 

divides time, so each user uses the channel resources in different time, in another word, 

only one user uses channel at any moment. In FDMA, each user uses different allocated 

frequency, so users can transmit at the same time if and only if they use different 

frequencies. In CDMA, each user uses different pseudo noise code during the 

transmission, they are called “pseudo” because they are like noise but can be detected by 

a receiver that knows the decoding sequence. Therefore in CDMA, as in FDMA, users 

can transmit at the same time; hence the acronyms MA for multiple access. Most modern 

technologies use a combination of either TDMA or TDMA together with FDMA. In 

some cases, groups of users are allocated to single frequency band and within that band, 
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users are separated either by TDMA or CDMA. The 802.11 standard uses the technique 

of Carrier Sense Multiple Access (CSMA) that has its foundations in LAN technology. In 

CSMA, as in TDMA, multiple users share the same channel by transmitting their packets 

at different times. However, unlike TDMA, the time for each user is not reserved. Each 

user transmits whenever it has a packet to send and if the channel available (idle). In its 

raw form, there is a significant probability that the packets from two or more stations will 

collide. Several schemes are available to minimize such collision [32]. Basics of CSMA 

are explained in section 2.5.  

2.4 Spread Spectrum 

In this section we give brief information about Spread Spectrum (SS) since 

802.11 uses SS transmission technique in physical layer. In all Spread Spectrum 

technologies the bandwidth of modulating signal is considerably larger than the 

frequency of original signal. There are different SS techniques introduced such as 

Frequency Hopping SS (FHSS), Direct Sequence SS (DSSS), Time Hopping SS (THSS) 

and Chirp SS (CSS) [14]. DSSS and FHSS are the most widespread SS technology used 

to facilitate multiple access in commercial wireless systems [15].  

In spread spectrum, each information signal is represented in one out of a set of 

waveforms. Each of them is different from the other. The resulting signal bandwidth is 

much greater than that of the original data signal. Figure 2-2 shows this process [16]. 

Figure 2-2 also depicts an important property of SS; if there is interference in the 

transmission medium, demodulated signal noise level is higher, causing higher error rate 

in the recovered data. Due to the spreading of the signal over a wider frequency band, SS 
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systems provides a “process gain”, which is the ratio between the bandwidth-spread and 

the information signal bandwidth. Higher process gain gives higher robustness against 

narrowband interference when it is compared with conventional communication systems.  

 

Figure 2-2: Basic Spread Spectrum Communication link [16] 

 

The benefits of power control for interference mitigation has been well 

documented in the literature [17]. 802.11 uses CSMA technology, and CSMA is robust 

against interference by design but it has another problems such as frame collision and 

high frame retransmission rate. As the number of user increases the probability of frame 

collision increases and system throughput decreases. Thus, determining optimum users 

per AP is crucial, since every corrupted frame has to be retransmitted by the sender, it 

limits the data rates available to users.  

The easiest way of increasing the capacity is to increase the number of channels. 

By design, to optimally utilize the spectrum allocated for unlicensed WiFi 

communication, the channels are densely packed. The number of channels in frequency 

spectrum varies by country according to government regulatory restrictions. The Federal 
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Communications Commission (FCC) defines 11 channels for use in the US; 13 channels 

are available for use in most of Europe and 14 are available in Japan. In all cases, each 

channel is 22 MHz wide. Neighboring channels overlap one another, in such a way, that 

only 5 MHz separates the centers of adjacent channels. As a result, only three of the 

channels in the 2.4 GHz band are non-overlapping in North America. Devices that use 

overlapping channels within range of each other will tend to interfere with one another’s 

operation [18]. Setting adjacent access points to operate on non-overlapping channels can 

minimize interference problems, but not completely. The basic IEEE 802.11 provides no 

protocol for the neighboring devices to automatically optimize the channel assignment.  

The 802.11 uses Industrial Scientific and Medical band (ISM) as the transmission 

environment, which is license free. It is widely used by devices such as microwave 

ovens, some medical devices and cordless phones. The standard IEEE 802.11 defines the 

constraints on the frequency spectrum of a transmitter. Figure 2-3 shows that at +/-11 

MHz away from the center frequency “fc” the signal level should be 30 dB less than that 

at fc, while at +/-22 MHz away from the fc the signal level shall be 50 dB less.  

IEEE 802.11 networks have two main transmission links as in wireless systems, 

uplink and downlink. Power control can be implemented one way only uplink/downlink 

or for both directions. Power control techniques in wireless communication and its 

benefit of transmit power control have been well documented in the literature [19]. 

Ability of changing the transmit power can yield to non-uniform transmit power 

distribution in the network and the resulting asymmetric links can cause throughput 

starvations of certain nodes [20] [21]. Therefore, power balance has to be one of the key 

points that need to be considered. This balance also must exist between peers. If node A 



.    

13 

can hear node B, node B should also be able to hear Node A. In other words, uplink and 

downlink communication should be balanced. Study done in [22] uses power control 

approach in the user side (uplink direction), this approach can be used to solve 

asymmetric links together with downlink power control mechanisms. In this thesis, we 

are only interested in downlink power control. 

 

Figure 2-3: 802.11b Channels and Frequency Spectrum Mask of single channel in 802.11 
specifications respectively 

 

IEEE 802.11 networks have two main transmission links as in wireless systems, 

uplink and downlink. Power control can be implemented one way only uplink/downlink 

or for both directions. Power control techniques in wireless communication and its 

benefit of transmit power control have been well documented in the literature [23]. 

Ability of changing the transmit power can yield to non-uniform transmit power 

distribution in the network and the resulting asymmetric links can cause throughput 

starvations of certain nodes [24] [25]. Therefore, power balance has to be one of the key 

points that need to be considered. This balance also must exist between peers. If node A 

can hear node B, node B should also be able to hear Node A. In other words, uplink and 
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downlink communication should be balanced. Study done in [26] uses power control 

approach in the user side (uplink direction), this approach can be used to solve 

asymmetric links together with downlink power control mechanisms. In this thesis, we 

are only interested in downlink power control. 

Mhatre et.al. [27] uses a power control method which provides a cross layer 

approach to establish starvation free power control. It uses an algorithm which assigns 

higher transmit power for the cells with either high number of clients or clients with a 

poor quality channel. Another application of Transmit Power Control (TPC) in 802.11 by 

transmitting Clear To Send (CTS) frames with higher power, together with Ready To 

Send (RTS)/CTS frames before each data transmission has been proposed [28]. Our 

approach is different from [27]’s in the following way: Their design requires changing 

the carrier sensing multiple access/collision avoidance (CSMA/CA) Clear Channel 

Assessment (CCA) threshold parameter of the MAC layer jointly with the transmit 

power. In another words, their algorithm relies on adaptive CCA threshold assignment, 

which requires a change in 802.11 standards. In our design we introduce a centralized 

unit called Access Point Controller (APC), which continuously communicates with APs 

and increase/decrease their transmit power or activate/deactivate APs. [27]’s proof of 

concept relies on simulation results rather than emulation and analytical results. The main 

difference in our study can be summarized as follows, “In our design we do not offer any 

change in existing standards, in another words, our design is completely backward 

compatible”.  

It follows from the previous discussions that the only way to cope with the 

increasing demand is to increase the number of Access Points to service the increased 
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number of users in any given region. Therefore, the average distances between APs 

decreases as we deploy more access points. To keep the interference at the minimum and 

reasonable quality of service, neighboring APs should not use the same frequency. 

However, in 802.11 standards, the number of available channels is limited. Thus, 

increasing the number of APs eventually causes degradation in quality of service by 

decreasing system throughput, as the number of APs increased, more AP will need to use 

same frequency causing higher interaction with the external devices uses same frequency 

band (such as medical devices, pager phones etc.). Therefore increasing AP number has 

to be done in a careful manner, the new APs has to be activated in a different frequency 

than its neighbors. 

Just as in cellular networks, it is possible to reuse the same frequency provided 

the interference between the APs using the same frequency is a safe distance away, so 

that the two signals do not interfere. This distance is a function of power. We show this 

relation in Section 4.1. 

Furthermore, since the subscribers are mobile, number of associated users in a 

BSS and ESS can change dynamically, even with non-mobile wireless users. This nature 

of mobile users makes the user numbers to be changed continuously. Such a dynamic 

system dictates a dynamic response from the system that adapts to changing conditions 

by changing its transmitted power and number of active APs for optimal service 

conditions. Another reason to control the power is to maintain high quality connection for 

the optimal number of users in each AP.   

In this study we propose a new centralized power control mechanism to control 

transmit power of an AP based on the number of associated users with an AP. If the 
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number of users associated with an AP is less than a threshold called Ф, transmit power 

of AP can be reduced so that the cell size shrinks and number of associated user 

decreases. We also introduce activating new APs, running in different frequency, to 

prevent coverage holes. We use available data from published papers to calculate the 

threshold of number of users, Ф. Calculation of Ф is shown in Section 3.1. A centralized 

network element continuously monitors the status of its APs, and it sends some 

commands to increase or decrease their transmit power and turn the inactive APs on and 

vice versa. As a summary;  

1. As the transmit power of an AP decreases, the cell coverage area decreases as 

shown in Section 4.1. Therefore, an AP serves fewer users after the 

transmission power decreases. Since the user number per AP cannot be 

predicted, it is important to change the transmit power to keep the total number 

of users associated in an optimum.  

2. Dynamic changes in transmit power of AP can create coverage gaps, APC shall 

be responsible to activate additional APs in case the transmit power of stations 

decrease and vice versa.  

A specific type of IEEE 802.11 called 802.11h standardizes the transmit power 

control feature for wireless LAN devices in the 5 GHz band compliant to the IEEE 

802.11a. It was originally designed to address European regulations but is now applicable 

in many other countries. These standards were designed to solve problems like 

interference with satellites and radar that are using the same 5 GHz frequency band. Our 

model in this study is not limited to 5 GHz band. 

http://en.wikipedia.org/wiki/IEEE_802.11a�
http://en.wikipedia.org/wiki/IEEE_802.11a�
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2.5 CSMA/CA 

As we mentioned earlier, 802.11 uses Carrier Sense Multiple Access (CSMA) as a 

medium access mechanism. In this section we describe the details of CSMA. The 802.11 

standard [31] defines two CSMA mechanisms: Distributed Coordination Function (DCF) 

and Point Coordination Function (PCF). DCF is required by all implementations and is 

the most commonly used, therefore, we describe only this standard in detail. DCF is a 

random multiple access scheme. It uses the CSMA [32] with Collision Avoidance (CA) 

protocol. This combination is referred to as CSMA/CA or simply CS/CA.  CA is similar 

to Collision Detection (CD) [32] that is addressed in more detail due to historical reasons. 

Collision detection is used when the transceiver can operate in full-duplex mode, which 

means that it can transmit and receive frames at the same time. In full duplex mode, it is 

possible to receive the data while it is transmitting. Therefore, it can determine if there is 

a collision after the transmission has started. CA on the other hand is designed for half-

duplex systems such as those in Wi-Fi where there is only one channel for both sending 

and receiving frames. CA manages the retransmission of corrupted frames based in an 

Exponential Backoff Algorithm [9].  

All CSMA schemes are based on the concept of ALOHA first developed by 

Norman Abramson in the 1970s [29]. In pure ALOHA system all stations (users) share 

the same channel, and are free to transmit whenever they choose. This open for all wild-

west like environment leads to high-likelihood of “collision” of packet transmitted by one 

station to corrupt the one from another station. This phenomenon is called contention.  To 

provide a reliable service using such an unreliable channel, the receiver must 
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acknowledge every frame. When an acknowledgement for a frame is not received, it has 

to be retransmitted. If we assume that the probability of k attempts being made in the 

system for frame transmission during the time slot of a single frame is Poisson with mean 

G, then the throughput S of this free-for-all system is GGeS 2−= . With these assumptions, 

the theoretical maximum throughout of the system is about 18% with G=0.5 [32]. This 

technique is improved using Slotted ALOHA, in which the stations have to wait for the 

next available time-slot whenever they have a packet to transmit. Throughput of such a 

system is calculated to be GGeS −=  .This suggests a theoretical maximum throughput of 

about 37% at G=1.  In slotted ALOHA every station has to agree on the boundary of time 

slots. One of doing that is to send a synchronizing beep to all stations by a master. 

Obviously, the throughput decays as more frames are offered on the channel. 

Further improvements are made if each station watches the channel to see if any 

other station is busy transmitting. A “carrier” is used to modulate data so that it can be 

efficiently transmitted over a specific frequency. It is usually much easier to detect career 

than to decode the data. If any other station is using the channel a “carrier” signal will be 

present on the channel. Techniques that make stations listen to such a carrier and have 

them react based on it are called Carrier Sense Multiple Access.  

There are three types of CSMA protocols. They are called 1-persistent, non-

persistent and p-persistent. In 1-persistent approach the station refrains from transmitting 

its frame while the channel is busy. As soon as it discovers that the channel is free it 

starts it own transmission immediately. If a collision occurs, the channel waits for a 

random amount of time and starts over again. 1-persistent is not often used because two 

stations may simultaneously begin their transmissions when they both see that the 
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channel is free. This can happen even if there is no delay between the two stations 

because both stations could be waiting to transmit their frames while the previous frame 

is being transmitted. 1-persistent CSMA provides maximum throughout of about 52%. 

The throughput decays as more frames are offered on the channel.  

When CSMA is used with non-persistent approach, the channel sends the packet 

when it sees that the channel is free just as in 1-persistent. However, when the channel is 

busy, it does not continuously watch the channel all the time. It waits for a random 

amount of time before checking the channel again. Non-persistent CSMA provides 

monotonically increasing throughput with no decay as the number of frames are 

increased. The 802.11 uses non-persistent approach. 

CSMA p-persistent is applicable when the channel is slotted. Once the channel is 

discovered to be idle, the station sends in the next time slot with probability p, and with 

probability 1-p, it does not send, and waits for the next time slot. This procedure is 

repeated until the frame is successfully transmitted, or another station initiates the 

transmission. Probabilities of p lower than 0.1 provide good throughput characteristics.  

CSMA/CD provides another improvement. It asks the station to continue to 

monitor the channel during transmission of the frame and stop transmission as soon as a 

collision is detected. This results in channel time-line diagrams to contain two types of 

periods: long transmission periods during which the frames are successfully transmitted 

and short contention periods at the end of which the transmission is aborted due to 

collisions.  

As we mentioned earlier, CSMA/CD cannot be used in wireless channels because 

the same channel is used for transmission and reception, and the transmitter’s own strong 



.    

20 

signal will overwhelm the receiver, making it impossible to detect collisions. Therefore a 

protocol called CSMA/CA (CA for Collision Avoidance) is used. In this approach, as 

soon as the channel is detected idle the entire frame is transmitted. If a collision is 

detected when the colliding stations do not receive any ACK frames for the packets they 

have transmitted. When the collisions do occur, all stations involved wait a random 

amount of time using the Binary Exponential Back-off Algorithm (BEBA) algorithm. 

Primarily, DCF provides two mechanisms; (1) the Base Access (BA) and (2) the 

optional Request-To-Send/Cleat-To-Send (RTS/CTS) mechanisms. The Base Access 

mechanism consists of two-way handshake where the receiver acknowledges every frame 

by a positive acknowledgement ACK frame [31]. The more reliable RTS/CTS consists of 

a four-way handshake in which the channel is first reserved using smaller packets RTS 

packet in a contention environment. This is acknowledged by a CTS from the receiver. 

All stations that receive CTS refrain from transmission to provide a contention-free 

environment for the transmitted. This proves to be a better mechanism for transmitting 

larger packets compared to BA. The RTS/CTS mechanism also resolves the problem of 

hidden nodes [30].   

Details of these techniques are described in Section 2.6. 
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2.6  Distributed Coordination Function 

In this section we give information about DCF. Since the DCF is mandatory 

medium access technique specified by IEEE in 802.11. It is also used in calculation of 

system throughput vs. number of user in study [6]. We use the study done by [6] to 

determine number of optimum user value for the best system throughput. It uses DCF to 

show the relation between number of users associated with an AP and system throughput. 

In the remaining part of this section we give more information about DCF. 

As we described in the previous sections, DCF supports two mechanisms, Basic 

Access (physical channel sensing or two-way handshaking technique) and RTS/CTS 

(virtual channel sensing or four-way handshaking). Both modes are used to determine the 

state of the transmission medium. When either function indicates a busy medium, the 

medium shall be considered busy; otherwise, it shall be considered idle [10]. 

2.6.1 Basic Access 

Here the two-way handshaking technique is summarized.  A flow chart of the user 

station process when it is using the Basic Access two-way mechanism is shown in Figure 

2-4.  The parameter “m” is number of retransmission used in the Binary Exponential 

Back-off Algorithm (BEBA) that is initially set to zero. When a user station has a new 

frame “i” to transmit, initially scans the channel activity. If the channel is determined as 

idle, user station does not start transmitting right away. The station defers the 

transmission until the transmission medium is determined to be idle without interruption 

for a period time DIFS. 
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Figure 2-4: Two-Way handshake mechanism in DCF 
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After the DIFS time elapsed, the user station start transmission. DIFS is defined 

with the following formula, [25] 

DIFS = (SIFS) + 2 * SlotTime                                                Equation (2.1) 

Where SIFS is shorter than DIFS and it is used for high priority transmissions. 

The SIFS is the time from the end of the last symbol of the previous frame to the 

beginning of the first symbol of the preamble of the subsequent frame as seen at the air 

interface [9], and SlotTime is given in Table 2.1. 

Otherwise, if the channel is sensed busy, the station generates a random backoff 

interval before transmitting (this is the Collision Avoidance feature of the protocol), to 

minimize the probability of collision with packets being transmitted by other stations as 

shown in Figure 2-5.  

 

 

Figure 2-5: BASIC Access Method [6] 
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As we discussed earlier, the efficiency of Slotted ALOHA is higher than that of 

Pure ALOHA. For the same efficiency reasons, DCF employs a discrete-time backoff 

scale. The time immediately following an idle DIFS is slotted, and a station is allowed to 

transmit not randomly but only at the beginning of each Slot Time, as in the Slotted 

ALOHA protocol. The Slot Time size, σ, is set equal to the time needed at any station to 

detect the transmission of a packet from any other station. As shown in Table 2.1, the slot 

time size is specified by the 802.11 standard and depends on the physical layer, and it 

accounts for the propagation delay. 

Table 2.1: Slot Time, minimum, and maximum contention window values for the three PHY specified 
by the 802.11 standard: Frequency Hopping Spread Spectrum (FHSS), Direct Sequence Spread 

Spectrum (DSSS), Infrared (IR) 

PHY Slot Time CWmin CWMax 

FHSS 50 μsec 16 1024 

DSSS 20 μsec 32 1024 

IR 8 μsec 64 1024 

 

As we mention in previous paragraphs, DCF adopts the BEBA scheme. At each 

packet transmission, the backoff time is uniformly chosen in the range (0, w -1). The 

value w is called Contention Window defined in, Equation 2.2 and depends on the 

number of transmissions failed for the packet. At the first transmission attempt, m=0, w is 

set equal to a value CWmin called minimum contention window. As we show in Figure 

2-4, after each unsuccessful transmission m is incremented by one, as a result w is 

doubled up to a maximum value CWmax . The exponential increase of w is shown in 

Figure 2-6. The values CWmin and CWmax reported in the final version of the standard 

[31] are PHY-specific and are summarized in Table 2.1.  
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           min*2 CWw m=                                                           (Equation 2.2)  
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Figure 2-6: Exponential Increase of Contention Window, IEEE 802.11-1997 standard 

 

After the backoff time is determined by each station separately and randomly with 

in the range (0, w-1), likelihood of collision in the next transmission is decreased 

relatively. The backoff time counter is decremented as long as the channel is sensed idle, 

and the decrementing is stopped when a transmission is detected on the channel, and 

reactivated when the channel is sensed idle again for more than a DIFS. The station 

transmits when the backoff time reaches 0. Therefore, the total time that a station waits 

after DIFS time is expired before transmitting is (Slot Time) * (Backoff Time Counter). 

After the frame “i” is transmitted, the sender waits for the acknowledgement from the 

receiver after the time Short InterFrame Space (SIFS). If the acknowledgement arrives 

after the SIFS elapsed, frame assumed to be sent successfully and the next frames (shown 

with the letter “i” in Figure 2-4 ) are sent by following same procedure. 
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Since the sender is not capable of listening the medium while transmitting, 

sending entire data frame, as soon as the backoff timer expires, increases the probability 

of collision. The four way handshaking technique solves this problem by sending 

relatively small frames before starting transmission as it is described in next paragraph.  

 

Figure 2-7: RTS/CTS Access Mechanism [6] 

2.6.2 RTS/CTS  

DCF defines an additional RTS/CTS handshaking technique to be optionally used 

for a packet transmission. This mechanism also known as four-way handshaking is 

shown in Figure 2-7. A station that wants to transmit a packet, waits until the channel is 

sensed idle for a DIFS (as in Basic Access), follows the backoff rules explained above, 

and then, instead of the packet, preliminarily transmits a special short frame called 

Request To Send (RTS). When the receiving station detects an RTS frame, it responds, 

after a Short InterFrame Space (SIFS), with a Clear To Send (CTS) frame. The 
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transmitting station is allowed to transmit its packet only if the CTS frame is correctly 

received. 

Figure 2-7 also shows SIFS. The SIFS is duration used for RTS/CTS and ACK 

frames, which are high priority transmission. Those transmissions are started whenever 

SIFS is expired. Medium becomes busy as soon as SIFS is expired. RTS/CTS and ACK 

frames has higher priorities, because it is shorter than other inter-frame spaces. The SIFS 

is shorter than DIFS. It is used by the receiver station to send CTS as a response RTS and 

letting receiver to send an ACK after successful transmission. 802.11 standards also 

allow frames to be fragmented into smaller pieces. Each fragment includes its own 

checksum and individually numbered and acknowledged by stop-and-wait protocol. 

Therefore, subsequent fragment is sent if and only if the previous fragment is 

acknowledged by receiver station. Once RTS and CTS frames are send by the stations, all 

other fragments can be send in a row. SIFS is also used to prevent sending RTS frame 

before every fragment transmission. As shown in Figure 2-8. 

 

SIFS SIFS SIFS SIFS SIFS SIFS SIFS

Station A RTS Frag1 Frag2 Frag3

Station B CTS ACK ACK ACK

 

Figure 2-8: Fragmented Frames in RTS/CTS mechanism 

 

The length of information in the frame that wants to be transmitted has to be 

known by any listening APs. Therefore RTS and CTS frames carry this information. The 
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listening station in the coverage area of sender (in case of RTS) and in the coverage area 

of receiver (in case of CTS), which is then all the stations other than receiver and sender 

able to update a Network Allocation Vector (NAV) containing the information of the 

period of time in which the channel will remain busy as shown in Figure 2-7. Therefore, 

when a station is hidden from either the transmitting or the receiving station, by detecting 

just one frame among the RTS and CTS frames, it can suitably delay further 

transmission, and thus avoid collision. This also helps solving the hidden station and 

exposed station problem described in [32]. 

The RTS/CTS mechanism is very effective in terms of system performance, 

especially when large packets are considered, as it reduces the length of the frames 

involved in the contention process. In fact, in the assumption of perfect channel sensing 

by every station, collision may occur only when two (or more) packets are transmitted 

within the same slot time. If both transmitting stations employ the RTS/CTS mechanism, 

collision occurs only on the RTS frames, and it is early detected by the transmitting 

stations by the lack of CTS responses. The probability of having collision in RTS frames 

is relatively less than it is in the Basic Access mechanism, since the RTS frames are 

shorter than the data frames. [33] shows that there is very limited advantages in 802.11 

networks with respect to basic access if there is no hidden station 

In this section we described the evolution of WiFi, details of layer 1 and layer 2 

protocols used in WiFi and finally the details of DCF which is the main mechanism we 

focus. Next section provides information about the system model and more details about 

the proposed algorithm. 
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3 System Model 

This section gives more information about proposed system model and proposed 

algorithm together with calculation of number of user threshold and the details of overall 

system architecture. 

ESS is a collection of logical APs which are designed to recognize each other. 

Each ESS includes more than one AP. We use a centralized unit called Access Point 

Controller (APC) to control all APs in an ESS. Basically, APC is responsible for 

controlling APs by changing their transmit power or turning their transmitter on/off by 

using total number of users associated with certain AP. In section 3.1, we give the details 

of calculation appropriate number of users to trigger transmit power change in an AP. 

In our proposed model, we have active and inactive APs in an ESS. Inactive APs 

operate in standby mode with their transmitters turned-off. However, they can be 

remotely activated by an APC if the certain conditions are satisfied. The main trigger 

condition is the number of active user stations. As we discussed in previous sections, the 

number of user stations are the basic criteria that affects the system saturation throughput.  

As the number of active user stations increases, the probability of having idle 

medium decreases, causing lower system throughput. Adding a new AP operating in a 

frequency other than its neighbors into an ESS increases the probability of idle sensing of 
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existing APs. But, to facilitate this process, we use power control mechanism in the 

existing APs that helps some of the user stations to move into the newly activated APs. 

 

3.1 Calculating the threshold Ф 

In this section our main goal is to determine the threshold value Ф at which we 

will trigger activating inactive APs. The study [6] provided an accurate analytical method 

to calculate the throughput in 802.11 networks with DCF mechanism. We use their 

results in our study to calculate the optimum number of users to turn the APs ON or OFF 

and increase/decrease the transmit power to obtain optimum network performance. 

The 802.11 protocol is known to have some sort of instability [34] [35]. Study [6] 

shows the instability of 802.11 protocol using simulations results. Simulation is set up 

with Poission Distributed offered load with fixed packet size (8184 bits) and the arrival 

rate is changed throughout the simulation to match with the ideal load. Ideal offered load 

growth (normalized with respect to the channel capacity) and throughput is plotted into 

the graph as shown in Figure 3-1. From the figure it is clear that the measured throughput 

follows closely the measured offered load for the first 260 seconds, then it is dropped to 

0.68 and stabilized, which is called saturation throughput [6] which indicates the system 

throughput in an overloaded condition.  
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Figure 3-1: Measured Throughput with slowly increasing offered load 

 

 

Figure 3-2: Saturation Throughput: Analytical Calculation vs. Simulation 

 

Figure 3-2 summarizes the relation between number of user stations vs. saturation 

throughput [6][36]. Solid lines show the analytical results and symbols shows the 

simulation results. Both of the results are very close to each other, which verify the 

accuracy of the analytical method used in [6]. It is very clear from the graph that as the 
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number of user stations and as a result number of arrivals are increased the saturation 

threshold decreases in the DCF basic access technique.  

As we showed in earlier sections, as the number of active user stations increases 

the collision probability of frames increases, which yields to lower saturation throughput. 

We propose in this thesis that the throughput of system (multiple ESS) can be improved 

by decreasing the transmit power of APs as the number of active user stations increase 

and by introducing new APs which operates in different ISM band that neighbor APs. 

As shown in Figure 3-2, for basic access method, when the number of stations 

associated with an AP is 10, the system throughput is calculated as 0.75, but when the 

total number of users increases to 25, the system throughput decreases to 0.64. As a 

result, when 15 more users are associated, system throughput decreases to 17.1% as 

shown below. 

1.17
64.0

)64.075.0( =−
%  

 

Figure 3-2 also shows, that if the maximum number of users kept at 15, system 

throughput can be maintained around 0.72. Therefore, in our study we take actions to 

keep associated user number in an AP at 15 (Ф=15). When the user number exceeds that 

number, an inactive AP will be activated fist, and then the transmit power level of the 

initial AP will decrease to the TxLevMin value to encourage some of the users to move 

(re-associate) AP that is recently activated. 
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3.2 Proposed Algorithm 

There is a significant number of studies on 802.11 power control, but the novelty 

of our approach (UBAPC) lies in the fact that we control transmit power of APs by taking 

into account the number of user associated in the system. Our trigger condition will be 

the threshold number of user values calculated in Section 3.1.  

We propose a centralized system unit, which communicates with APs and checks 

the number of users associated with each of them periodically. Then, the APC decides if 

it is needed to increase/decrease the transmit power of AP or it is necessary to turn some 

inactive APs ON/OF. In next paragraphs we gave more details of an algorithm satisfy the 

conditions stated above. There is a direct relation between the power increase and cell 

size. Transmit power cannot be increased indefinitely because of hardware limitations 

and government regulations.  

In real life, the user distributions in 802.11 networks are not uniform. It is either 

overly expensive to plan the AP placement that would result an approximate uniform 

distribution or the user distribution is just not predictable. Therefore, in real life situations 

where some APs having more user than others are more likely than otherwise. 
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(a) 

 

(b) 

Figure 3-3: 802.11 system with non-uniform dynamic user distribution 

 

Figure 3-3 above shows sample distribution of a 802.11 network with an APC. An 

APC is connected to other APs and requests them to provide the number of connected 

users periodically. In Figure 3-3(a) the most heavily loaded AP is initially AP1, since the 

users in the wireless networks moves dynamically, AP1 can loose its users, or some of its 

users may re-associate with other cells. As shown in Figure 3-3 (b), after some time, AP2 

becomes the most heavily loaded AP. Therefore, based on the scenario in Figure 3-3(b) 

AP1’s transmit power has to be decreased and AP2’s transmit power has to be increased. 

The non-uniform and dynamic user distribution needs dynamic power 

transmission in downlink directions. The dynamic behavior of user movements change 

the user distribution continuously, and this behavior necessitates dynamic and continuous 

adaptation in transmit power and change in the number of active AP.  
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Figure 3-4: System response to user station increase 

 

 

Figure 3-4 shows different scenarios for six cell (AP) coverage areas. “A” shows all 

possible power levels of six cells. Although the cell boundaries of coverage cells in 

802.11 (and in other cellular networks) are fuzzy. Figure 3-4 gives good understanding of 

coverage holes and overlapping nature of the cells. Advantage of having overlapped 

coverage areas are as follows:  

1. Overlapping cells increase the probability of successful transition between 

different coverage areas.  
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2. Impact of AP failures in overlapped coverage areas will not be as critical as 

in non-overlapped cases.  

Disadvantage of overlapped coverage areas are the interference problem because of 

the limited transmission resources. TxLevelMax in Figure 3-4 is the maximum power 

level and as a result it covers the greater coverage area and TxLevelMin is the lower one. 

Radius of those cells in our experiments are summarized in the second column of Table 

4.1. Based on the density of the cluster cell radius can be different.   

Figure 3-4 (B) shows the scenario where all of the six cells are lightly loaded (all of 

them have less than Ф users) and they are transmitting TxLevelMax power. Therefore, 

there are overlapping cell coverage areas in ESS. In Figure 3-4(C) there is only one cell 

heavily occupied, has five lightly occupied. However, transmit power of cells are still at 

minimum level. The heavily loaded AP notifies the APC, and the APC sends a command 

to AP to change its transmit power, then an inactive AP is activated as shown in Figure 

3-4(D). In our example, Figure 3-4(E) has two heavily loaded cell, Therefore transmit 

power of cell 2 is also minimized as shown. Finally, Figure 3-4(F) shows the heaviest 

occupied cell scenario. All of the cells transmit TxLevMin and all of the inactive cells are 

activated. It is important to note that the coverage holes are big problem if the densities of 

deployed APs are less.  

Figure 3-5 shows the basic messaging relation between an APC and its APs. All APs 

connected to an APC report their load (number of users currently associated), 

periodically as depicted in Figure 3-5 (a). Using UBAPC, the APC computes the 

optimum power setting for each AP, and sends it back to each AP as depicted in Figure 
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3-5 (b). We assume that the connection between the APC and its AP is always active.  

For security, we have used and recommend using secure shell connection (SSH).  Details 

are explained in Section 5.1. 

 

 

(a) 

 

(b) 

 

Figure 3-5: APC-AP relation 

 

As we show in Figure 3-3, an APC is connected to all APs in the Extended 

Service Set (ESS), and it is responsible to trigger power increase/decrease in APs. In our 

algorithm no user’s device (commonly called STA) is allowed to change its power. 

Figure 3-6 shows the message sequence details of UBAPC algorithm and it is 

based on a scenario where there are two APs. One is active and another one is inactive. 

The process of changing the AP transmit power continues as long as the number of users 

changed. Also in Figure 3-6, we show the message sequence detail of the UBAPC 

algorithm, the APC gets the number of user associated with APs periodically, and based 

on the response, it sends power change command towards related a AP using an SSH 

connection. The transmit power of an AP can either set to TxLevMin or TxLevMax. If 

the user number does not go beyond the Ф values, APC does not send any power change 
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command to APs. The commands have to be sent every time new updates are required. 

New APs will be introduced in an ESS only if the number of users in an AP exceeds Ф 

value, and it will be inactivated when the total number of users in an AP drops below the 

Ф value. In another words; if the number of users in AP1 exceeds Ф, a neighboring AP, 

AP2, will be activated by the APC. The AP2 will be inactivated if and only if the 

Equation 3.1 is satisfied. 

          “user number in AP1” + “user number in AP2” < Ф                         Equation (3.1) 

All the messages in UBAPC are asynchronous and state free, APC does not keep 

the record of current status of its AP. An AP will set its transmit power based on the 

command received from the APC.  
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Figure 3-6: Message Flow Between APC-Active AP-Inactive AP 
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3.3 Implementation 
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Figure 3-7: General Architecture 

 

Above simplified architecture shows the interactions between APC, AP and user 

station. One APC can manage more than one AP, it is actually a PC which can send and 

receive commands using SSH connection. It collects the total number of user data 

associated with APs, and send commands to change transmit power. In this study we only 

change transmit power of AP, but [19] shows that it is possible to change transmit power 

of user using Cisco 350 wireless PCMCIA cards. Users generally use battery to power up 

their devices; power control in user to AP connection (in uplink direction) is crucial from 

the power consumption point of view. Power consumption is not the main problem in AP 

to user (downlink) link, because generally all APs are always powered up without battery 

and always directly connected to power supply. 

In this section we provided the details of proposed system model including 

proposed algorithm and architecture. Next section gives more information about the 
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experiments to calculate threshold transmit power values and proof of concept to show 

that it is possible to control more than one AP using SSH capable firmware and a 

centralized unit. 
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4 RESULTS 

In this chapter we show the calculation of two important parameter of our model 

described in previous chapters. The signal level thresholds TxLevMin and TxLevMax. 

We also describe the details of our experiment to prove how an APC can control more 

than one AP. 

We set up two experiments. One experiment is used to calculate appropriate 

TxLevMin and TxLevMax threshold. We explain the details of the experiment in Section 

4.1. Another experiment is set up to prove that an APC can control more than one AP, 

details are explained in Section 4.2.   

4.1 Calculations of Transmit Power Levels 

In this section we show the calculation of TxLevMin / TxLevMax. 1) TxLevMin 

and TxLevMax are the transmit power levels needs to be changed when the user numbers 

exceeds Ф. In another words TxLevMax is the transmit power level of an AP that is 

lightly occupied and TxLevMin is the transmit power of an AP which is highly occupied. 

Transition between power levels are done based on the comparison of associated user 

numbers with Ф. The command to trigger power level change are given by an APC.  
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The study done by [37] shows the relation between Frame Error Rate (FER) and 

Signal to Noise Ratio (SNR). It is shown based on simulation results that when the SNR 

is around 7, FER is measured 10E-7. This SNR is caused from background noise. Since 

802.11 uses unlicensed frequency spectrum, background noise is inevitable. An extensive 

study is done by [38] about the effect of background noise in 802.11 networks based on 

experimental results. It is shown that the average background noise measured in 2.4 GHz 

is around -83 dBm during the peak time of the day. Based on the studies [37][38], to be 

able to keep FER level more than 10E-7, received signal level should be kept more than 

“the average background noise” + “SNR to keep FER more than 10E-7”. Therefore, the 

received signal level has to be more than -83 + 7 = -76 dBm, in any point  inside the cell 

coverage area.  

We will take into account the FER and SNR criteria described in previous 

paragraph. We locate an AP into FAU campus, first floor of CSE building. The 

thresholds, TxLevMin and TxLevMax will be used to guarantee FER above 10E-7. In 

another words, our experiment will determine two results: 

1.) Cell size: Which is the coverage area of an AP, in which -76 dBm received 

signal level is guaranteed. The cell size information is useful especially 

during the network planning. AP locations can be selected based on this 

value to prevent coverage holes and high number of overlaps. 

2.) Transmit power levels: These are the level of transmit power in AP to satisfy -

76 dBm coverage with suitable cell coverage mentioned previously. 

We used four different transmit power levels, and calculated the distance between 
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user station and access point where the average received signal level is -76 dBm.  
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Figure 4-1: SNR change vs. distance between AP and user station 

 

Figure 4-2: Received signal change 

The TxLevMin and TxLevMax power levels are determined based on the signal 

attenuation in WiFi frequency band using real life signal evaluation, which are collected 

using WirelessMon tool [39] in Computer science and Engineering Building and 

environment in FAU. The collected log files are used to determine the suitable cell sizes 

for given transmit power. Table 4.1 summarizes the results. 
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Table 4.1: Cell Size vs. Transmit Power 

Tx Power Level Cell Radius Average Received Signal 
31.5 55 -76.0  
22 39 -76.1 
19 32 -76.1  
14 21 -76.3 

 

Based on the values listed in Table 4.1, we have selected two transmit power 

levels out of four. Our transmit power level selections are as follows TxLevMax = 31.5 

dBm and TxLevMin = 19 dBm.  

In Table 4.1, the column one shows the transmit power of AP and column three 

shows the average signal level at the distance written column two. We use the values in 

column one as our transmit power levels and the cell radius values written in column two 

will be the three cell coverage area based on cell user density. For example, if the cell is 

heavily deployed the transmit power of AP will be increased to 31.5 dBm (TxLevMax), 

creating cell with 55 meters radius with the signal density -76 dBm at the cell edge. If the 

number of associated users drops below Ф, then the APC will notify the AP to decrease 

its power level to 19 dBm (TxLevMin), causing smaller cell with radius 32 meters, with 

the signal density -76.1 dBm at the cell edge. Figure 4-3 shows the change of transmit 

power vs. number of users associated. 

Since as the power level decreases cell size shrinks, lower transmit power should 

not leave any non-covered area. That is why we introduce active/non-active AP concept 

in ESS. Non-active APs should turn on to prevent coverage holes. Our design gives the 

optimal result in dense urban areas, in which there are close proximity cells with 

overlapping coverage areas. 
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Figure 4-3: Change of Transmit power based on no. of users associated with an AP 

 

 

4.2 Proof of Concept 

We set up the following experiment. The APC can be a windows based computer 

(PC), which will manage APs and send and receive the WL commands using an SSH 

connection. The aim of the experiment is to prove that the transmit power can be changed 

efficiently. We set up an AP on top of a 3 meter pole in an open field and collected 

signals radiated from it using  WirelessMon [39] tool.  

We use DD-WRT firmware [5] in AP. It is developed by open source community 

[5]. It is licensed under GNU General Public License version 2. DD-WRT firmware 

contains a Secure Shell (SSH) Server that enables the APC to connect to the AP 

programmatically. By using SSH connection and WL commands, shown in Table 4.2, it 

is possible to change the transmit power of an AP automatically by an APC, whenever a 

trigger condition takes place.  
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Table 4.2: Some wl commands 

Comma Argumen Description 
wl -q,-d,-m,- Set transmit power of Wireless Router 
arp | wc  Determines number of users associated 
wl  Gives the list of associated MAC 
wl rssi Mac Gives RSSI value of specified MAC 
wl radio  Turn radio ON 
wl radio  Turn radio OFF 

 

We set an experiment to prove that APC can effectively change the transmit 

power of three APs connected. In our experiments, initially we recorded the real life 

signal variation from an AP using the setup shown in Figure 4-4. We mounted an AP on 

top of 3 meter pole, and collected the signal variation moving 300 meters away from the 

AP. The collection of real life signal variation is done in the open field on FAU campus. 

We convert the log files to Wireless Router Control Unit (WRCU) readable format called 

scenario files, details of scenario files can be found in appendix. WRCU is .NET based 

tool developed by us and installed into windows based computer. They include AP name, 

transmit power and the duration of transmit power. Figure 4-5 shows this process. 

 

 

User 

WirelessM
logs

Access Point 
DD-WRT Firmware

Wireless Link

 

Figure 4-4: Recording received signal variation of an AP using WirelessMon. 
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Figure 4-5: Changing transmit power of AP using scenario files 

 

We successfully regenerated real life signal variation in a lab environment with 

fixed APC-AP position. Experiment is done in our Computer Science building 

Telecommunication and Computer Networks (TCN) lab. In this experiment we show that 

the WL commands with an SSH connection can be used to change the transmit power of 

multiple APs effectively. Figure 4-7 shows the real signal and regenerated signal 

respectively.  

 

Figure 4-6: Original received signal level 

B
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Figure 4-7: Regenerated signal using WRCU 

 

Figure 4-7 shows the original received signal level in line of sight AP 

deployment,. We show that it is possible to regenerate real life signal variation in lab 

environment. As can be seen from Figure 4-7. Regenerated signal is very close to the real 

one. This shows that the speed of updating transmit power in the AP side is fast enough 

to imitate the real signal change. This result encouraged us that the same method can be 

used on the APC side to control transmit signal level of an AP. But in that case the 

number of users will be the trigger condition to change the power. 

Figure 4-7 shows that the received signal level does not decrease smoothly. The 

sudden decrease of received signal level up to 35th meter is expected because of the 

nature of the electro magnetic signal radiation, the increase between 35th meter to 45th 

meter can be explained by the side lobes of the radiation pattern. The sudden drop in the 

received signal level around 60 meters can be explained by the first null of the radiation 

pattern of the antenna and the effect of ground reflections. Main lobe is dominant from 

90th meter until 300th meter and the signal level has monotonically decreased as expected.  
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Figure 4-8: E-Plane radiation pattern of WiFi omni-directional antenna 

 

Figure 4-8 shows the radiation pattern of a regular WiFi omni-directional antenna. 

330 degree is the first null of the pattern, and the first side lobe is in 300 degree. This 

pattern confirms our received signal level shown in Figure 4-7 as explained above. 

Regenerated signal’s range, which is shown in Figure 4-7, varies between -48 dB to -70 

dB because of the hardware limitations, so it is not possible to regenerate signals strength 

which are more than -48 dB and less than -70 dB. 

4.3 Analysis 

In this study, we predict the trend of increase of mobility of 802.11 users will 

increase dramatically with the recent freeware applications using VoIP communication 

over internet (such as skype, msn messenger). We set out to prove, by using previous 

studies, that how the total number of user stations associated with an AP effects the 

system throughput and this effect can be minimized. We show in this study that it is 
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possible to design a power control mechanism using number of user associated with an 

AP without changing current 802.11 standard by just updating AP firmware and using a 

SSH capable software. Power control mechanism can be automated using SSH 

connection with an appropriate trigger condition (in our case number of user). All of the 

APs in our study are updated using an open source firmware called DD-WRT, this update 

provide additional control mechanism over APs which is called WL commands. WL 

commands are used to control access points for specific purposes, such as changing 

transmit power, turning on/off the APs. We also introduce new component called 

“Access Point Controller”, that is used to control APs in an ESS. APC is developed by 

us, which is low cost personal computer and it runs an application called WRCU. WRCU 

is written using .NET and capable of set up SSH connection with multiple APs. It can 

also retrieve the number of users associated per AP and send commands to AP using WL 

commands and UBAPC algorithm.  

In this section we discussed the experiments set up to determine the transmit 

power thresholds and we describe a way of controlling multiple APs using WRCU and 

discuss the results of experiments together with implementation details.
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5 CONCLUSION 

In 1990s, after the release of GSM and CDMA systems, and with the 

improvement in handset production and battery technologies, wireless communication 

became very common and widely used around the world. Initial wireless communication 

systems designed to handle voice and limited data transfer. Recent wireless technologies 

focused on higher data transfer to satisfy costumer demand. Higher data transfer in 

wireless systems possible with higher quality of service in air interface. In this study we 

described new algorithm together with new WiFi architecture to increase data rate by 

increasing quality of service in air interface. 

Current network designs do not dynamically accommodate changes in the usage.  

We propose a dynamic power control algorithm that provides greater capacity within a 

limited geographic region.  Most other power algorithms necessitate changes in 802.11 

requiring hardware changes. We have proposed an algorithm that only requires firmware 

updates to enable dynamic control of AP’s transmit power.   

We have identified earlier studies that provide good estimates on the number of users to 

optimize power.  By lowering transmit power of APs with large number of users, we can 

effectively decrease the cell size. The resulting gap is then covered by dynamically 

activating additional APs.    



.    

53 

Our contribution can be summarized as follows; we use open source firmware 

called DD-WRT to reprogram existing APs to give them capability of controlling APs 

based on a trigger conditions using SSH connection. After the initial introduction of 

802.11 networks, predictions show that evolution of 802.11 going to be denser, causing 

more users per AP. With the introduction of VoIP, trends show the users will be more 

pervasive, change of number of associated user in an ESS will change dynamically. This 

trend will bring the necessity of introducing a power control algorithm based on number 

of user associated per AP. We use previous studies to determine limit of number of user 

to optimize transmit power. The algorithm developed in this study reduces the cost of 

network planning in 802.11 networks by changing transmit power of APs.  This also 

provides greater flexibility and reduces the network planning costs. 

Future studies will mainly focus on new methods on changing and synchronizing 

transmit power in uplink direction and merging uplink power control mechanism with 

downlink power control with minimum impact on existing specifications. More 

intelligent APC can be programmed and used to control APs not only based on number of 

users in BSS but also ESS. It will be more crucial to improve APCs by taking into 

account the relative distance between APs, APCs can be programmed such that the power 

control mechanism will use the geographic distribution of APs in power control process.  
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APPENDIX
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A. Experimental LAB Setup 

We have connected 3 Motorola WR850G wireless router as shown below. 

Connection between Routers and PC is wired but the connection between users to APs 

are wireless.  

 

Figure A-1: Experiment "Controlling 3 APs using APC emulator" 
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Figure A-2: Rear view of WR850G Router used in our experiment [40] 

Above figure shows the back view of Motorola WR850G router. We have used 

LAN ports of (shown as number 3 in the figure) Router 1, and connected that port to 

WAN ports of other routers (Router 2 and Router 3 in Figure A-1). By enabling static 

DHCP server option in AP Control Panel. In router 1 we have assigned fixed IP addresses 

in DHCP. 
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Figure A-3: AP PC Connection [40] 

 

 Hardware Requirements 

We have used hardware listed in Table A.1. 

 

Table A.1: List of Hardware for Lab Experiment 

-Personal Computer (PC) 

-Three Motorola WG850 G Wireless Router 

-Three Straight LAN Cables 

-DC/AC Inverter 

-GPS receiver 

 

Software Requirements 

PC softwares;  To build latest DD-WRT firmware, we have installed “VMWare 
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Server Console v1.0.4 build 56528” on Microsoft Windows Vista to be able to install a 

Linux system on a Windows PC, Debian Linux System image “debian-40r3-i386” is 

installed, the VMware settings for Debian Linux is shown in Figure A-4, 

 

Figure A-4: Debian Linux System Settings in VMWare Vistual Machine 

We have installed missing necessary utilities which are needed to build firmware 

of DD-WRT. List of utilities are shown in Table A.2. 

Table A.2: List of utilities needs to be installed in Debian Linux System 

-GCC -Unzip -Openssl 

-G++ -zlibig-dev -Toolchains x86 Debian

-Binutils -Libc6 -Subversion 

-Patch -Libncurses5-dev -Bison 

-Bzip2 -Libstdc++5 -Make 

-Flex -Automake1.9 -GRUB boot loader 

-Busybox -Gettext -Subversion 

-Openssh-server   

Some of the utilities listed above should be installed during the installation of 

Debian image. 
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B. Installation of Softwares 

To emulate APC we first build the DD-WRT firmware. It needs to be built in 

Linux environment. A Linux OS can be installed on a Windows PC using Virtual 

Machine software called Vmware [41]. By using VMware two operating systems can be 

used in single computer, which allowed us to develop firmware and APC software in the 

same PC as explained below. 

 

VMWare Installation 

We downloaded “VMware Server Console” version 1.0.4 / build 56528 from [41]. 

This Virtual Machine allowed us to install linux system on our PC which uses Windows 

Vista as operating system.  

Debian Linux System Installation 

We have used Debian image “debian-40r3-i386” as Linux system in our computer 

in the lab. DD-WRT user has been created during the installation 
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C. Compiling Firmware Step by Step 

After the VMWare and Debian Linux system started up. We use dd-wrt user to login 

the system. Then, we use the following script to create necessary folders and auto install 

some utilities listed in Table A.2 and to download the source codes to build the firmware. 

#!/bin/sh  
su -c "apt-get update;apt-get install sudo openssh-server 
subversion;echo 'dd-wrt  ALL=(ALL) ALL' >> /etc/sudoers"  
sudo apt-get install gcc g++ binutils patch bzip2 flex bison make 
gettext unzip zlib1g-dev libc6 libncurses5-dev libstdc++5 automake 
automake1.7 automake1.9 openssl  
 
wget http://www.dd-wrt.com/dd-
wrtv2/downloads/others/sourcecode/toolchains/toolchains.x86.debian.sp1.
tar.bz2  
tar -jxf toolchains.x86.debian.sp1.tar.bz2  
 
mkdir tmp  
mkdir DD-WRT  
mkdir DD-WRT/image  
mkdir DD-WRT/src  
mkdir DD-WRT/src/linux  
mkdir DD-WRT/src/linux/brcm  
 
sudo ln -s /home/dd-wrt/toolchains/3.4.6-uclibc-0.9.28/ /opt/3.3.4  
sudo ln -s /home/dd-wrt/toolchains/3.4.6-uclibc-0.9.28/ /opt/3.3.6  
sudo ln -s /home/dd-wrt/toolchains/3.4.6-uclibc-0.9.28/ /opt/3.4.4  
sudo ln -s /home/dd-wrt/toolchains/3.4.6-uclibc-0.9.28/ /opt/3.4.6  
sudo ln -s /home/dd-wrt/toolchains/4.1.0-uclibc-0.9.28/ /opt/4.1.0  
sudo ln -s /home/dd-wrt/DD-WRT/image/ /GruppenLW  
 
ln -s /home/dd-wrt/toolchains/3.4.6-uclibc-0.9.28/ /home/dd-
wrt/toolchains/3.4.6  
ln -s /home/dd-wrt/toolchains/3.4.6-uclibc-0.9.28/ /home/dd-
wrt/toolchains/3.4.4  
ln -s /home/dd-wrt/toolchains/3.4.6-uclibc-0.9.28/ /home/dd-
wrt/toolchains/3.3.6  
ln -s /home/dd-wrt/toolchains/3.4.6-uclibc-0.9.28/ /home/dd-
wrt/toolchains/3.3.4  
ln -s /home/dd-wrt/toolchains/4.1.0-uclibc-0.9.28/ /home/dd-
wrt/toolchains/4.1.0  
 
cd DD-WRT/  
svn co svn://svn.dd-wrt.com/DD-WRT/tools  
svn co svn://svn.dd-wrt.com/DD-WRT/opt  
wget http://svn.dd-wrt.com:8000/dd-wrt/browser/Makefile?format=raw  
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mv Makefile\?format\=raw Makefile  
cd src/  
wget http://svn.dd-wrt.com:8000/dd-wrt/browser/src/cy_conf.h?format=raw  
mv cy_conf.h\?format\=raw cy_conf.h  
wget http://svn.dd-wrt.com:8000/dd-
wrt/browser/src/cy_conf.mak?format=raw  
mv cy_conf.mak\?format\=raw cy_conf.mak  
wget http://svn.dd-wrt.com:8000/dd-wrt/browser/src/Makefile?format=raw  
mv Makefile\?format\=raw Makefile  
svn co svn://svn.dd-wrt.com/DD-WRT/src/include.bcm  
svn co svn://svn.dd-wrt.com/DD-WRT/src/include.v23  
svn co svn://svn.dd-wrt.com/DD-WRT/src/include.v24  
svn co svn://svn.dd-wrt.com/DD-WRT/src/led  
svn co svn://svn.dd-wrt.com/DD-WRT/src/ses  
svn co svn://svn.dd-wrt.com/DD-WRT/src/shared  
svn co svn://svn.dd-wrt.com/DD-WRT/src/router  
svn co svn://svn.dd-wrt.com/DD-WRT/src/squashfs-tools  
svn co svn://svn.dd-wrt.com/DD-WRT/src/switch  
svn co svn://svn.dd-wrt.com/DD-WRT/src/tools  
svn co svn://svn.dd-wrt.com/DD-WRT/src/wl  
cd linux/brcm  
svn co svn://svn.dd-wrt.com/DD-WRT/src/linux/brcm/linux.v24_2  
ln -s /home/dd-wrt/DD-WRT/src/linux/brcm/linux.v24_2 /home/dd-wrt/DD-
WRT/src/linux/linux 

 

After the execution of script completed, we made the following changes before 

proceeding; 

Three files under “DD-WRT/src/router/rules” will need to be modified so that their 

dependencies are made prior to the make configure step for these application.  

• “DD-WRT/src/router/rules/dropbear.mk” and insert the following between line 1 and 2:  

cd zlib && make 

• “DD-WRT/src/router/rules/openvpn.mk” and insert the following between line 1 and 2:  

cd openssl && make 

• “DD-WRT/src/router/rules/tcpdump.mk” and insert the following between line 1 and 2:  

cd libpcap && make 
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Then we edit the following make files; Makefile for libpcap_noring has a hardcoded 

reference to the linux.v23 branch. We change line 53 of “DD-

WRT/src/router/libpcap_noring/Makefile” to the following  

 

CCOPT = $(COPTS) -fomit-frame-pointer -fpic -fPIC -

I$(LINUXDIR)/include 

 

Some tools from the DD-WRT source need to be recompiled to our native 

environment.  

Under “DD_WRT/src/router/tools”, we did the following  

 

rm jsformat  

make jsformat 

 

Under “DD-WRT/src/squashfs-tools”, we did the following  

rm mksquashfs-lzma  

make  

cp mksquashfs-lzma ../linux/brcm/linux.v24_2/scripts/squashfs 
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Under “DD-WRT/tools”, change 1024 to 2048 on line 6 in strip.c (this fixes a seg 

fault on AnchorFree.asp) and we compiled c files as shown below. 

 

rm ./strip  
gcc strip.c -o ./strip  
rm ./write3  
gcc write3.c -o ./write3  
rm ./write4  
gcc write4.c -o ./write4  
rm ./webcomp  
gcc -o webcomp -DUEMF -DWEBS -DLINUX webcomp.c  

 

Then, we create a new script named “make_kernel.v24_2.sh” and use chmod to 

mark as executable.  

 

#!/bin/sh  
./loader-0.02/lzma e 
../src/linux/brcm/linux.v24_2/arch/mips/bcm947xx/compressed/piggy 
vmlinuz  
./loader-0.02/lzma e 
../src/linux/brcm/linux.v24_2/arch/mips/bcm947xx/compressed/piggy 
vmlinuzmicro  

 

This script will be invoked by “install_mini.v24_2.sh” shell script that we created. 

Where “install_mini.v24_2.sh” is the script to create firmware using a config file which 

has configuration parameter settings for the firmware version that we are building. We 

used “.config_mini.v24” config file which is located “/DD-WRT/src/router” folder, 

source code is shown below 
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cd ../src  
cd router  
cp .config_mini.v24 .config  
 
rm -rf mipsel-uclibc/install  
make rc-clean  
make services-clean  
make shared-clean  
make httpd-clean  
rm busybox/busybox  
rm busybox/applets/busybox.o  
cd ..  
make  
cd ../opt  
mkdir ../src/router/mipsel-uclibc/target/etc/config  
./sstrip/sstrip ../src/router/mipsel-uclibc/target/bin/*  
./sstrip/sstrip ../src/router/mipsel-uclibc/target/sbin/rc  
./sstrip/sstrip ../src/router/mipsel-uclibc/target/usr/sbin/*  
 
cp ./bin/ipkg ../src/router/mipsel-uclibc/target/bin  
cp ./libgcc/* ../src/router/mipsel-uclibc/target/lib  
cd ../src/router/mipsel-uclibc/target/lib  
ln -s libgcc_s.so.1 libgcc_s.so  
cd ../../../../../opt  
cp ./etc/preinit ../src/router/mipsel-uclibc/target/etc  
cp ./etc/postinit ../src/router/mipsel-uclibc/target/etc  
cp ./etc/ipkg.conf ../src/router/mipsel-uclibc/target/etc  
cp ./etc/config/* ../src/router/mipsel-uclibc/target/etc/config  
cp ./usr/lib/smb.conf ../src/router/mipsel-uclibc/target/usr/lib  
cd ../src/router/mipsel-uclibc/target/www  
 
ln -s ../tmp/smbshare smb  
 
cd ../../../../../opt  
./strip_libs.sh  
 
../src/linux/brcm/linux.v24_2/scripts/squashfs/mksquashfs-lzma 
../src/router/mipsel-uclibc/target target.squashfs -noappend -root-
owned -le  
./make_kernel.v24_2.sh  
../tools/trx -o dd-wrt.v24_2.trx ./loader-0.02/loader.gz 
../src/router/mipsel-uclibc/vmlinuz target.squashfs  
cp dd-wrt.v24_2.trx /GruppenLW/dd-wrt.v24_mini_generic.bin 

 

After creating all the install scripts that we will be using. We used the following 

commands to build the firmware 
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cd DD-WRT/src/router 

cp .config_mini.v24 .config 

cp ../linux/linux/.config_std ../linux/linux/.config 

export MYPATH=$PATH 

export PATH=/opt/4.1.0/bin:$MYPATH 

make configure 

cd ../../opt 

./install_mini.v24_2.sh 

 

D. Upgrade Order of New DD-WRT Firmware 

After new firmware created. New firmware will be instaled into AP, but the 

upgrade order shown in Figure D-5 has to be followed [5]. Mini version of DD-WRT is 

enough for SSH support, but full firmware can also be installed if more functionality 

wanted.  

 

Figure D-5: AP upgrade order 

 

Above order has to be followed in order to upgrade DD-WRT firmware.  
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E. Wireless Router Control Unit 

WRCU is designed using C# .NET, It has capability of setting up SSH connection 

for more than one AP. It is up to developer to increase total number of APs to be 

accessed simultaneously. In our experiment, we used 3 APs. 

 

 

 

 

Figure E-6: GUI of WRCU 
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Format of the Scenario File 

 

 

Figure E-7: Scenario file format 

 

 

Scenario file is converted from WirelessMon log files and includes three columns as 

shown above, first column shows the AP name, second column shows the duration of 

power which is going to be applied and the last column shows the power level in dBm. 

We used scenario file to control APs. 
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Figure E-8: WirelessMon GUI 
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