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ABSTRACT

CHANNEL ALLOCATION SYSTEM FOR WIRELESS
VIDEO COMMUNICATION IN 802.11n MESH
NETWORKS

With the latest technological achievements, wireless communication is spreading
all around the world and entering into the daily life of individuals more. Especially
with the development of 802.11n standard, high data rate communication is becoming
available, which is beneficial for multimedia applications like real-time video communi-
cation. However, increased number of wireless communication users occupy the limited
channel spectrum and prevent other users from accessing the channel as they desire.

This issue requires proper channel allocation for access points (AP) essential.

This thesis presents a complete solution for an effective channel allocation system
in order to minimize the channel usage experienced by the APs. Our objective is
to realize video communication for a mesh of access points operating on the same
frequency. Therefore, minimizing channel switchings is very important in order not to
interrupt the video communication frequently. The main steps of the proposed solution
include measurement collection and processing techniques, channel switching decision
and determining the optimal channel. Our proposed adaptive measurement processing
method using Kalman and Median Filters can estimate channel usages accurately for
both high-variance and low-variance data. By using multiple thresholding mechanisms,
the proposed channel allocation algorithm not only minimizes the number of interfering

APs, but it also strives to avoid unnecessary switching of the operating channel.



OZET

KABLOSUZ VIDEO ILETISIMI ICIN 802.11n ORGU
AGLARINDA KANAL BELIRLEME MEKANIZMASI

Teknolojinin geligmesiyle birlikte ve ozellikle de 802.11n gibi haberlesme stan-
dartlarinin yiiksek veri hizlarina erigmesiyle kablosuz iletigim, biitiin diinyada insanlarin
hayatina daha c¢ok girmeye baglamiistiir. Yiiksek hizlarda veri iletisimi en ¢ok video
haberlesmesi gibi ¢oklu haberlesme uygulamalarinda kendisini gostermektedir. Fakat
kablosuz haberlesmenin her gecen giin daha fazla kullanici tarafindan tercih edilme-
siyle birlikte kisith kanal kapasitesi bir sorun olarak ortaya ¢ikmaktadiir. Bu yiizden

de erisim noktalar1 i¢in dogru kanal se¢cimi daha onemli bir hal almaktadiir.

Bu caligmada, kullanicilarin maruz kaldiklar:1 kanal dolulugunu en aza indirge-
mek i¢in bagtan sona bir kanal belirleme sistemi Onerilmigtir. Burada ana amag
ayni kanali kullanan ve video iletigimi gerceklestiren, orgii aglarindaki erigim nokta-
lar1 igin bir sistem geligtirmektir. Bu yiizden de video iletigiminin kanal degigimiyle sik
sik rahatsiz edilmemesi cok 6nemlidir. Olciimlerin toplanmasi, islenmesi, kanal degigim
kararinin alinmasi ve gecilecek dogru kanalin belirlenmesi sistemin ana bilegenlerini
olusturmaktadir. Onerilen Kalman ve Median Filtrelerini kullanan uyarlamali 6l¢iim
isleme teknigi hem diigiik hem de yiiksek varyansh ol¢timler icin iyi bir tahmin sonucu
verebilmektedir. Onerilen algoritmaysa gereksiz kanal geciglerini engellerken yiiksek
kanal kullanimi yiiziinden diizgiin caligamayan erigim noktasi sayisini da en aza in-
dirgemeyi hedeflemektedir. Bunu yaparken de kanal degisim kararimin alinmasi ve

gerceklegtirilmesi icin cesitli esik degerleri kullaniir.
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1. INTRODUCTION

With the latest technological achievements, communication between people and
access to information have become easier. In addition to the classical wired media,
communicating via wireless media has become quite popular. In particular, the use of
Wireless Local Area Networks (WLAN) has been increasing immensely especially in

urban environments.

Considering the internet usage, as more people are sharing the same wireless
medium, interference amongst the Access Points (AP) has started to grow due to the
limited frequency spectrum. Interference results in a degradation in network perfor-
mance by reducing capacity. Increased number of users also makes the channel busier
and makes it harder for other stations to reach the medium. High channel usage
increases the delay and packet losses, which decreases the throughput. As a result,
minimizing the interference between APs and the exposed channel usage are becoming

more important. There are several possible solutions for this problem [1]:

e Effective AP placement
e Transmission power control

e Intelligent channel allocation

Effective AP placement and transmission power control methods are not applica-
ble for home users in urban environments, because they are quite restrictive. Therefore,
intelligent channel allocation turns out to be the most suitable solution in order to min-

imize interference and hence avoid busy channels.

802.11n WLAN standard operates mainly in the 5 GHz band and due to the
improvements such as MIMO technology, optional 40 MHz channels and the block
acknowledgement support, it offers much higher throughput for the end users compared
to existing 802.11b/g/a standards [2]. Today, although most of the users operate in
the 2.4 GHz band, the number of the users in the 5 GHz band using 802.11n standard



will increase in the near future. This situation will result in increased interference and
channel usage. Compared to the 2.4 GHz band, the 5GHz band offers more possible
channels on which APs can operate. For this reason, resolving the channel selection

problem in the 5 GHz band has great importance.

Demands of the users also change with the technological improvements and higher
speeds are required especially for real-time video transmission applications. Therefore,
the frequency planning system should consider real-time video communication with

quick-response and seamless channel switching.

For example, IPTV is considered to be a developing application for home enter-
tainment by providing QoS, value, service differentiation and convenience [3]. 802.11n
standard is one of the possible solutions for IPTV with its raw data rate of up to 540
/ 600 Mbps. For in-home IPTV distribution, usage of mesh networks is a possible
option. Wireless mesh networks can eliminate wires and can reach all points inside

houses and large offices.

In this thesis, intelligent frequency assignment for home mesh networks is our
main objective, where all nodes in the network operate on the same frequency and
where there may be multiple clients which are making video communication on the

mesh. In order to realize this aim, there are several steps to be considered:

e Decision of taking measurements on various channels
e Processing these measurements.

e Decision of sharing these processed measurements.

e Decision of channel switching.

e Choosing the optimal channel.

e Changing the channel in a coordinated fashion.

In the following section, related work on channel allocation algorithms and chan-

nel switching mechanisms in the literature are presented.



1.1. Related Work on Channel Allocation and Switching

There is a vast amount of literature on the channel selection problem and many
techniques have been studied. There are two main categories of algorithms, namely

centralized and distributed.

1.1.1. Centralized Channel Assignment

In centralized techniques, a central unit decides on the operating channel of each

wireless unit, using the information collected from all APs and/or clients.

In some centralized techniques [4], [5], the frequency assignment problem is han-
dled jointly with the AP placement problem by a central processor. After forming the
objective function, APs are placed and frequencies are selected for either maximizing
the objective function [4], or minimizing the fitness function [5]. However, fixing the

places of the APs is neither suitable nor applicable in urban home environments.

Graph coloring is another widely used centralized channel allocation mechanism.
A central unit assigns channels to all of the stations one by one, in order to maximize
the channel distance of the stations to each other. Channel re-use is maximized in this
method [6]. However, the central unit can only assign channels to the stations in its

own command and has to ignore the outer interference and channel usage.

A client-driven approach is proposed in [7]. Measurement information is received
from both clients and APs in order to realize the channel assignment that minimizes
the conflicts in the system, which is a version of coloring method. The method tries to
solve the frequency assignment problem along with the load balancing problem which
aims to minimize intra-AP load by organizing the associations of clients with the APs.
Including the measurement or data from the clients to the decision making process
can give better results. However, a major drawback of these types of algorithms is the
binary interference model, which does not take the load of outer traffic into account,

but only counts the interfering stations.



1.1.2. Distributed Channel Assignment

In distributed techniques, each AP decides on the operating frequency indepen-
dently [1]. Some of the distributed algorithms are communication free where each AP
makes its decision independent of its neighboring APs. There are also some distributed
algorithms with communication, where APs share their interference, channel usage or
throughput measurements. Then, each AP chooses its optimum channel based on this

information.

The basic mechanism for an AP in distributed, communication-free algorithms
is estimating the throughput for each possible channel, and subsequently selecting the
channel with the highest throughput [1], or the channel with the least interference [8].
There are also algorithms, such as the Hminmax algorithm presented in [9], where
each AP forms an objective function and tries to choose the most suitable channel
accordingly. Channel assignment through objective functions is a clever idea. However,
in varying channel conditions, these techniques result in frequent channel switches,
which is undesirable for video communication, therefore additional precautions are

required.

In [10], a communication-free algorithm is presented. This is a probabilistic
approach, where channels are being selected randomly, decreasing the probability of
unsuccessful channels (i.e., target throughput or packet error rate is not achieved) and
sticking to the successful channels for each AP based on trials. Since our intended
application is video communication, this method of trying each channel with certain

probabilities until finding a suitable one will not be an effective solution in our case.

In distributed algorithms with communication, each AP decides on its operating
frequency based on, not only the information it collects locally, but also the information
it gathers from the other APs. The Hsum algorithm in [9] makes its frequency decision
based on the channel conflict information of its neighbors. As another example, an AP
using Local-Coord Algorithm in [8] decides on its operating frequency on the basis of

the interference information for a channel received from the neighboring APs, which



are using the same frequency channel. Although using the information of neighbors
increases the effectiveness, the same issue of frequent channel switching in high-variance

channel conditions is also valid here.

In [11], the channel assignment problem is solved in order to increase the fairness
of the system at the same time. To this end, channel hopping method is used. Fach AP
determines a channel hopping sequence, which is the least conflicting sequence with its
neighbors, and changes its operating frequency with intervals of few seconds. Channel
hopping will not be suitable for our system of video communication, since all of the
mesh nodes are required to operate on the same frequency. Therefore, channel hopping

will decrease the throughput of the system.

A cellular neuron networks model is applied for frequency assignment in [12].
Each AP determines the best channel it should use in the next time slot on the basis
of the traffic load and channel usage information gathered from its neighbors. The
system converges to an equilibrium state in a short time. Changing the channel used is
also realized with a certain probability. However, in our system, instead of iterations,
the optimal channel should be determined and chosen in one step not to lose too much

time to change channel during video transmission.

Channel allocation techniques of mesh networks in the literature are mainly fo-
cused on mesh networks of multi-radio wireless nodes [13], [14]. Multi-radio nodes can
operate on more than one channel with different nodes at the same time. However, the
cost of multi-radio network elements is high. Therefore, a channel allocation scheme

for mesh stations, that are all operating on the same channel, should also be designed.

1.1.3. Channel Switching

Frequent channel switching brings a cost of packet losses during video commu-
nication. Therefore, there is a trade-off between channel switching and throughput.
To address this problem of frequent and unnecessary channel switching, it is useful to

investigate related work in cellular communication systems.



In cellular systems, users change their base stations (BS) while the service contin-
ues to operate. This procedure is called the handoff between BSs. One of the possible
solutions of handoff is switching to the BS with strongest received signal power level.
However unnecessary handoffs can be observed with an uncontrolled mechanism [15].
In [16], an algorithm based on hysteresis levels is used to control and prevent unnec-
essary channel handoffs to increase the performance. After this work is developed, BS
switching is realized only when the current BS’s signal power is lower than a certain
threshold and the signal power difference between the current BS and candidate BS is

over a hysteresis level [17].

There are hard handoff techniques [15], [16], [17] where there can only be one
associated BS at a time. There are also soft handoff techniques [18], [19], [20] where
a candidate set of BSs are chosen and communication can be realized with more than

one BSs at the same time.

Just as mobile terminals can change their associated BSs, APs may require to
change the frequency channel they operate on. For BSs, criteria like signal power or
SINR can be included in the decision mechanism, where for channel switching interfer-
ence, channel usage or throughput can be the thresholding criteria. As in BS switching
mechanism, channel switching can be realized when current measurement passes a cer-
tain threshold and the difference between the current and candidate channels is over a

hysteresis level.

1.2. Motivation & Outline of the Thesis

This thesis addresses the problem of channel assignment for IEEE 802.11n net-
works in order to realize seamless video communication for home environment applica-
tions. While there is a vast amount of related work discussed as above, there are several
novelties introduced in this thesis. Channel allocation is not taken as a single step,
but the complete channel allocation system is designed. This system is specialized for
video communication, where packet losses and delay are critical parameters. Another

important contribution is the design of channel allocation system for single-radio mesh



networks where all the elements of the mesh operate on the same frequency channel.

The organization of the rest of the thesis is as follows: Chapter 2 explains the im-
provements of 802.11n standard, its benefits on video communication and information
about mesh networks. The proposed measurement taking and processing techniques
are described in Chapter 3. The mechanism that decides on channel switching and
the algorithm that chooses the optimal channel are discussed in Chapter 4. Finally,

Chapter 5 concludes the thesis.



2. 802.11n PROTOCOL STRUCTURE

802.11 is a set of standards developed by IEEE LAN/MAN Standards Committee
(IEEE 802) for WLAN communication. 802.11a, 802.11b and 802.11g standards are
the most common and widely used protocols. However as needs and demands of people
have increased, more advanced systems with higher speed and reliability are required.

802.11n standard has been developed to satisfy these requirements.

2.1. Improvements of 802.11n

802.11n protocol is being standardized with many advantages and enhancements
compared to its predecessors. First of all, 802.11b/g systems operate on the 2.4GHz
band and 802.11a system operates on the 5GHz band [21]. The 802.11n protocol
combines these two bands and is able to operate on both bands, increasing the number
of available channels. There are 11 or 13 channels in the 2.4GHz band, but only 3 of
these channels do not overlap, which can be seen in Figure 2.1. On the other hand,
the 5GHz band provides 12 to 20 channels which are all non-overlapping as shown in
Figure 2.2, which provides more channel options to choose from. Moreover, in the 5
GHz band, channels are divided into 52 subcarriers and bits are distributed over these

subcarriers to create a symbol, which is called an OFDM symbol, as shown in Figure

2.3.

channel 1 channel 6 channel 11
2400 2412 2437 2462 2483.5 [MHz]
-
22 MHz

Figure 2.1. Non-overlapping channels (1,6 and 11) in 2.4 GHz band used by
802.11b/g/n [21].

The protocol also provides users with improved bandwidth by applying channel



36 56 channel
5150 5180 5200 5220 5240 5260 5280 5300 5320 5350 [MHz]
<
16.6 MHz
center frequency =
149 1583 157 161  channel 5000 + 5*channel number [MHz]

ATATATATE.

5725 5745 5765 5785 5805 5825 [MHz]
B ¥ o
16.6 MHz

Figure 2.2. Non-overlapping channels in 5 GHz band used by 802.11a/n [21].

bonding property [22]. Other systems are limited by the use of a single channel which
provides a 20 MHz bandwidth. The 802.11n protocol can combine two adjacent 20MHz
channels into one 40MHz channel, which, in turn, enlarges the bandwidth to provide
higher data rates. Since the 5 GHz band contains many non-overlapping channels,

channel bonding can be applied with higher performance in the 5 GHz band.

Another major contribution of the 802.11n protocol is the introduction of Multiple
Input Multiple Output (MIMO) technology, which is realized by the use of multiple
antennas [23]. Instead of a single data stream transmitting from a single antenna, two
or more data streams can be transmitted from two or more antennas. This technology,

which results in an important increase in data rate, is called spatial multiplexing.

MIMO technology can also increase the reliability of the system with the space-
time block coding (STBC) scheme [2]. Here, multiple antennas add diversity to the
system by sending the same data in multiple streams with special coding systems.
In the receiver side, multiple receiver antennas decode these special coded streams,

therefore a redundancy is created and the system becomes more reliable.
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Figure 2.3. Usage of OFDM in one of the channels with subcarriers in 5GHz band
[21].

With additional antennas, modulation and coding schemes, 802.11n systems can
operate on several modes (16 modes for 2 antennas) [24]. In Table 2.1, these antenna
usages, modulation and coding schemes and the corresponding data rates can be seen.
With four antennas, these data rates will be doubled enabling 600 Mbps raw data rate.
This is a huge improvement compared to 54 Mbps raw data rate provided by 802.11g

systems.

Short Guard Interval (SGI) is an optional structure in 802.11n standard [24].
Guard intervals are the time gaps between transmitted symbols, that are necessary to
prevent Inter Symbol Interference (ISI). Halving the 800ns guard interval to 400ns with
the SGI option can be used, which leads to an increase in interference, while reducing
the unused idle time. In appropriate environments, use of SGI can increase the system

data rate.

Packet aggregation is another improvement of 802.11n protocol [23]. This tech-

nology allows the aggregation of multiple data packets into single frame with fixed



Table 2.1. Modulation and Coding Scheme Table [24]

Data tute gy | e e S0
MCS Codmg | Spatial with 20 MHz CH
Index Twype Rate Streams

P 800 ns 4@3_“ 800 ns 400 ns

(SGI) (SGI)

0 BPSK 1/2 1 6.50 720 13.50 15.00
1 QPSK 1/2 1 13.00 1440 27.00 30.00
2 QPSK 3/4 1 19.50 21.70 40.50 45.00
3 16-QAM 1/2 1 26.00 2890 54.00 60.00
4 16-QAM 3/4 1 39.00 4330 81.00 90.00
5 64-QAM 2/3 1 52.00 57.80 108.00 120.00
6 64-QAM 3/4 1 58.50 65.00 21.50 135.00
7 64-QAM 5/6 1 65.00 72.20 135.00 150.00
8 BPSK 1/2 2 13.00 14 .40 27.00 30.00
9 QPSK 1/2 2 26.00 28.90 54.00 60.00
10 QPSK 3/4 2 39.00 4330 81.00 90.00
11 16-QAM 1/2 2 52.00 57.80 108.00 120.00
12 16-QAM 3/4 2 78.00 86.70 162.00 180.00
13 64-QAM 2/3 2 104.00 11560 216.00 240.00
14 64-QAM 3/4 2 117.00 130.00 243 .00 270.00
15 64-QAM 5/6 2 130.00 144 40 270.00 300.00
16 BPSK 1/2 3 19.50 21.70 40.50 45.00
31 64-QAM 5/6 4 260.00 28890 540.00 600.00

11

overhead. Therefore overhead cost is reduced and efficiency is increased.

With the same logic and purpose, some form of block acknowledgements (ACK)
called frame bursting is also adapted in this standard [23]. One ACK for each packet is
sent in 802.11g and 802.11a standards. Block ACK option in 802.11n standard sends
one ACK for more than one data packets. By removing the need for one acknowledg-
ment frame for every data frame, the amount of overhead required for the ACK frames,

as well as preamble and framing, is hence reduced.

2.2. Video Communication and 802.11n

With the improvements of 802.11n protocol mentioned above, more reliable com-

munication with higher throughput becomes possible. Clearly, applications that require
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reliability and throughput will benefit from the 802.11n protocol. Video communica-
tion is one such application that requires reliability, high quality and throughput. The
data rates sent on wireless links are limited and are not reliable with the existing
WLAN protocols. Therefore, with additional antennas, increased number of available
channels and greater bandwidth, 802.11n protocol provides users with a better solution

for video communication.

An example application of video communication that can benefit from 802.11n is
IPTV [3]. IPTV enables digital television service through the internet network using
IP protocol. When this IPTV traffic arrives the home gateway, it should be distributed
to multiple televisions in the house. Data communication from internet should also be

not affected.

Distributing the IPTV through wireless mesh networks can be considered a prefer-
able solution by eliminating the wires [3]. Wireless mesh networks consist of a bunch
of wireless APs communicating with each other as shown in Figure 2.4. There can be
a centralized station that controls the medium access, or alternatively random-access
mechanisms may also be used. The mesh structure is a reliable, error resilient and easily
installed one. Considering wireless mesh network solutions, 802.11n might be a suitable

option, which can realize video and data communication with a high performance.
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Figure 2.4. Home mesh network architecture [3].
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3. MEASUREMENT PROCESSING

The channel allocation system consists of several steps as discussed in Chapter
1. This channel decision mechanism can be summarized by the flow chart shown in

Figure 3.1.

Clients are connected
to the APs *

Periodic channel
measurament

¥

Video communication

» taking place
v
Measurements are
processed
¥
hdeasure curent Switch the channel
channel
w

Measuraments are
delivered to control

urt
FEED
w
VES Current Choose the most
channel suitable channel
satisfactory?

Channel
switch really
advantageous?

NO TES

Figure 3.1. Flow chart of the channel allocation mechanism.
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The first two steps of this mechanism are collecting the necessary measurements
and processing them to get information about the potential channels to be switched
to. Although some of the related studies in the literature solve the channel allocation
problem without taking any measurements, the solution for continuous video transmis-
sion applications should be quick, effective and non-iterative, which forces us to build

our channel allocation system based on channel measurements.

3.1. Collecting the Measurements

There are many possible measurement parameters that can be utilized in our
proposed framework, such as, received signal strength indication (RSSI), transmission
power, path loss, number of APs, data rate, throughput, etc. Since our main objec-
tive is to minimize the interference and channel usage, building the system on these
measurements can be a preferable solution. We take the measurements by means of
channel usage ratio value and refer to them as CCA (clear channel assessment). These
measurements are taken by polling each candidate channel periodically and staying
there for a short time to get the necessary information about channel usage without
disturbing the video communication. These measurements are quantized and scaled to

get a final channel information between 0 and 255.

After taking the measurement of a specific channel, along with past measurements
of the channel, they are processed, smoothed and a final channel usage score for the

channel is obtained.

3.2. Processing Methods

Filtering and smoothing the measurements to predict the channel usage level in
the channels and to react accordingly are important in proper channel allocation. In
order to have a better performance, the system should adapt itself to changes and
should not be affected from the erroneous measurements and short term changes. We

first investigate the existing filtering methods in the literature.
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3.2.1. Mean Time Window

One of the simple smoothing mechanisms is based on averaging measurements
[25]. The last N measurements of a specific channel are kept in the memory and the
mean of the measurements is interpreted as the prediction of the measurement in the

future, i.e.,

I(n)=> Z(n—1i) (3.1)
where I(n) is the prediction and Z(n)’s are the measurements.

Although this method is a simple one, it does not take the tendency of the
measurements into account. Moreover, the erroneous measurements affect the results
for a longer time. A smaller time window results in a quicker adaptation to changes,
but is affected by the errors more seriously for a short period of time. A larger window,
on the other hand, cannot adapt to changes quickly, however it is not affected from

the instantaneous errors that seriously.
3.2.2. Exponential Moving Average (EMA)

Exponential Moving Average (EMA) is another method used for smoothing [25].
Here, past measurements are weighted with exponentially decreasing coefficients. There-
fore, recent measurements are given higher importance without totally ignoring old

measurements, i.e.,
In)=aZ(n—1)+ (1 —-a)l(n—1) (3.2)
The variable « in the above equation determines the weight of the new measure-

ments. Small a values give past measurements more importance, whereas high o values

give more importance to recent measurements.
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3.2.3. Median Filter

Median filter, which is mainly used for signal processing, is a simple but effec-
tive filtering mechanism that helps the elimination of errors. Basically, it takes the
middle value for a sequence of values in a predetermined length of window [26]. As
a result, extraordinary high or low values are eliminated from the data sequence. We

can formulate the median filtering for 2k41 window size as

In(n) = median[I(n — k), ..., [(n —1),1(n), [(n+ 1), ..., I(n + k)] (3.3)

In our case, median filtering can help us eliminate short noise errors. On the other

hand, using median filters delays the reaction time of the system to changes.

3.2.4. Kalman Filter

Kalman Filters are easy to implement recursive filters that can give good esti-

mates for noisy measurements.

3.2.4.1. Kalman Filter Equations. In [27], an explanatory Kalman Filter derivation is

presented, that will be used here as well. Kalman Filters assume that the signal is a

zero-mean Gaussian sequence of the form

S(n) =a(n)S(n — 1)+ W(n) (3.4)
Here, S(n) is the signal sequence, a(n) is a constant series and W (n) is zero-mean, ad-
ditive, white, Gaussian noise, which can be called “noise driving sequence” or “process

noise”.

The observations X (n) are assumed to be corrupted with noise v(n), which is also

zero-mean, additive, white Gaussian noise independent from W(n) and S(n). v(n) is
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called the “measurement noise” of the system. The observations can be formulated as
X(n)=95(n)+v(n) (3.5)

where the variances of process noise W (n) and measurement noise v(n) are assumed

to be known and equal to 0%, and o2, respectively. Based on these two assumptions,

the Kalman Filter equations can be summarized as follows:

S(n+1) = a(n+1)[S(n) + k(n)(X(n) — S(n))] (3.6)
k(n) = P(n)/[P(n) + o2(n))] (3.7)
Pn+1)=a*(n+1)[1 — k(n)|P(n) + o (n+1) (3.8)

The 5 equations from (3.4) to (3.8) provide the estimation of the signal, which is
denoted as S(n). k(n) is the Kalman gain, P(n) is the error variance and P(n) is the

estimate of the error variance.

In our channel usage estimation case, we can use the above equations by replacing
I(n) with S(n) to denote the channel usage value and by replacing X (n) with Z(n) to
denote channel usage measurements. Additionally, we can neglect the factor a(n) in
(3.4), since the mean of the possible channel usage values does not change. In summary,

the 3 equations for the estimation are formed as

A

I(n+1)=1I(n) 4+ k(n)[Z(n) — I(n)] (3.9)

k(n) = P(n)/[P(n) + o2(n)] (3.10)

v
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P(n+1) =[1—k(n)]P(n)+ o (n+1) (3.11)

Here, the important problem that remains is estimating o3, and o2 based on the
measurements Z(n). Our system should be adaptive, because measurements change
in time and variance of these changes and measurement errors are not fixed, either.

These variances are going to be handled in the upcoming sections.

3.2.4.2. Determination of Filter Parameters. The Kalman filter assumes the process
noise and measurement noise variances to be known. However, in our application
neither of them is unknown, moreover they change in time. Therefore an adaptive
estimation of these parameters should be realized. An adaptive system is presented in

[28] however, estimations of filter variances are not presented.

Since we only have measurements, the real channel usage levels and measurement
noise are not present. The process noise is also unknown, since the real sequence of
channel usage levels is unknown. However, we can assume zero-mean Gaussian process

noise.

To estimate the measurement noise, somehow we have to estimate real channel
usage sequence. Here, median filtering can work, because the main function of the
median filter is the elimination of step errors. [29] gives an example usage of Median
Filter together with Kalman Filter, but once again parameter derivations are missing

in [29].

In the following, we develop an approach for estimating these variances. After
the median filtering, the difference of the sequence between the input and the output
of the median filter can be interpreted as the measurement error sequence. v(n), the

measurement error sequence becomes

v(n) = I,(n) — I(n) (3.12)
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where, assuming the window length of the median filter to be equal to 3, the median

filter output which is denoted as I,,,(n) becomes

I,(n) = median[Z(n — 1), Z(n), Z(n + 1)] (3.13)

Taking the variance of the measurement error sequence v(n) provides an estimate
for o2 that we can use in Kalman equations. Below, past N measurements are assumed
to be used for the variance calculations:

1 N=

o(n) = N > v(n —1) (3.14)

7=

—_

[aary

LS o) — o) (3.15)

N-1:i3

2 _
O, =

Since we assume that we eliminate the errors with median filtering, the output
can be interpreted as the original channel usage sequence I(n). Therefore, the process

noise W(N) can be extracted from I,,(n) as

W(n) = Ln(n) — Ln(n — 1) (3.16)

Then, taking the variance of the process noise sequence W(n) gives o3, that we can

use in Kalman equations, i.e.,

W(n) = jlv > Win =) (3.17)
oy = S W) — W(n)? (3.18)
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However, an alternate estimation method for the process and measurement noise
variances is needed for situations where Median Filtering is not preferred. For such

cases, [30] proposes to estimate the process noise directly from the measurements as

Z(n) = le '__0 Z(n— i) (3.19)
2 1 = 7 2
e = g X 20 = Z(o) (3:20)

The variance of past N measurements X (n) is considered as o%,. Because, vari-
ance of measurements X (n) is the variance of real channel usage level I(n) plus mea-

surement noise v(n)

var[Z(n)] = var[l(n) + v(n)] (3.21)

Since I(n) and v(n) are independent, Equation (3.21) results in
var[Z(n)] = var[I(n)] + var[v(n)] (3.22)
Here, the variance of v(n) is assumed to be negligible compared to the variance of
I(n). Therefore, the variance of the measurements X (n) can be taken to be equal to

the variance of the actual channel usage levels o3

The authors of [30] provides additional insights on ¢2. Although it is stated in
[30] that basically Q(n) and R(n) are independent of each other, R(n) is estimated as

o = (oyy (3.23)

This assumption is reasoned on the fact that o3, also includes the variance of measure-
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ment noise. Although it is a weak assumption, it can be tested with real measurements

and used in Kalman Filter estimations.

3.3. Numerical Evaluation of Filtering Mechanisms

A comparison of the filtering mechanisms for channel usage measurements using
real and controlled data can be useful to decide which mechanisms to be used. In this
section, mean time windowing, EMA and Kalman filtering methods are compared and

Median Filter is used in Kalman Filter parameter estimation.

Real measurements taken with Broadcom 4323 wireless driver with 802.11n sup-
port are used in our comparison simulations. We create a controlled channel usage
level and apply various filtering mechanisms to see which one is more suitable for our

measurements.

First, a steady channel usage value is generated, occupying a specific ratio of the
channel, which creates a CCA value of about 165. After measuring 1000 samples of
this channel usage level, we observe the measurement scheme seen in Figure 3.2. The
estimation errors of the methods are shown in Figure 3.3, where the x-axis for time
window method is the averaging window size; for Kalman Filter, it is the window size

of variance estimation; and for EMA it is the « value varied from 0 to 1.

As can be observed from the graph, time window gives the least successful predic-
tion, because it is affected from erroneous measurements the most. EMA and Kalman
give somewhat stable results, because the measurements are stable and the filters are
designed to prevent from the effects of step errors. The effect of the median filter,
which eliminates the unit step errors can be observed here in Figure 3.4, which is a

closer look to a segment of Figure 3.2.

Subsequently, we apply these filtering methods on measurements of varying CCA
levels between 6 (minimum measured value) and 241 (maximum measured value) shown

in Figure 3.5. Once again, the x-axis for time window method is the averaging window
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Figure 3.2. Measurement sequence of a controlled stable, low-variance CCA value

size; for Kalman Filter, it is the window size of variance estimation; and for EMA it

is the « value varied from 0 to 1.

The graph in Figure 3.6 provides similar results, however moving average filter can
give better estimation results for some « values this time. The reason is that, estimates
obtained with Median Filtered measurements react one step later to changes. This
situation can be observed in Figure 3.7 which shows a segment of the measurements in
Figure 3.5 with median filter outputs. While still eliminating errors, late reaction to

changes occurs.

In conclusion, we will choose either the Exponential Moving Average or Kalman
Filtering to estimate and smooth the measurements. But first, it is useful to investigate
the advantages and disadvantages of Median Filtering in high variance and low variance
measurements. As described before, Median Filtering eliminates unit-step errors or
temporary increases in the measurements. On the other hand, Median Filtering creates
a delay for the system to adapt changes. Therefore, it is expected that for highly varying
channel usage levels, Median Filtering is a disadvantage, while for stable channel usage

levels Median Filtering improves the performance of the system. Performances of
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Kalman Filter with and without Median Filter along with EMA are shown in Figures
3.8 and 3.9 for stable and varying channel usage levels respectively. Again the x-axis
for Kalman is the window size of variance estimation; and for EMA, it is the a value

varied from 0 to 1.

While the noise variance is being estimated, the technique developed above in
equations from (3.12) to (3.18) is used for Kalman Filtering with Median Filtering.
For Kalman Filtering without Median Filtering, the parameter estimation method
described in [30] is used. ¢ value, which is the ratio between measurement noise variance
and process noise variance is chosen a small value like 0.1 for high variance data and
chosen a greater one like 0.9 for low variance data, to achieve the highest performance

from Kalman filtering.
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Figure 3.4. Effect of Median Filter on measurement smoothing. Measurement

sequence at the input and output of the Median Filter for a stable CCA value.

For low-variance data, using Median Filter gives better estimation results. On the
other hand, for high-variance data, usage of Median Filter gives a worse performance
and therefore, it is not preferred. Based on these results, EMA cannot be considered
to be a viable option, because it performs worse than or equal to the Kalman Filter

for each situation, either with low or high-variance data.
3.4. Proposed Processing Algorithm
Since Median Filtering is advantageous for low-variance and disadvantageous for
high-variance data, we propose to develop a method to optimize the measurement

processing for both types of data.

Since we have the last N measurements, we can calculate the variance of this

measurement sequence and decide whether to use Median Filter or not. If the history
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Figure 3.5. Measurement sequence of a controlled high-variance CCA value

of the measurements tells us that the channel usage levels are somewhat stable, we can
use the Median filter. On the other hand, if the past measurements tell us that channel
usage levels are highly varying, we do not apply Median filter before Kalman Filtering.
The threshold value for variance comparison can be acquired through simulations by
varying the threshold, here this step will not be discussed in detail. The flow chart of
this hybrid method of processing can be seen in Figure 3.10.

Figures 3.11 and 3.12 show the performances of the Kalman Filter with and
without Median Filter along with the proposed processing technique. The plots verify
that our processing technique works well for both low and high-variance data and the

proposed measurement processing techniques give the best output for both cases.

From now on, processed measurements with the proposed technique will be used

for CCA values to select the appropriate channel for the APs to operate on.
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Figure 3.8. Estimation errors of various algorithms to observe the effect of Median

estimation error

60

50

40

30

20

10

Filter for low variance channel usage.

EMA

— — — Kalman without Median
— - — - Kalman with Median

Figure 3.9. Estimation errors of various algorithms to observe the effect of Median

Filter for highly varying channel usage.



29

LastW
interferencea
measuraments

/

Calculate the
variatice of the
measureaments

TES MO

w

Median Filtering

¥ ¥
Ealman Filtering Kalman Filtering

Estimation
Fesult

Figure 3.10. Flow chart of the proposed hybrid measurement processing mechanism



estimation error

estimation error

30

1.2¢
— — — Kalman without Median
— - — - Kalman with Median
1.1+ Proposed Technique
A ’ /\/'\_I—\_/\J\‘/\\/\’ - -
AN
A
PN
0.9 !
|
|
08F !

05 1 1 1 1 J
0 10 20 30 40 50

window size

Figure 3.11. Estimation errors for low-variance data.

18

N — — — Kalman

| \ — - — - Kalman + Median
16 \ Proposed Technique

N\
AN
14+ S
\v
\.

12+ Sl

- = = = =

0 20 40 60 80 100
window size

Figure 3.12. Estimation errors for highly varying data.



31

4. INTELLIGENT CHANNEL ALLOCATION

Now that we have the processed channel measurements obtained by the proposed
method in Chapter 3, we can present the channel allocation algorithm. However,
we will first investigate alternative interference avoidance techniques to get a better
understanding of the problem. After we describe what is meant by CCA, we will derive
the cost function, that will be used to decide on the most suitable channel assignment
algorithm. Subsequently, channel switching using thresholds and hysteresis levels will
be studied. Finally, we will present the possible channel allocation algorithms. Four
of these algorithms are already available in the literature and the other two are the
ones that are propose in this thesis. We will also evaluate the performance of these
algorithms in order to determine the most suitable one for a single AP and client

network; and the one for a mesh network.
4.1. Interference Avoidance on Mesh Networks
As stated in Chapter 1, there are three main interference avoidance techniques:
e Effective AP placement
e Transmission power control

e Intelligent channel allocation

Intelligent channel allocation is the one we will concentrate on in upcoming sections;

however, it may be useful to provide information about the other two.

4.1.1. Transmission Power Control

There are many power control schemes in the literature. A typical one is inves-
tigated here [31]. The main idea is that if the mesh APs choose their transmit powers
appropriately, the transmissions of the elements of the mesh network will not interfere

with each other.
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Consider a mesh network with n nodes where the transmission power of node 7 is
P;. If the channel gain from node i to node j is G;; and the noise is Pipermar, the SINR

of node j is

PG

SINR(t,j5) =
(Z’ j) Zmyéj Pme] + ]Dthermal

(4.1)

assuming the transmission power is fixed. If this value is higher than a threshold value

STN Ry, then node j can receive data from node 7 successfully.

To realize power control, a load factor, 7, is defined as

IDthermal
=1 - — 4.2
1 Psum,int ( )
where
Psum,int = Z PmeJ + Pea:t,int (43)
m#j

Here, P,..: in: is the potential interference and Py, in: is the sum of all interferences.
Then the threshold SINR is calculated as
PGy PGy

SIN Ry = = 5= 4.4
h Zm;ﬁ] Pme] + Pewt,int + F)thermal %Pthermal ( )

which results in the transmission power of node :

%PthermalS[NRthr
Gij

P = (4.5)

Now it is assumed that node B calculates the transmission power of node A using

the equation above. The potential interference P..; ;,; in the network is calculated and
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distributed among all n nodes in the network:

1

Pext,int = Psum,int - Z PjGjB == 1fpthermal - Z PjGjB (46)
i#B U i#B
Pez in
Pint,bound = Lnt (47)
n

The values P4 and Py _pouna(B) are sent to the medium by node B, and the
other nodes that can hear the node B can retrieve this information to calculate the

transmission interference of node A and their maximum transmission powers:

Pin ound(j
Pmax,int(w = min M}

4.8
jeNei(i) Gji ( )

where Nei(i) denotes the set of the neighbors of the node i. Node i can send only if

Po < Pras_int(). The value of n is adjusted for each node as

n(t) Psum,int € (flnpthermal'Yo%, ﬁpthermal%%),
n(t+1) =9 n(t) =1 Pomint < 755 Pnermar70%,
n(t> + 1 Psum,int > ﬁpthermalgo%.

There are other studies on power control [30], some of which handle the power
control problem along with channel allocation problem [32]. There are also power
control techniques proposed for cellular systems, which handle the problem with cell-

site selection [33] or BS assignment [34].

Adaptive power control is not very practical for WLAN applications at home,
because there are also many non-mesh neighboring APs in the environment with high

level power transmissions. Therefore, decreasing the power levels of the mesh APs in
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order to decrease the interference may reduce the performance of the network.

4.1.2. Effective AP Placement

AP placement is another way of interference minimization [4], [35], [36]. Placing
the APs as distant from each other as possible, without leaving an uncovered spot
in the region of interest is the main idea in intelligent AP placement. Essentially,
candidate AP locations are determined and throughput is maximized by trying out

each combination of these candidate AP locations for a fixed number of APs.

In general, the AP placement problem is solved along with channel allocation
problem by fixing the transmission power. Non-overlapping channels (such as channels
1, 6 and 11 in the 2.4 GHz band) are assigned for the APs in determining their locations.
As an example, the simple AP placement and channel allocation solution in [35] is
described here. It is assumed that there are C' possible channels, N, candidate AP
points and N, demand points (clients). Average traffic demand of point ¢ is denoted
by D;, where maximum bandwidth provided by AP j is denoted by B;. The binary
variable z;; is 1 if and only if the point ¢ is assigned to AP j, ¢; is 1 if and only if the
channel k is assigned to AP j and a; is 1 if and only if AP location j is selected. G|,
is the channel assignment graph. Finally the minimization variable £ is the maximum

of traffic loads assigned to APs.

The variable ¢ is to be minimized subject to the following conditions:

(i) Each client should be assigned to an AP:

Z T = 1, Vi e Nd (49)

JeNa
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(ii)The traffic demand should be no more than the bandwidth provided:

Z l)Z Lij < f Bj, VJ € Na (410)

€Ny

(iii) An AP is selected if and only if at least one client is associated with it:

Tij S Q5 VZ,j (411)

(iv) A channel should be set for each selected AP:

a; <Y ey VjeN, (4.12)

keK

(v) The non-overlapping channel condition with the minimum channel distance:

Chi > ca; <1 VkeC, Vie N, Y(i,j) € G, (4.13)

le[(k—d+1,....k+d—1)| (k—d+1>1)A(k+d—1<| K|)]

Under the above constraints, minimizing ¢ will give the best candidate AP lo-
cations. Alternatively, with the same set of constraints, the number of selected APs

(cost) or signal power can be minimized.

Video communication for IPTV will mostly be used in urban home environments.
It is not very practical to determine and fix the locations of APs and clients in home
environments but it may be applied in big office environments. However, it may be

useful to simulate and evaluate the performance of effective AP placement.

We create a sample situation where there are 10 candidate points for AP locations,

5 of which can be selected to place an AP. There are 16 neighboring APs, each affecting



36

some of the AP candidate locations. The neighboring APs are assigned channels and

traffic loads randomly.

After taking long-term data, the channel and candidate AP locations that min-
imize the channel usage are selected for installation. On the other hand, 5 candidate
locations are chosen randomly and the final channel usage levels are compared. As can
be seen in Figure 4.1, proper selection of the locations of the APs makes a considerable

contribution.

60 T .

Average Channel Usage

AP Location Selection Random Selection

Figure 4.1. Average channel usage levels achieved with AP placement algorithm and

random selection

4.1.3. Channel Allocation

In this thesis, we focus on intelligent channel allocation, as this control mechanism
is the most appropriate for urban home users. The main idea behind is to avoid

interference by switching to a channel with less users and less traffic. While we apply
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this technique, we will not deal with power control nor will we fix the locations of the
APs. Throughout the rest of this chapter, the proposed channel allocation scheme will

be explained in detail.
4.2. Channel Usage

The metric we use is the Clear Channel Assessment (CCA) value that is measured

and processed for each channel. CCA indicates the scaled value of channel usage

between 0 and 255.

What do we mean by channel usage? The mandatory medium access mechanism
in 802.11 systems, which is a version of Carrier Sense Multiple Access with Collision
Avoidance (CSMA/CA), is the Distributed Coordination Function (DCF) [21]. In

Figure 4.2, we can see the basic mechanism of this technique.

(X contention window
— (randomized back-off

<2Fs < DIFS > ‘ mechanism)

< v o

\ direct access if

medium is free = DIFS A& slot time

.| nexiframe

~y

Figure 4.2. DCF mechanism for a single station showing the DIFS and contention

window waiting times [21].

If the medium is sensed idle for the duration of DCF Inter-Frame Spacing (DIF'S),
which is about 50 us, the station accesses the medium; if sensed busy, the station enters
the contention phase. When the medium is sensed busy by the station, no transmission
occurs and the station waits for the medium to be idle again. When the medium is
idle, the station waits for the duration of DIFS, then chooses a random backoff time
within a contention window size. This contention window may take values such as 32,

64, 128, etc. Hence, the medium access is delayed this amount of slot times. If the
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Figure 4.3. DCF mechanism for more than one competing stations showing the

waiting times, collisions and transmissions [21].

medium is sensed busy while counting down, the station freezes its timer and in the
next turn, it continues counting down again from its residual backoff timer. If this

backoff timer expires and the medium is idle, the station can now begin transmission.

We can understand this mechanism better by analyzing Figure 4.3, which shows
the DCF mechanism for 5 competing stations. As can be observed, after busy period
caused by Station 3 ends, stations which have packets to send wait for a period of
DIFS and then choose a random backoff timer within the contention window. The
station, which chooses the smallest timer (in this case, Station 2) reaches 0 and starts
transmitting its packets, which leads to another busy period for other stations. When
its transmission ends, other stations continue to count down from their residual backoff

time from the previous turn.

It may happen that more than one station chooses the same random backoff
timer. In this case, they will try to reach the medium at the same time, resulting in a

collision of packets. Collisions destroy the packets by making them meaningless for their
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destinations. If collisions occur, retransmissions are required in order to compensate
for the destroyed packets. Therefore, the stations, which send those collided packets,

choose a new random backoff timer.

Here the idle period of the channel can be described as the period without data
communication, including DIFS periods, backoff timer countdown periods and the
periods where no station wants to transmit a packet. Busy periods are described as

the periods when there is a transmission, that ends either with success or with collision.

The CCA value that is measured by entering each channel is the channel usage
value, which can also be defined as the ratio of the busy period described above to

whole measuring period of the channel.

4.3. The Cost Function

The focus of this thesis is to develop an algorithm in order to determine the
optimal channel allocation for a network while realizing video communication. Since
our purpose is not to disturb the wireless real-time video communication, our cost

metrics should be chosen accordingly.

As measured CCA, channel usage, or the ratio of the busy period increases, it will
be harder for a station to handle the medium, that will result in decreased through-
put. Therefore, the measured CCA value should be included in the cost function. As
explained in the previous section, the stations that are trying to reach the channel
compete with each other. As a result, as the number of stations increases, reaching the

medium becomes more difficult for each station.

Channel switching in order to increase the chance of reaching the medium brings
a cost itself. Since single-radio stations can only operate on a single channel, the hard
handoff procedure results in packet losses that disturbs the video communication, which
is undesirable. Therefore, we can enumerate the following three factors that bring cost

to our system:
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e Channel Usage (CCA)
e Number of AP

e Channel Switching

We should combine the above factors in our cost function in a meaningful way.
There is a tradeoff between the first two factors and the third one; as we change the
channel to avoid the first two, we add cost through the third factor. Therefore, we
can divide the cost function in two parts; the first part is the channel usage cost that
includes the CCA measurements and number of neighboring APs. The second part is

the channel switching cost, i.e.,

cost = cost(Channel Usage) + Bcost(Channel Switch) (4.14)

Here, (3 is the scaling factor, which determines the relation between the packet
losses caused by high channel usage and the packet losses caused by channel switching.

In the sequel, we will investigate the effect of each of these factors individually.

4.3.1. CCA vs. Throughput

We described the medium access mechanism of the 802.11 standard in Chapter 2.
Now we investigate the effect of this mechanism on throughput. [4] and [37] analyzed
this situation and reached similar results. Assuming there are n stations in the medium,

the probability that at least one station transmits in a time slot (py,.) is

pr=1—(1-7)" (4.15)

Here, 7 is the probability that a station transmits a packet, which means that its

random backoff timer decreases to 0. Therefore, if stations take random backoff timers
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within a contention window with size CW, 7, becomes [38] :

2

TS oW (4.16)

ps is the probability that a transmission seizes the channel, meaning that exactly

one station transmits, given that at least one transmits:

1 — n—1
Dtr

Using py,- and ps, we can derive other probabilities that are useful in our through-
put calculations. The probability that a channel is idle, p;ge, is the situation where no

station wants to transmit a packet:

Didle = 1— Ptr (418)

The probability that a successful transmission occurs, pgyce, is the situation where there

is only one station that wants to transmit a packet:

Psuce = PtrPs (419)

The probability that a collision occurs, p.., is the situation where more than one

station wants to transmit a packet in a time slot:

Peoll = ptr(l - ps) (420)

Now we can create our throughput function. The possible scenarios that can be

encountered are,

e No transmission in a slot time
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e A successful transmission takes place

e A collision takes place

Normalized throughput, denoted as Cyuq is the ratio of time spent on successful

transmissions to the total time spent:

pSUCCTSUCC

Ctotal =
pidleﬂdle + psuccTsucc + pcolcholl

(4.21)

In (4.21), Tyyee is the duration of a successful transmission, T;4. is the length of a slot
time and T, is the duration of a collision. Channel is sensed busy during a collision

or a successful transmission.

The assumption here is that all the stations have the same collision window size
CW and have the same 7. If we divide the throughput value out between all the
stations to find the throughput, C;, of a single station i, we get

PsuceLsuce

C;

= ” (4.22)
pidleﬂdle + psuccTsucc + pcolcholl
As can be observed, C; is the ratio of the successful transmissions of a single station i

to the whole time spent on transmissions, collisions and backoff timer durations.

There is another assumption above that all of the stations always have packets
to transmit. However, this is not always true. Therefore, we can relax this assumption
and limit the packet count of each station to transmit in unit time. We also limit the
total slot times and see if a station can send all of its packets during that time period,
and if not, what percent of the required packets can be transmitted in that period of

time. This ratio can be interpreted as normalized throughput of a station.

One other reason of this extension is that only the number of APs, n, affects the
throughput received from a channel. However, it may happen that some APs have
many packets to send, while some others do not transmit packets at all. Therefore,

conditioning channel usage only on AP number is not always a reliable solution.
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Mormalized Throughput

Figure 4.4. Required packet count P, of the stations vs Normalized throughput.

Now we define Ny as the total number of time slots in our time period of
measurement. P, is the number of packets that a station needs to transmit in N
slots. If we say a packet can be transmitted in Ny, time slots, the total number of

packets a station is able to send in Ny, slots is

o Ntotal Oz

Py = N (4.23)

since it can only use C; percent of the time for its transmissions. Pk, is the total
number of packets that could be sent and P,., is the number of packets that are

required to be sent. We can describe throughput, T'p, as the ratio of Psep to Preg:

Psent - NtotalCi
Preq NsuccPreq

Tp = (4.24)

If it can transmit all P,.., of its packets, we say that the normalized throughput is 1.
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Figure 4.5. Required packet count P,., of the stations vs Channel Usage (channel
busy probability).

If it cannot, the throughput can be computed as in the above equation. Hence, the

throughput is

Psent

Tp = min{ 1} (4.25)

req

Lastly, when we simulate this mechanism for a fixed number of APs, we get the
curve in Figure 4.4. The graph shows that unless the channel is completely full with
packets, (i.e., the normalized throughput is 1), stations can transmit all the packets
required. However, when the channel is completely full, stations cannot send all the

packets they need and they start dropping packets, which decreases the throughput.

The corresponding channel usage is shown in Figure 4.5. Until the channel be-
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Figure 4.6. Required packet count P, of the stations vs Throughput of additional

station.

comes full, channel usage increases as packet count increases. When the channel is full,
channel usage is fixed at a value near 255. It does not reach the maximum value of
255, even when the channel is full, because DIFS and contention window waiting times

are not included in the channel usage rate; they are treated as idle channel slots.

At this point, we add another station to the channel, which will be exposed to
the channel usage levels in Figure 4.5. We give the new station a certain amount of
packet load to fill the channel completely and increase the packet loads of the other
stations to get the graph of the normalized throughput of the new station as in Figure
4.6. The throughput of the user decreases as other stations have more packets to send,
until the throughput comes to an equilibrium with other users at some level, where

they all share the medium equally.
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Taking the above points into consideration, we can construct our first function
fi(CCA) as in Figure 4.7. The graph is normalized between 0-1. There is somewhat
linear trend at first, which settles down to a value at the end. This final value depends

on the number of APs which will be investigated in the next section.

4.3.2. AP count vs. Throughput

In the previous section, we fixed the number of APs; however the number of
APs also affects the throughput. As the number of APs increases, there will be more
stations to compete for the medium and the probability of collisions, as well as the
busy period and the channel usage will increase. Therefore, the function we have in
Figure 4.7 can be scaled with a function that depends on the number of APs. By
plotting the throughput function acquired above with respect to number of APs, fixing
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(f2(Nap))

the number of packets, P,..,, we can get this second scaling function. The graph, which
is the second element of the cost function, fo(Nap), can be seen in Figure 4.8. Again

the plot is the normalized between 0-1.

4.3.3. Channel Switching vs. Throughput

While an AP is streaming a real-time video to its clients, even small distur-
bances, pauses or delays can create packet losses. Since, real-time applications are

time-sensitive, delayed packets become meaningless for the clients.

Our objective is to develop a channel allocation system for seamless video com-
munication while avoiding the channels with high traffic. However, channel switching

itself also brings cost to the system. While APs and clients are operating on a channel
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and streaming videos, channel switch is not instantaneous, but it takes some time for
the APs to warn its clients and switch to the desired channel collectively. This required
time results in packet losses especially in high-data rate streams, because the buffer
size is limited and there is a small interval where no transmission occurs between the
AP and clients. Burst packet losses occur in these intervals without a transmission and
because of the characteristics of video communication, the effects of these burst video
packet losses last longer. Therefore, frequent channel switches are not desirable and

should be included in the cost function as a tradeoff metric.

Packet losses with respect to the channel switching rate in a time period can be
assumed linear, as the packet loss rate increases with the channel switching rate. For
example, if 5% channel switching causes 1% packet loss, then 10% channel switching
will cause 2% packet loss. Experimental results support this conclusion as can be
observed in Figure 4.9. This normalized graph will be our third function to be used in
the cost function, f3(Cjae), where Cpqe is the channel switching rate in a certain time

period.

4.3.4. The Cost Function

We have defined, categorized and combined the cost factors as,

cost = cost(Channel Usage) + [cost(Channel Switch) (4.26)

As we have observed, an increase in the channel switching ratio, the channel usage
ratio and the number of APs all decrease the throughput. However, channel switching
is an action performed to move to a channel with lower channel usage and less AP
count. Hence, there is a tradeoff between channel switching ratio and channel usage

along with AP count.

Ignoring the channel switches, the normalized throughput, Tp, can be formulated



49

f3(Crae

rate

Normalized Throughput

© ©o o o o o o

w H 6] (o] ~ (o] o =
T T T T T T T
1 1 1 1 1 1 1

o
N
T
1

©
[
T
1

0 20 40 60 80 100
Channel Switch Rate

Figure 4.9. Channel Switching Rate C.4. vs Throughput of the additional user.
(f 3(Crate))

as

Ty = filla) f2(Nar,,) (4.27)

where [, is the average measured CCA in a time period and N4p,, is the average
AP count in a time period. When we subtract the scaled throughput loss caused by

channel switching, the normalized throughput becomes

Tp = fillaww) f2(Nap,,) — B(1 = f3(Crate)) (4.28)

The corresponding cost function, C'F', is obtained by the throughput losses cre-
ated by the cost factors. When we subtract Equation (4.28) from 1, the normalized
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throughput level with no losses, we get the C'F' as

CF = (1 - filew)f2(Nar,,)) + B(1 = f3(Crate)) (4.29)

The first term of C'F is the cost(Channel Usage) part in Equation (4.26), while
the second term is the cost(Channel Switch) part.

Estimation of the variable ( is important here. The packet losses due to channel
switches should be compensated by channel usage levels. We cannot know exactly in
advance how much channel usage gain will be provided by channel switching; we can
only make a logical deduction. Frequent channel switching, even when the channel
does not cause any losses, creates unnecessary and bursty packet losses. However, not

switching the channel when needed results in even more and continuous packet losses.

When the channel is completely full, packet losses occur and switching the channel
becomes vital. However, the stations cannot know how much channel usage space will
be required, so detecting that the channel that is not completely used, does not always
mean that the station will not experience any packet losses. If the channel is detected
80% used but the user needs to use 30 % of the channel for its transmissions, operating

on that channel will cause packet losses and the channel should be switched.

We cannot know how much traffic a station will require. Our experiments show
that 30 Mbps data rate, which is required for three HDTV streams, creates a CCA
level of 123 to 171 over 255 channel usage depending on the modulation level, which
leaves an idle channel between 33% and 52%. We will keep the worst case channel

usage level as our target and set the 3 value to fi(/ = 0.33).

4.4. Decision to Change the Channel

The channel, that minimizes the cost function, will be chosen as the optimal

channel to be operated on. However, this channel may change frequently. As we have
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discussed before, frequent channel switching, which creates packet losses, is not desir-
able. Therefore, we should use some check mechanisms to control channel switching

system to decide when to switch.

First of all, if the current channel measurement levels are sufficient, channel
switching algorithm should not start and create unnecessary channel switching cost.
We will call this channel usage threshold Tj;,, and determine its value as we have
decided on ( value before. If there are no packet losses, channel switching is not
needed, so Tj;g, can be taken as 0.33 also. Since our CCA values are scaled between 0

and 255, Thigp is equal to 85.

Next, we assume that we are over Tj,,, and have found a new channel. Will
it be worth changing the channel? Is the new channel really better than our current
channel or is there only a slight difference? We create a new threshold 7},s, which is the
hysteresis level after the channel switching, the difference between the measurements
of the current channel and the candidate channel. The gain of the channel switching
should compensate the channel switching packet loss. According to our experiments,

one channel switch can result in up to 5% packet loss. Therefore, we can set

where, x can be a throughput value chosen from the linear range of f;(CCA). This
equation results Tj,s will be taken 0.062, which will be equal to 16 when scaled between

0 and 255.
4.5. Potential Algorithms
In this section, some algorithms for channel allocation are described. Four of
these algorithms can be found in the literature. The other two algorithms are more

intelligent solutions and developed by us. These algorithms that will be described are:

(i) Random Method
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(ii) AP minimization
(iii) Total Weight Minimization (TWM)
(iv) Maximum Weight Minimization (MWM)
(v) Short Term - Long Term (STLT) algorithm
(vi) Hybrid Channel Allocation (HCA) algorithm
4.5.1. Random Method

The algorithm described in [10] randomly chooses the channel i from C' possible
channels. Each possible channel has a selection probability p.. When selected, it is
checked if the channel satisfies certain criteria. The criterion can be factors such as
throughput or packet loss. For us, the criteria will be the comparison of the channel
usage of the operating channel with T},g, value. If it does satisfy the comparison, the

algorithm sticks to that channel and starts to operate on it:

pi=1,pj =0Vj #i (4.31)

If the randomly selected channel does not satisfy the condition, the selection probability

of that channel is decreased and the selection probability of other channels is increased:

pi=(1-"0)p: (4.32)
pj=(1—b)p; + Clilvj ak (4.33)

where, b is a scaling factor that determines how much the selection probability of an

unsuccessful channel will degrade.
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This Random Method is an iterative algorithm that cannot reach the result
quickly, which is undesirable for video communication applications. Although in the
final selection it can reach a suitable level, frequent channel switches is another disad-

vantage.
4.5.2. AP Minimization

In AP minimization, the AP chooses the channel with the least number of APs:

C' = arg min, Nap(c) (4.34)

If the number of APs stays constant, the selected channel will not be changed, no
matter how much the amount of traffic in each channel is. This situation shows that
the algorithm is independent of the channel usage. Therefore, the decision cannot be
an optimal one. Some APs may be realizing high video or data communication, while

some may not be transmitting a single packet.
4.5.3. Total Weight Minimization (TWM)

In this method the APs and clients take measurements, process them and choose
the channel with the least channel usage level.

C = arg Er%inc I(c) (4.35)
If there is only one AP, it makes the decision using the measurements of its clients
and itself. If there is a mesh, a central unit makes the decision. A similar approach is
also described in [8] and [9]. C denotes the selected channel, where I(c) denotes the

average channel usages of all APs and clients.

This method is the most obvious one, considering the channel usage minimization,
however conditions may vary quickly, which results in frequent channel switching, which

is again undesirable for real-time video communication.
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4.5.4. Maximum Weight Minimization(MWM)

This technique chooses the channel which minimizes the measured CCA on the
bottleneck station. Bottleneck station is the station with highest CCA measurements.
This highest value is minimized with this channel selection:

C = arg min_max I(i,c) (4.36)

c=1..Ci=l..n
where (7, ¢) denotes the channel usage measurement of the channel ¢ by the station i.
For single AP and single client case, this station can either be the AP or the client. A

similar approach is also described in [8] and [9)].

This technique does not guarantee to find the channel with minimal channel
usage, but it minimizes the channel usage of the most suffering stations in the mesh
network. Quickly varying channel usage levels cause undesirable, frequent channel

switches in this technique as well.

4.5.5. Short Term - Long Term (STLT) Algorithm

Choosing the channel with only the recent measurement values, even if they are
smoothed and processed, can be misleading. There can be a temporary increase or
decrease in the channel conditions. This is why, observing and including the long term

data can give better results besides the recent data.

Short term data is the recent processed CCA measurement. Long term data can
also be called as the channel availability scala. This scala can be extracted from the
history of the measurements. Past N measurements are observed and the percentage
of measurements over the threshold T, is determined as channel quality scala, which
we call (). Finally these measurements are combined and minimized to determine the

candidate channel, C. Channel usage measurements I are also assumed to be scaled
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between 0-1.

¢ = arg min [y/(c) + (1 =7)Q(c)] (4.37)

where 7 is a scaling coefficient and can take values between 0 and 1. ~ factor determines
which measurement type, long term or short term, will be given higher priority. Here,

we will give equal priority to both setting the v 0.5.

For STLT Algorithm, current processed CCA measurements are important to
determine the switching channel. If the usage of a channel is high, that channel should
not be chosen. But also if the usage of a channel has increased frequently in the
past, the probability that it will increase again is higher, even if the usage is low at
the decision moment. Hence, choosing a channel with a stable, low historical record
prevents future channel switches. Therefore the purpose of STLT Algorithm is to find
a channel whose historical records do not show frequent channel usage increases along
with relatively low current channel usage. Here, if the thresholding mechanisms are
added to the algorithm, frequent channel switches are prevented and a more stable

channel allocation can be achieved.
4.5.6. Hybrid Channel Allocation (HCA) Algorithm

This algorithm proceeds step by step and combines Total Weight Minimization
(TWM) and Maximum Weight Minimization (MWM) algorithms. Thresholding mech-

anisms are also used for the decision making process.

If the channel usage of a station is over Tj,;.,, we call that it suffers packet
drops. Our first purpose here is to decrease the stations suffering packet drops; then to
minimize the overall channel usage. The procedure can be described with the following

steps:

(i) Determine the channel or channels with the least number of stations with

channel usage over Tj;gp.
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(ii) If there is only one channel found, choose that channel.

N-1

C = arg mipc > (i, c) (4.38)

= i=0

where,

1 [(’l, C) > Thigh;
0 I(i,c) <= Thigh.

(iii) If there are more then one channels found, and if there is at least one suffering
station in these channels, choose the channel that minimizes the maximum channel
usage.

C' = arg min_max /(i,c) (4.39)

c=1...Ci=1l..n

(iv) If there are more than one channels found, and if there are no suffering
stations in these channels, minimize the total channel usage. Switch the channel if the
difference between the current channel and candidate channel is over Th,.

C = arg £1}inc I(c) (4.40)

This algorithm’s initial concern is the number of individual APs with measured
channel usage levels over the determined threshold level Tj;4,. The purpose is to make
each device work well to keep the video communication going. Maximum Weight
Minimization (MWM) is used for this purpose. Secondary concern is to minimize
the overall channel usage measurements as in Total Weight Minimization (TWM).
Thresholding mechanisms prevent the system from making frequent channel switches

and make it a more stable channel allocation system.
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4.6. Simulation Results

4.6.1. Algorithm for Single AP - Single Client Case

First, we will test these algorithms for a single AP case, which is commonly used
in home environments. There is an AP, which takes channel usage measurements and
there is a client connected to the AP which also takes channel usage measurements
and passes these measurements to the AP. Naturally, these two devices operate on the

same channel.

Table 4.1. Comparison of different algorithms for a single AP and client.

Single AP Avg. Usage | Max. Usage | %change | %overflow | Cost
Random Method 57.72 83.41 16.77 18.56 0.2459
AP Minimization 68.61 102.14 0 35.38 0.1429

TWM 44.29 68.41 4.23 16.02 0.0447
TWM + Threshold 45.45 72.22 1.35 16.32 0.0342
MWM 46.58 64.18 4.47 19.15 0.0637
MWM + Threshold 47.27 65.19 1.71 19.29 0.0437
STLT 45.98 72.83 1.12 17.06 0.0290
HCA 45.06 70.87 1.19 16.18 0.0242

In the simulation environment, there are 10 neighboring stations, some of which
affect both the client and the AP. Some of the stations only affect the client and some
of them affect only the AP. Each of these stations is assigned channel usages randomly
with mean 30 Mbps. After each turn, the channel usage levels of these stations are
increased or decreased again randomly with a Gaussian-like random variable with mean
0, which means that small changes are more probable than large ones. The AP checks
the channel switching need after each turn. The simulations are run for 100 turns and

repeated for 10000 times to get an average.

Comparison criteria are average channel usage measurements, maximum channel
usage measurement of each single stations, channel switching rate, rate of overflows (if

the average of channel usages are over T}y, an overflow is assumed to be occured)
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and finally value of the cost function. After simulations, the values in Table 4.1 are
obtained. The six described algorithms are simulated. TWM and MWM are simulated

two times both with thresholding and without thresholding mechanisms.

If we compare the results, we can see from the bar graph in Figure 4.10 that
TWM minimizes the total channel usage and MWM minimizes the channel usage on
bottleneck station better than the other algorithms, as expected. Random method
achieves to be under the threshold level, while AP minimization cannot succeed at all.

Our two algorithms could minimize the channel usages somewhere between MWM and

TWM, however HCA could do a little better than STLT.
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Figure 4.10. Average and Maximum channel usages for a single AP-Client pair with

respect to the algorithms

We can see the real benefit of our algorithms in the channel switching rate graph
in Figure 4.11. Random method switches the most, while AP minimization does not
switch channels because of the fixed number of stations assumption. The benefits of
the thresholding mechanisms can also be observed in the graph. MWM and TWM'’s
channel switching rates are three times more if they do not use thresholds for perfor-
mance checks. HCA could do as well as MWM, while STLT achieves the least channel
switching rate, because it also checks the long term information about the channel and

chooses the channel with the least used in the past. Figure 4.12 shows the percent of
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Figure 4.11. Channel Switching requirement percentage for a single AP-Client pair

with respect to the algorithms

turns, that the average channel usage is over the threshold value. Random method has
done relatively well, with the cost of frequent channel switching. TWM and HCA gave

better results compared to the others.

Finally, when we apply our cost function on the simulation results, and observe
the bar graph in Figure 4.13, we can examine that our two algorithms minimizes the
cost function better than the other algorithms. STLT uses the past information and
can choose a channel in which there will be less need for channel switching. HCA has
done slightly better and with thresholds, channel switching is minimized and with the

combination of TWM and MWM, minimum channel usages are obtained.

4.6.2. Algorithm for Mesh Network

Now the same algorithms will be applied on mesh networks of more than one APs
and clients. All the elements of the single-radio mesh networks operate on the same
channel. Therefore, measurements of all stations are needed to be transmitted to a

central AP and the channel is selected there.
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Figure 4.12. Occurrence percentage of overflow channel usage for a single AP-Client

pair with respect to the algorithms

In the simulations, 8 mesh stations take measurements and combine them. This
time there are 14 neighbors that create traffic and result in increased channel usage.
Again each mesh station is affected from a specific part of the neighbors and the
channel usages of neighbors change after each turn. The central AP checks the channel
switching need after each turn and all the mesh elements switch to the determined
channel together. The simulations are run for 100 turns and repeated for 10000 times
to get an average. The same comparison criteria are applied and results are shown in

Table 4.2.

When compared, it can be observed from the Figure 4.14 that TWM minimizes
the total channel usage and MWM minimizes the maximum channel usage better than
other algorithms. Again our algorithms have achieved between the two, while STLT
has done slightly better than HCA. For the single AP case, HCA was better than
STLT, while here STLT can minimize the channel usage better than HCA.

Similar results are achieved for channel switching rates, which are shown in Figure
4.15. Thresholding mechanisms are again beneficial, they cause less channel switches

for TWM and MWM. Our two algorithms perform better than the others considering



61

Cost

Randorn AP nurnber TWM  TWWM + Threshald bW MWW + Threshold  STLT HCA

Figure 4.13. Cost value for a single AP-Client pair with respect to the algorithms

the channel switching rates, STLT causing the least number of channel switches. Again
this is because STLT makes its decision based on both the recent measurements and
the historical behavior of the measurements. STLT and HCA could also decrease the
overflows nearly as well as TWM as can be observed in Figure 4.16. Random allocation
also performs well considering the overflows, because its ultimate purpose is to hold

the channel usage under the threshold.

Finally, if the cost function results are compared as in Figure 4.17, it can be seen
that STLT and HCA could minimize the cost function better than the others. STLT
is the best performing algorithm for mesh networks. For the single AP case, it was the
HCA algorithm. Therefore, we can conclude that for a single AP, HCA algorithm can
be chosen, while for mesh networks, STLT is the algorithm that should be preferred.



Table 4.2. Comparison of different algorithms for a mesh network
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Mesh Avg. Usage | Max. Usage | %change | %overflow | Cost
Random Method 68.15 130.31 10.86 11.88 0.2334
AP Minimization 65.12 133.68 0 32.04 0.1239

TWM 53.63 118.74 4.35 21.51 0.097

TWM + Threshold 55.64 122.67 1.31 22.28 0.0864

MWM 61.95 109.75 4.99 29.14 0.1449

MWM + Threshold 60.73 108.75 1.98 28.17 0.1102

STLT 54.58 120.22 1.14 21.85 0.0717

HCA 56.25 123.6 1.22 22.54 0.0764

T | e

Figure 4.14. Average and Maximum channel usages for a mesh network with respect

to the algorithms
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5. CONCLUSION

In this thesis, we have developed a channel allocation system for mesh networks
realizing video communication. Our system is built on 802.11n standard, which pro-
vides more available channels both in the 2.4GHz and the 5GHz band. Although the
proposed system is composed of several steps, we have focused mainly on three steps:
measurement processing, decision to change the channel and determining the optimal

channel.

Measurements used in the system are channel usage values, scaled between 0-
255, that determine the percentage of the channel that is busy. In our system, these
measurements are taken for each channel and processed using Kalman Filter. For
low-variance measurements, Median Filter increases the performance of the system.

Therefore, an adaptive version of the Median Filter is applied.

Determining the most suitable channel to be switched to is handled by two pro-
posed algorithms. Hybrid Channel Allocation (HCA) algorithm proceeds step by step:
First, it minimizes the number of stations over a certain threshold T};g, then the max-
imum channel usage measurement and finally the total channel usage measurements
in order to eliminate packet losses. The Short Term - Long Term (STLT) Algorithm
accounts both recent channel usage levels and the situation of the channel in the long
run, thus tries to eliminate the need of channel switches in the future. We compared
these two proposed mechanisms with the channel allocation solutions in the literature
and showed that our algorithms can minimize both channel usage measurements and

the number of required channel switches.

Frequent channel switches degrades the throughput, because the central AP has
to achieve the coordinated channel switching with the other APs and clients, which
creates a time interval without a transmission. Therefore, channel switching should
be controlled by the use of some thresholding mechanisms. In our system, channel

switching decision is taken only if the channel usage measurements in the current
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channel are over a certain threshold and if the difference of channel usage measurements
between the candidate channel and the current channel is over a specific hysteresis level.
The positive effect of these thresholding mechanisms has been demonstrated via the

simulation results.

The proposed channel allocation system can be combined with power control
schemes and/or efficient AP placement algorithm in order to achieve more intelligent
systems. This joint optimization problem and its application in WLAN networks trans-

mitting video is open to investigation.
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