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ABSTRACT

Cognitive Radio (CR) [1-4] capitalizes advances in signal @sicg and radio technology and
is capable of reconfiguring RF and switching to desired fraqudands. It is a frequency-agile
data communication device that is vastly more powerful tbaisting multi-channel multi-radio

(MC-MR) technology [2].

In this thesis, we investigate the important problem of wudp networking with CR nodes. In
a CR network, each node has a set of frequency bands (not agtes$ equal size) that may
not be the same as those at other nodes. The uneven size wéricggbands prompts the need
of further division into sub-bands for optimal spectrumréiga We characterize behaviors and
constraints for such multi-hop CR network from multiple legj@ncluding modeling of spectrum
sharing and sub-band division, scheduling and interfer@onstraints, and flow routing. We give
a formal mathematical formulation with the objective of nmaizing the network throughput for
a set of user communication sessions. Since such problemufation falls into mixed integer
non-linear programming (MINLP), which is NP-hard in gerieme develop a lower bound for
the objective by relaxing the integer variables and liredion. Subsequently, we develop a near-
optimal algorithm to this MINLP problem. This algorithm is$ed on a novedequential fixing

(SF) procedure, where the integer variables are deterniieeatively via a sequence of linear



program (LP).

In order to implement and evaluate these algorithms in arotbed laboratory setting, we design

and implement an emulation testbed. The highlights of opedarmental research include:

Emulation of a multi-hop CR network with arbitrary topology;

An implementation of the proposed SF algorithm at the appba layer;

A source routing implementation that can easily supportmanative study between SF al-

gorithm and other schemes;

Experiments comparing the SF algorithm with another atgoricalled Layered Greedy

Algorithm (LGA);

Experimental results show that the proposed SF significantiperforms LGA.

In summary, the experimental research in this thesis hasdsimated that SF algorithm is a viable

algorithm for optimal spectrum sharing in multi-hop CR nettkg
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Chapter 1

Introduction

1.1 Cognitive Radio Networks

1.1.1 Charateristics of Current Spectrum Usage

In recent years, there has been an exponential rise in théeruof wireless standards such as
802.11 a,b,g,n (and more), 802.15 (Bluetooth, Zigbee, UWB), W@DEINd several modes),
CDMA 2000 (1xEV-DV, 1xEV-DO), Wireless USB, and 802.16 (varsomodes) to name a few.
The abundance of standards today is the result of a desihe imdustry to support new applica-
tions, with each standard custom-tailored to a specificaip®y environment and spectrum. On
the other hand, since 1920s, each new wireless serviceagmadsa fixed block of spectrum for its
exclusive use [1,5]. The static spectrum allocation schisreeccessful in eliminating interference

between different wireless technologies. However, it fialilt to make accurate projections of
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future demands. Over the years, the remaining useful speavailable for new wireless services
is being exhausted. It is a serious problem since new wsaesrices and devices are now rolling
out at an unprecedented pace. In particular, building largki-hop networks has been fundamen-
tally impeded because of the insufficient network capaaity th the limited bandwidth of static

allocated channels. This issue will became much more alitis wireless networking becomes

pervasive in the future.

Furthermore, the static spectrum management has led &enasdy inefficient use of certain allo-
cated spectrum in certain geographical areas. Such fregusmds are called spectrum “white
space” (or “hole”). Many measurements and much analysise haen conducted to investigate the
severity of sporadically spectrum usage. A recent studyednnShared Spectrum Company [6]
found that even in the most crowed area near downtown Watsimn@®C, where both govern-
ment and commercial spectrum use is intensi&; of the spectrum remains white space. Here,
a band is considered white space if it is wider than 1 MHz amdaras unoccupied for at least
10 minutes. Another study [7] done by M. McHenry and D. McClslndicated the average

spectrum utilization for frequencies below 6 GHZ i8% in New York City.

To address problems associated with static allocationf-#tkeral Communications Commission
(FCC) has put forth a landmark Spectrum Policy Task Force ($RJgort that outlines a variety
of possible new initiatives [8], such as trying to make maxmmflexibility in the use of spectrum,
defining spectrum users’ rights and responsibilities, almdanting for all potential dimensions of

spectrum usage.
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1.1.2 Advances in Cognitive Radio Technology

In May 2003, the FCC followed up on the previously mentiongubre[9] and released its propos-
als in Docket 03-108 exploring Cognitive Radio (CR) technolagyspectrum sharing. The idea
of using CR to enhance the flexibility of spectrum usage wasifiteoduced by Joseph Mitola
Il [4]. A CR or Software Defined Radio (SDR) refers to the classepfrogrammable or reconfig-
urable radio [1]. It capitalizes on advances in signal pssoey and radio technology, as well as

recent advancements in spectrum policy.

A CRis afrequency-agile data communication device withlacmntrol and monitoring (spectrum
sensing) interface. A frequency-agile radio module is bégpaf reconfiguring RF and switching
to newly-selected frequency bands. Thus, a CR can be progednontune to and operate on
specific frequency bands over a wide range of spectrum [1]eveam more profound advance in
CR technology is thathere is no requirement that selected frequencies/chanmeicontiguous:
the radio can send packets over non-contiguous frequemosb&rom an application perspective,
CR allows a single radio to provide a wide variety of applica$, acting as a cell phone, broadcast

receiver, GPS receiver, wireless data terminal or node, etc

Specifically, a CR is capable of:

e spectrum sensing: determine which portions of the speciswavailable;
e spectrum decision: select the best available band;

e spectrum sharing: coordinate access to a band with othes;use
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e spectrum mobility: vacate the band when a licensed usetés el

1.2 Related Work

1.2.1 Multi-Channel Multi-Radio Network

In a Multi-Channel Multi-Radio (MC-MR) network [10, 11, 19, 2@ach node is equipped with
multiple interfaces. MC-MR nodes are able to communicateusaneously with neighboring
nodes at the same time by using multiple channels. Since @zt interface at a node uses a
frequency band that is different from that used by anothvamterface at the same node, there

is no interference between them.

It is important to understand that a CR is vastly more powexfud flexible than existing MC-MR
technology. First, MC-MR platform employs tradition@rdware-basedadio technology (i.e.,
signal processing, modulation etc. are all implementedangilvare) and thus each radio can only
operate on a single channel at a time dhnere is no switching of channel on packet levAk

a result, the number of concurrent channels that can be usediageless node is limited by the
number of hardware-based radios. In contrast, the radmt#ogy in CR is software-based; a soft-
radio is capable of switching frequency bands on packel.|&sa result, the number of concurrent
frequency bands that can be shared by a single soft-radpitsally much larger than that can be
supported by MC-MR. Second, due to the nature of hardwaredbvasiéo technology in MC-MR,

a common assumption in MC-MR is that there is a set of “comma@muphls” available for every
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node in the network; each channel typically has the samevidtitd However, such assumption
is hardly true for CR networks, in which each node may havefareifit set of frequency bands,
each of un-equal size. Due to this difference, CR is requesldrk on a set of “heterogeneous”
channels that are scattered on widely-separated slicdsedi¢quency spectrum with different

bandwidths.

It is important to understand that these differences batvid€-MR and CR make algorithm de-
sign for a CR network much more complex than that under MC-MR. At+MR network can be
viewed as a special case of a CR network. Therefore, it is Iplessi tailor the algorithms for CR

network for MC-MR network while the converse is not true.

1.2.2 Cognitive Radio Network

Although there has been extensive research on CR at the phiyaiger or point-to-point commu-

nication, research for CR network in a multi-hop setting retsémited.

In [12], Zhao et al. designed a distributed coordinationrapph for spectrum sharing. They

showed that this approach offers throughput improvemeeit avledicated channel approach.

In [13], Ugarte and McDonald studied the network capacityopem for multi-hop CR-based net-

works and found an upper bound, although it is not clear hgtt this bound is.

In [14], Xin et al. studied how to assign frequency bands aheede to form a topology such that
a certain performance metric can be optimized. A layerefdigveas proposed to model frequency

bands available at each node and to facilitate topology dtion and achieve optimization objec-
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tive. The authors considered the so-called fixed channebapp whereby the radio is assumed to

operate on only one channel at a specific time.

In [15], Steenstrup studied three different frequencygmssent problems: common broadcast
frequencies, non-interfering frequencies for simultarsettansmissions, and frequencies for di-
rect source-destination communications. Each is viewea gi®ph-coloring problem, and both

centralized and distributed algorithms are presented.

In [16], Shi and Hou considered how to perform routing, sctied, and power control to mini-
mize the network wide resoucre (BFP) for a given set of usemgonication sessions. A mathe-
matical model on scheduling and power control is providezedaon protocol interference model.

Subsequently, this problem is formulated and solved viaadir-and-board solution procedure.

1.3 Problem

1.3.1 Objective

Our focus in this thesis is optimal spectrum sharing for atrindp CR network. Such network is
constructed by CR nodes, each with a set of available spettamais. Due to uneven size of these
bands, each band may need to be further divided into subsb&uahsider a set of active user com-
munication sessions in the network. A fundamental questiask is what is maximum network

throughput that can be supported by the network, in termssoaling factor of all sessions’ rates?



Chapter 1. Introduction 7

1.3.2 Approach and Solution

To formulate the problem mathematically, we charactergdeaviors and constraints from multi-
ple layers for a general multi-hop CR network. Special aitbarnts given to modeling of spectrum
sharing and (un-even) sub-band division, scheduling ateiference modeling, and multi-path
routing. We formulate an optimization problem with the altjge of maximizing the network
throughput in terms of a common scaling factor for a set asisesrates. Since such problem for-
mulation falls intomixed integer non-linear programmi{1INLP), which is NP-hard in general,

we aim to develop near-optimal solutions.

As for preparation, we first develop upper bound for the dbjedy relaxing the integer variables
and linearization. This upper bound can be used as a measuhefquality of any solution. Sub-
sequently, we propose a noggquential fixingSF) solution procedure where the determination of
integer variables is performed iteratively through a segeeof linear programs (LP). Upon fixing

of the integer variables, other variables in the optim@afroblem can be solved with an LP.

1.4 Experimental Research

1.4.1 Objective

In order to implement and evaluate the ideas and algorithrascontrolled laboratory setting, we

design and implement an emulation testbed.

The topology of the CR network that we are going to emulatetisrdéned by transmission power
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spectral density at each node. In other words, whether ocaramunication exists between two
nodes is determined by their physical distance and thertrigiinsg range of the node. In this thesis,
connectivity among the nodes are controlled by a so callesabyc Switch [25] using Ethernet

connections.

1.4.2 Design Highlights

Our emulation testbed is constructed by a cluster of comp1€® Windows-based Dell Optiplex

desktops) and a Linux-based Dynamic Switch (a Dell Power&tigrkstation).
Network Topology

The network topology is set by the Dynamic Switch, which axte all 12 desktops via three Intel
Pro/1000 Quad Ports Ethernet adapters. At the network, ldweldynamic switch is invisible to

those desktops.
Graphic User Interface

We provide graphic user interface (GUI) on both source n@aeksdestination nodes. With the
GUI, users can easily change the spectrum setting and siad@ctlesired algorithm. The GUI also

provides the option for video streaming.
Video Coding

Currently, a number of video coders are available such as MPEXS], VP6 [30], H.261 [31]. In

our testbed, we choose H.263 [27] coder for the video engaaimd decoding. H.263 is designed
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for a low-bitrate compressed encoding solution. Its sowade is easy to be integrated in our

program.
Source Routing

Source routing refers to that the source determines theegrdth toward destination node. Under
source routing, routing information is stored in the padiedder. Each intermediate node simply
looks up the next hop information in the packet header andgénis the packet based on this

information.

1.4.3 Experiments and Results

The objective of our experiments is to validate the perfaroesof SF algorithm in a testbed set-
ting. We also want to compare the SF algorithm with other @ilgms. As an example, a widely
used approach to cross-layer optimization problem is tlewaed approach, where solution to
problem at one layer is first solved (in isolation) beforeuioh for a different layer is devised. In
the emulation testbed, we design a Layered Greedy Algor{tt®&A) as a representative of such

decouple approach and compare it to SF algorithm.

¢ In the first experiment, we will run SF algorithm under a gisat of spectrum frequency
bands available at each node in the network. SF program aimaximize network through-
put in terms of a scaling factor of each flow’s bit rate. A vidzip will be encoded by such
rate and transmitted for the active user sessions. We eRpacEF algorithm finds routing

paths with excellent network throughput and the video welemcoded and transmitted very
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smoothly.

e Under the same spectrum setting as in the first experimensilvein LGA. The video clip
will be encoded by the rate provided by LGA and then trangdit{The bit rate (or scaling

factor) achieved by SF and LGA are compared at the receiger si

e The last experiment shows the flexibility of SF algorithm. eT¢et of spectrum available
at each node is changed to a worse condition. Under the nemoement (less available
spectrum), we compare the bit rates (or scaling factor)eseli by SF and LGA again. We

show that SF provides much better result than LGA.

1.5 Thesis Outline

The rest of this thesis will be organized as follows. Chaptpre&ents the theoretical foundation.
The spectrum sharing problem is formulated, and the prap8sealgorithm is presented. Simu-
lation results for SF algorithm are also given. Chapter 3gmtssthe design and implementation
of our emulation testbed. Chapter 4 presents the experimesiits from the emulation testbed.

Chapter 5 summarizes this thesis.



Chapter 2

Optimal Spectrum Sharing: Theory and

Algorithm

2.1 Problem Statement

In this thesis, we investigate the important problem of rubp networking with CR nodes. For
the multi-hop CR network we are investigating, a fundamegueaiormance objective is the overall
maximum network throughput in terms of a scaling factor fowfrates assigned to all the active
user sessions. For each CR node with a set of available fregixamds, we characterize behav-
iors and constraints at multiple layers, and formulate aheragtical optimization problem. The
formulation includes how to optimally divide the set of dable frequency bands at each node, the
scheduling of sub-bands for transmission and receptiahpariti-path routing for each session so

as to maximize the scaling factor.

11
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In this chapter, we will first present the multi-hop CR netwonkdel, and then formulate the
problem with a number of constraints. Finally, we develombgorithm based on SF technique.

Table 2.1 lists all notations used in this Chapter.

2.2 Network Model

2.2.1 Spectrum Sharing and Sub-band Division

In a multi-hop CR network, each node’s view of the availablecspum depends on its location and
time. The set of available frequency bands of each node adlysiot the same as those of other
nodes at a specific time. Further, the size (or bandwidthpohevailable frequency band may

differ drastically.

The uneven size of bandwidth in the available spectrum batid tor further division of the

bands into small sub-bands for more flexible and efficierguesncy allocation and utilization. A
band can be divided either equally or unequally. An equallsard division method is likely to
reduce the complexity. On the other hand, an unequal divisiethod may offer more flexibility
and therefore produces better performance than equalafivién this project, we allow unequal

division of frequency bands.

More formally, we model the total spectrum consisting a $etbun-equal bands (see Figure 2.1).
M, C M is the set of bands available at nade A. The set of available bands at one node is

likely to be different from that at another node. For ins®rfor nodes, j € N, M; may consist
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Table 2.1: Notation.

Symbol | Definition
I} The scaling factor of session rates in the network
L The set of active user sessions in the network
r(1) Rate of sessiohe £
s(1),d(l) | Source and destination nodes of sesgion
fi; (D) Data rate that is attributed to sessioon link (4, 5)
M,; The set of available bands at node A
M The set of available bands in the network, itg,. \- M;
M = | M|, the number of available bands in set
M The set of available bands on lifk j), i.e., M; [\ M,
N The set of nodes in the network
K™ | Total number of sub-bands in band
W | Bandwidth of bandn € M
dij Distance between nodésindj
n Path loss index
Gij Propagation gain from nodeo nodej
Q Transmission power spectral density at a transmitter
n Ambient Gaussian noise density
Qr The minimum threshold of power spectral density to decodarestnission at a receiver
Qr The maximum threshold of power spectral density for interfiee to be negligible at a receivi
Rr, Ry | Transmission range and interference range, respectively
" The set of nodes that can use band@nd are within the transmission range to nede
7; = Umer, T™
r The set of nodes that can use bandnd are within the interference range to ngde
u(™*) | The fraction of bandwidth for the-th sub-band in bangh
xg”k) Binary indicator to mark whether or not sub-bapnd, k) is used by link(i, 7).

13
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e (1) W (2) wim) W (M)
L | S Y — I
1 2 4 m M
T o)
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Figure 2.1: A schematic illustrating bands and sub-bandseats in spectrum sharing

of bands I, II, Ill, VI, and V while M; may consist of bands I, Il, VI. In this casg/, # M,.
W™ is the bandwidth of baneh € M. As discussed above, it is assumed that a band M
can be further divided int& ™ unequal sub-bands. Denat@"*) as the fraction of bandwidth for
the k-th sub-band in bang:.. Then we have the spectrum df = | M| bands effectively divided

into a total of>>"_ K™ sub-bands, with

An unequal sub-band division example is illustrated in Fag2.1.

2.2.2 Transmission Range and Interference Range

A multi-hop CR network topology can be modeled as a gr&fiv, £), whereV is the set of
vertices and is the set of edges. A sample topology is shown in Figure 3h&.rietwork topology
is determined by each node’s transmission range. The pgweetral density from the transmitter

of a CR node i€). In this thesis, we assume that all nodes use the same poeatraensity for
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transmission. A widely-used model for power propagation ga

v

wheren is the path loss index and); is the distance between nodeand;. We assume a data
transmission is successful only if the received power spkedensity at a receiver is at leagt-.
Likewise, we assume interference will become non-nedkgilmly if it produces a power spectral
density over a threshold @p; at a receiver. Based on the thresh@lg, the transmission range
for a node is thusy = (Q/Qr)"", which is calculated frony,; - Q = Qr andg;; = di;"
Similarly, based on the threshadg;, which is smaller thar)r, the interference range for a node

is R; = (Q/Q[)l/n SinceQ[ < QT: we haVQR[ > Rr.

2.2.3 Scheduling

Scheduling addresses how a node uses sub-bands and canebeittien in time domain or fre-
guency domain. In this thesis, we consider how to assignbsuiot in frequency domain. Our
scheduling technique is very similar to the “coloring pesal’ in graph theory, where two con-
nected areas cannot share the same color. A feasible soiwdéifrequency bands insures no
interference at the same node and among the nodes. Suppbbartldn is available at both node

i and nodej, i.e.,m € M, M,. Denote

1 If nodei transmits data to nodgon sub-bandm, k),

8
\

0 otherwise.

In a multi-hop CR network, the “coloring” includes three csise
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e A nodei cannot use the same sub-band to transmit to different cddathematically, this

can be modeled as follows.

St < (2.2)

qer]'i'm

whereZ.™ is the set of nodes that are within the transmission rangedéq i.e.,
T"={j:dij < Rr,j #i,m € M;}.

e Arelay node cannot use the same frequency sub-band fonissisn and reception, due to

self-interference at the physical layer. Mathematicaktiis can be modeled asx’f}”’k) =1,

m,k)

g must be). In other words, we have

m.(
then for anyg € 7", z;

ey e < (2.3)
q€T
Note that in (2.3), we are referring to a specific ngd® which nodei is transmitting. If

xgnk) =1, theaneTm xg’;”“) = 0, i.e., nodej cannot use the same frequency sub-band
J

m,k)

. <1, i.e., node

(m, k) for transmission. On the other handzff"" = 0, thend_ crn z
J may use frequency sub-batab, k) for transmission, but can only use it for one receiving

nodeqg € 7" (same as in (2.2)).

¢ In addition to the above constraints at @menode, there are also constraints on frequency
sub-band use due to potential interfereaceong the nodem the network. In particular,
for a frequency sub-bandn, k), if node: uses this sub-band for transmitting data to a node
j € 7., then any other node that can produce interference onsldeuld not use this sub-

band! To model this constraint, we deno® the set of nodes that can produce interference

INote that the so-called “hidden terminal” problem is a sakcase under this constraint.
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on node;j on bandmn, i.e.,

P;n:{pdngI,p#j"];m%@}

The physical meaning &f™ # () in the above definition foP}" is that the interference node
p can use bandh for a valid transmission to a node#y". Then we have

e N e <1 (pePrp£i). (2.4)
In (2.4), if 2" = 1, i.e., nodei using frequency sub-barid, k) to transmit to node,
then any node that can produce interference on ngdshould not transmit on this sub-
band, i.e.,zqum 25™* = 0. On the other hand, Ifg”k) = 0, (2.4) degenerates into (2.2),
i.e., nodep may transmit on sub-ban(n, k) to one node; € 7", i.e., > n aimh) < 1.

Note that a node cannot receive from multiple nodes on the $equency band, which is

also ensured by (2.4).

It is important to understand that in the interference aanst (2.4), ifxg.”’k) = 0, two nodes
that can produce interference on ngdmut are far apart and outside each other’s interference
range can use the same sub-bénd k) for transmission. We use an example to illustrate
this point. In Fig. 2.2, suppose nodds transmitting to nod& on sub-bandm, k), then

any node that can produce interference on nddee., node3 or 5) cannot use the same
sub-band for transmission. On the other hand, if ndde not using sub-bandmn, k) to
transmit to node, then node3 may use this sub-band to transmit (to nadeas stated in
(2.4). Likewise, nodé may also use this sub-band to transmit (to négdas stated in (2.4).

That is, both node3 and5 may use the same sub-band for transmission.
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Figure 2.2: An example illustrating interference amongdin

2.2.4 Routing

A source node may need a number of relay nodes to route thestagan toward its destination
node. Note that single path routing may be overly restecéimd may not yield optimal results for
spectrum sharing. In this thesis, we consider multi-patiictvis much more flexible to route the
traffic from a source node to its destination. Thus, the flouwtiny problem needs to consider the

following constraints:

e The flow balance equation at each nede N must be preserved for each sesdien..

e The link capacity must not be exceeded by the aggregated dites on each radio link.
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Denotef;;(1) the data rate on linki, j) that is attributed to sessidywherei € N, j € |, ,c v, 7
and! € L. To simplify notation, le7; = J,,c ., Z."- If nodei is the source node of sessibn.e.,

i = s(1), andg is the scaling factor for(l), then

d fih)y=p-r(l)=0. (2.5)

JE€T;

If node: is an intermediate relay node for sessiphne.,i # s() andi # d(l), then

j#s(l) p#d(l)
=Y fal). (2.6)
JET; pET;

If node: is the destination node of sessign.e.,i = d(l), then

S fuill)=B-r(1)=0. (2.7)

peT;

It can be easily verified that if both (2.5) and (2.6) are $iatis (2.7) must also be satisfied. As a

result, it is sufficient to list (2.5) and (2.6) in the formtitan.

In addition to the above flow balance equations at each nddeeach sessioh the aggregate
flow rates on each radio link cannot exceed this link’s caga@&b model this mathematically, we

need to first find the capacity on lirk, ) in sub-bandm, k). If nodei sends data to nodeon

(m,k
]

sub-bandm, k), i.e.,x ) = 1, then the capacity on link, 7) in sub-bandm, k) is

cgn’k) = ™ WM Jog, (1 + —gijQ) :
n

wheren is the ambient Gaussian noise density. Note that the derdonimside the log function
contains onlyy. This is due to one of our interference constraints statelieed.e., when node
i is transmitting to node on sub-bandm, k), then all the other neighbors of nodevithin its

interference range are refrained from using this sub-b@h. interference constraint significantly
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(m,k)

helps to simplify the calculation of link capacit)}?’k). Whenxf.;”’ ) =0, we havec;; ™ = 0.
Thus,cg"’k) can be written in the following compact form.
an,k) = a:g"k) MR ) 1og, (1 + _915'7@) . (2.8)

Now getting back to our earlier requirement that the aggeedata rates on each lirfk j) cannot

exceed the link’s capacity, we have

s(D)#£7,d(1)# K(m)
m,k
RNTUE Sl 9Pt
leL mEMi]' k=1
K (m)
meM;; k=1 n

2.3 Problem Formulation

For the multi-hop CR networks we are investigating, varioedgrmance objectives can be used
as optimization objective. In this thesis, we use the ndtwlmroughput as measured by a scaling
factor of session rates in the network as our performancectig. In this case, network through-
put can be measured in terms of the multiplication of theiisgdhctor and the initial session rates.
It is not hard to see that the solution procedure in this thisshot constrained by the particular

objective. The solution procedure can be extended to taifer performance objectives if needed.

To re-cap, we are given a set of source-destination paiey @@mmunication sessions) in the
network each with a certain assigned rate. Each node in ti®riehas a set of available frequency
bands that it can use for communication. We want to find ther@btsolution to divide the set

of available frequency bands in the network, the schedwinifpese sub-bands for transmission
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and reception at each node, and multi-hop routing for eaghdlech that network throughput (as
measured by a scaling factor of session rates) in the networlaximized. Mathematically, we

have the following optimization problem.

Max 3
S.t. Zk 1 umk) — 1 (m € M)
Sgerm wiy ) <1 (ieN,meM;, 1<E<K™) (2.9)
Mk)+2q67m at <1 (ieN,meM;, jeT™,

1<K<K™ peTl pAi)  (2.10)

lé?&]d #me( )— Zme./\/l” f(l)W(m log2<1+%> (MR g (mok) < ) (ieN,jeT)

Yjer fif() = B-1(l) =0 (L€ L,i=s(l))
SO ) - S £ =0 (L€ Lyie Ni# s(l),d(l))

2™k — or1,u(™k >0 (ieN,meM; jeT™, 1§k§K(m))

)

ﬁ?fzj(l)zo (l€£726N727éd(l)7.7EZ)]#S(D)7

mk’)!

whereW (™ g, Q, n, andr(l) are all constants and, :1: s, u™*'s andf;;(1)'s are all opti-

mization variables. In (2.10)" is defined as
I;n = {p : dpg < Rla,];)m 7£ @}7

which is equivalent to

PrUGY T £,

Pt otherwise.
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This compact form enables (2.10) to include both (2.3) ard) (2 the formulation.

The above optimization problem is in the form of mixed-irgegon-linear programming (MINLP)
problem. MINLP models are NP-hard in general [17]. AlthowghMINLP problem on a small-
sized network, e.g., several nodes, can be solved by existiftiware, e.g., BARON [21], it is not

feasible to solve such problem in a larger network with safendue to its time complexity.

Our approach to this problem is as follows. We first relax thteger variables in the previous
formulation so as to make it a standard LP problem . Usingekalt from the LP problem as an

upper bound, we design an SF algorithm, which we show achiesar-optimal result.

2.4 Solution

2.4.1 Relaxed Formulation

The integer variablesf»;l’k) and product of variablesl(;”’k)umv’“) in the formula make the prob-

lem nonpolynominal. In the relaxed formulation, we canxdlze integer requirement orf;“k)

(m,k)
1j

< 1 and replacepl(.;”’k)u(m»’“ with a single variable, sayﬁ?”“)

, i.e., slmk)

with 0 <z ij

w"Pulmk) < 08 Then new problem formulation becomes:
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Max 15}
s.t. KOV mb) = (m e M)
> germ st —qtmk) < 0 (ieN,meM;, 1<k<K™) (2.11)
so ) 4 2 gety SomR) _ y(mk) < (ieN,meM;jeT™,

1<k<K'™ peIl p#i) (2.12)
O 1) = oneaa, Tt W logy (14252) o0 <0 (i€ N, € T)
S jer Fisl) = B-r(1) =0 (€ L,i=s(l)
SO fi(0) = 0 fa() =0 (L€ Li € N,i# s(D),d(1))
ulmk) s > (ieN,meM;jeT™ 1<k<K™)

fi() =0 (leL,ieN,i#d(l),jeT;, j#s(1))

This new formulation falls into a standard LP problem, whaatm be solved in polynomial time.
The solution to this LP problem can be used as an upper boutigtobjective function of the

original MINLP problem.

2.4.2 An Algorithm Based on Sequential Fixing

Before we start describing the algorithm, we now go back awmgwesome helpful properties of
the original MINLP problem formulation in section 2.3. Na#ithat it will be reduced into an LP

problem if the integer variable has been determined eithmr D Once the binary variables are
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chosen, i.e., whether or not a sub-band in certain node witidtupied for transmission, the rest

of computation can be solved with an LP problem, which candreedn polynomial time.
We propose an algorithm based on an SF manner. It is a twasstefion procedure:

e Fix the binary values fo;tg;.“’k) iteratively in polynomial time.

e Find the final solution once variables are all fixed.

It is important to decide how to fix the binary values in thiotatep solution. With the relaxed

formulation in Section 2.4.1, we can get a value within th&]@egion instead of the binary values

k)

for all xf;”k) Our main idea is to set the relaxed value, e a:f;” < 1to a binary value, i.e.,

xg”k) =1lor :cf;”k) = 0. During each iteration, at least one binary value for sojﬁjék) will be
setto 1. Specifically, in the first iteration, we relax all dip variabIeSrZ(.;”’k) to0 < xE;”k) <1

by the linear relaxation. A solution with alf/"*) = s{"*) /u(™» being a fraction between 0 and
1 is solved after the first iteration. Among all theséractions, we selectgy“k) with the largest
value, and then we fix it to 1. Subsequently, we can set sonmes otariables to 0 based on the

constraints brought in section 2.2.4, i.e.,

o fix xf;"k) to O forq € 7, andq # j by the coloring constraint in (2.9), and

o fix x%’k) to 0 forp € I7",p # 1, andq € 7" by the generalized coloring constraint in

(2.10).

After the first iteration, some variables will be fixed to 1 or 0, while the remainingvariables

have not been fixed. We update the LP problem for the secaomadide as follows. For thosegmk)
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Sequential Fixing (SF) Algorithm

1. Setup and solve the initial relaxed LP problem as shown in Section 2.4.1.

2. Suppos&g”’k) is the largest among all thevalues that remain to be fixed, fix thié;.”’k) =1.
(m,k

Also fix z;, ) (for ¢ € 7, andq # j) andx%’k) =0 (forp e I7",p # 1, andq € 7,").
3. Ifall z values are fixed, go to Stép

4. Otherwise, reformulate and solve a new relaxed LP problem with nevelgt fixariables and go to Step

5. Formulate an LP problem based on all fixedalues. Obtain a solution to this LP problem.

Figure 2.3: Sequential Fixing (SF) algorithm.

(m,k)

that are already fixed to 1, sine%”’k) =z, ul™k) = 4 (mF) we can replace the corresponding

2" by ut™*)'s. For thoser{"™""s andz};"* that are fixed to 0, we can sef”" = 0 and

s;’;"’“) = 0. Now all the terms in the LP involving thesevariables can be removed and the

corresponding constraint in (2.11) and (2.12) can also ieved.

In the second iteration, we solve the updated LP problem anddrex variables to either 1 or O
based on the same technique in the first iteration. This peocan be done iteratively as long as
there are any remainingvariables to be fixed. Eventually the iteration will termimand we have

all z variables fixed to either O or 1.

Once allz variables are fixed, we can solved all the other variablels avgingle LP. The detailed

algorithm is shown in Figure 2.3.



Chapter 2. Optimal Spectrum Sharing: Theory and Algorithm 26

2.5 Simulation Results

2.5.1 Simulation Settings

In this section, we present simulation results for our Sherilgm and compare it to the upper
bound obtained in Section 2.4.1. The units for distance, &td power density are shown in Ta-
ble 2.2. We considdV'| = 12 nodes in the network. Among these nodes, theré&re- 2 active
sessions, where each session has an initial flow bit ra2@ &fb/s. We assume the transmission
range of each node i#) m and the interference range7s m. The path loss index is assumed to
be4. The white Gaussian noisgis set tol0~ W/KHz. The transmission power spectral density

at a node i9072 W/KHz.

Table 2.2: Units involved in the simulation study.

Item Unit Range
Distance m 10* — 10?
Bandwidth KHz | 10? —10°

White Gaussian noiseW/KHz 107?

Flow Kb/s | 10?2 —10?

Table 2.3 shows the frequency bands available in the netindHe simulation.
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Table 2.3: Available bands among all nodes in the networkénsimulation study.

Band Index| Bandwidth (KHz)| Allowed Number of Sub-bands
I 130.0 2
[l 300.0 3
1l 417.5 4
v 625.0 4
\% 925.0 )

2.5.2 Results for Two Specific Instances

In this section, we show two specific instances, which areddBcenario A’ and “Scenario B”.
Table 2.4 shows the X and Y position of all nodes in the netvilotkese two scenarios. Table 2.5
shows the available bands at each node under each scemagenéral, there are more spectrum

bands available to nodes in the network in Scenario A thasetlio Scenario B.

In both scenarios, we consider two active communicatiosises. The first session is from node
1 to node 12 and the second session is from node 2 to node 10ssiga éhe initial session rate as
20 Kb/s for both sessions. Table 2.6 and Table 2.7 show thela&a for these two scenarios. In
Scenario A, the network throughput calculated by SF algoriis 281.54 Kb/s, the upper bound
obtained by linear relaxation is 281.54 Kb/s and the scdhatpr is 14.077. In Scenario B, the

network throughput is 155.20 Kb/s, the upper bound is 15KI28 and the scaling factor is 7.76.
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Table 2.4: X and Y position of all nodes in Scenario A and B.

Node Index| X position (m) | Y position (m)
1 0 55.5
2 15.73 9.25
3 32.04 37
4 15.73 92.5
5 50.54 6.85
6 50.54 106
7 32.04 74
8 69.04 37
9 85.29 18.5
10 85.29 101.8
11 69.04 74
12 101.1 55.5

28
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Table 2.5: Available bands setting.

Node Index| Available Bands in Scenario A Node Index| Available Bands in Scenario B

1 3,5 1 3

2 2,4,5 2 1,4
3 1,3,45 3 2,1
4 1,45 4 4,51
5 2 5 2

6 1 6 1

7 3,4 7 4,3
8 3,4 8 2,4,5
9 2 9 2
10 2,3,4 10 2
11 1,2,3,5 11 2
12 2 12 2
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Table 2.6: Solution for Scenario A.

30

Link Band | Sub-band Bandwidth(KHz) || FIOW f,odei nodej(session) | Rate(Kb/s)
1—-2 | 3 1 138.43 fi2(1) 39.63
1—3 3 3 25.37 fi3(1) 137.59
1—3 5 2 161.22 f17(1) 104.32
1—7 5 5 141.48 f23(1) 39.63
2—3 2 2 288.30 f38(1) 177.22
37 3 1 242.79 Sz (1) 104.32
3-8 5 3 379.50 fs12(1) 177.32
7—11 | 4 1 384.30 fir12(1) 104.32
§—11 | 3 4 139.10 f23(2) 281.54
8 —12 | 4 2 240.69 f37(2) 178.99

11—10| 3 1 138.43 f38(2) 102.55
11—10| 3 2 114.57 fr11(2) 178.99
11—-12| 1 2 130.00 fs11(2) 102.55
11—12| 2 1 11.69 fi1.10(2) 281.54
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Table 2.7: Solution for Scenario B.

31

Link Band | Sub-band Bandwidth(KHz) || FIOW f,odei nodej(session) | Rate(Kb/s)
1—3 3 1 210.47 fi3(1) 155.20
1—7 3 4 130.40 f38(1) 155.20
2—1 4 4 366.11 fs12(1) 155.20
2 — 3 4 3 52.49 f23(2) 58.98
37 1 2 80.00 f37(2) 58.98
3-8 2 1 160.52 f17(2) 96.22
3-8 1 1 49.99 f21(2) 96.22
711 | 4 2 210.51 fr1(2) 155.20
§8—12 | 4 1 25.42 fi1.10(2) 155.20
§—12 | 5 1 185.36

11—10| 2 2 139.47
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2.5.3 Complete Simulation Results

In Table 2.8, we show simulation results fai0 data sets fott 2-node networks that can produce
feasible solutions. For each data set, the network topokmyrce/destination pair and bit rate of
each session, and available frequency bands at each nodendmenly generated. As discussed,

we compare the result obtained by SF algorithm with the uppand developed in Section 2.4.1.

Figure 2.4 shows the ratio for the result obtained by the §Brahm with respect to the upper
bound for100 data sets. The average ratio for ¥ simulations i9).92. The standard deviation
is 0.08. We find that the ratio of the solution obtained by SF to theengymund solution is close

to 1 (in many cases, they coincide with each other). Based on tiessgts, we can make two

observations.

e First, since the optimal solution (unknown) is between thlatoon obtained by the SF algo-

rithm and the upper bound, the upper bound is very tight;

e Second, the SF solution must be even closer to the optimum.
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Figure 2.4: Ratio of results obtained by SF algorithm andltesbtained by upper bound solution

for 100 simulation runs.

Table 2.8: Simulation results for the 100 data setR2efiode

networks.

Index Result by SF (Kb/s) Upper Bound (Kb/s) Scaling Factor

1 281.54 281.54 14.077
2 155.2 155.2 7.76
3 359.88 359.88 17.994

Continued on Next Page. ..
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Table 2.8 — Continued

Index Result by SF (Kb/s) Upper Bound (Kb/s) Scaling Factor

4 270.5 322.75 13.525
5 203.85 203.85 10.1925
6 133.56 133.56 6.678

7 245.02 245.15 12.251
8 204.86 264.96 10.243
9 271.17 271.17 13.5585
10 185.8 185.8 9.29

11 150.58 150.58 7.529
12 214.26 214.26 10.713
13 291.09 333.37 14.5545
14 235.83 255.83 11.7915
15 151.61 151.61 7.5805
16 144.69 176.78 7.2345
17 260.12 265.55 13.006
18 263.98 263.98 13.199
19 357.66 357.66 17.883

Continued on Next Page. ..

34
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Table 2.8 — Continued

Index Result by SF (Kb/s) Upper Bound (Kb/s) Scaling Factor

20 204.73 209.21 10.2365
21 134.61 134.61 6.7305
22 225.58 245.58 11.279
23 232.43 246.43 11.6215
24 284.26 284.26 14.213
25 196.69 247.68 9.8345
26 127.26 127.26 6.363
27 236.97 275.97 11.8485
28 214.37 248.37 10.7185
29 265.11 295.07 13.2555
30 198.64 216.13 9.932
31 109.21 109.21 5.4605
32 232.86 264.56 11.643
33 244.18 244.18 12.209
34 215.58 248.68 10.779
35 133.52 144.15 6.676

Continued on Next Page. ..
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Table 2.8 — Continued

Index Result by SF (Kb/s) Upper Bound (Kb/s) Scaling Factor

36 135.66 135.66 6.783
37 295.09 312.78 14.7545
38 226.83 257.83 11.3415
39 215.97 245.97 10.7985
40 187.58 187.58 9.379
41 44.24 44.24 2.212
42 267.98 267.98 13.399
43 246.05 246.05 12.3025
44 212.76 264.86 10.638
45 82.85 100.01 4.1425
46 102.1 102.1 5.105
47 244.43 245.43 12.2215
48 293.62 366.15 14.681
49 295.09 412.78 14.7545
50 202.96 202.96 10.148
51 51.83 51.83 2.5915

Continued on Next Page. ..
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Table 2.8 — Continued

Index Result by SF (Kb/s) Upper Bound (Kb/s) Scaling Factor

52 229.37 229.37 11.4685
53 294.86 312.22 14.743
54 243.98 243.98 12.199
55 184.91 244.51 9.2455
56 43.35 43.35 2.1675
57 266.29 326.13 13.3145
58 272.88 359.03 13.644
59 217.43 243.83 10.8715
60 82.81 99.95 4.1405
61 143.65 175.12 7.1825
62 255.53 255.53 12.7765
63 273.23 289.01 13.6615
64 2715 312.75 13.575
65 201.35 207.85 10.0675
66 129.76 133.56 6.488
67 272.3 297.66 13.615

Continued on Next Page. ..
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Table 2.8 — Continued

Index Result by SF (Kb/s) Upper Bound (Kb/s) Scaling Factor

68 293.93 409.92 14.6965
69 270.17 322.13 13.5085
70 235.8 246.39 11.79
71 180.58 186.19 9.029
72 293.62 405.15 14.681
73 265.91 265.91 13.2955
74 284.25 310.02 14.2125
75 177.61 181.24 8.8805
76 155.69 166.67 7.7845
77 233.97 275.97 11.6985
78 219.98 263.98 10.999
79 241.05 241.05 12.0525
80 204.73 209.21 10.2365
81 131.31 134.61 6.5655
82 242.58 245.58 12.129
83 244.43 244.43 12.2215

Continued on Next Page. ..
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Table 2.8 — Continued

Index Result by SF (Kb/s) Upper Bound (Kb/s) Scaling Factor

84 260.26 260.26 13.013
85 186.69 186.69 9.3345
86 124.26 127.26 6.213
87 243.97 249.97 12.1985
88 244.37 244.37 12.2185
89 235.97 265.97 11.7985
90 168.64 168.64 8.432
91 129.21 14411 6.4605
92 264.86 299.86 13.243
93 233.18 233.18 11.659
94 235.58 235.58 11.779
95 123.37 123.37 6.1685
96 125.66 125.66 6.283
97 265.91 265.91 13.2955
98 280.25 300.02 14.0125
99 245.97 245.97 12.2985

Continued on Next Page. ..
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Table 2.8 — Continued

Index Result by SF (Kb/s) Upper Bound (Kb/s) Scaling Factor

100 177.28 184.85 8.864

40



Chapter 3

Emulation Testbed Design and

Implementation

3.1 Objective

The objective of the emulation testbed is to validate the I§6rahm proposed in Section 2. By
“emulation” testbed, we mean a testbed setup in a lab envieon where real protocols and al-
gorithms are implemented on each node. Although the testbathintained in an indoor lab
environment, we are still able to test how an actual wiretetsvork would behave by configur-
ing the network connectivity topology. In fact, an emulatiestbed combines the best benefits of
both real world experimental trial and purely softwaredshsetwork simulations. Like real world
implementation, real protocol are used at each node in #ibad and experiments. Unlike real

world implementation, the actual experiments can be caedio the convenience and comfort of

41
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an indoor lab environment rather than in an outdoor open.flaldthermore, an emulation testbed

can easily create the desired network operating envirohwigimreproducible experiment results.

In this chapter, we first introduce the hardware setup antivaoé architectures, we will also

describe key software components within the software techire.

3.2 Testbed Hardware Setup

Our emulation testbed consists of 12 Dell Optiplex desktnops one Dell Precision Workstation,

as shown in Figure 3.1. The Dell Precision Workstation sea® Dynamic Switch [25]. It is

Figure 3.1: Testbed hardware

equipped with three Intel Pro/1000 GT Quad ports Ethernapteis that interconnect 12 Dell

Optiplex desktops (see Figure3.2).
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Wl | = —

Figure 3.2: Dynamic Switch

Among the 12 Dell Optiplex desktops, two of them are used estlurce nodes and another two

are used as the corresponding destination nodes.

Dynamic Switch was designed by T. Lin et. al [25]. It servesa g@hysical layer switch that inter-
connects multiple hosts based on a given network topologg dperating system on a Dynamic
Switch machine is Linux Redhat 9 with a modified kernel. Dyma@witch is capable of emu-
lating a multi-hop wireless network without any changestménd nodes. All the end nodes are
connected through Ethernet cable to the Dynamic Switch.Oyreamic Switch forwards packets
to the proper outgoing network interfaces based on the inmpmetwork interface. Using this
switch, researchers can dynamically construct differemivork topologies by simply uploading

different topology files. Dynamic Switch machine is trarmgpd to all the connected end nodes.
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Figure 3.3: An experimental topology

Such transparency makes it possible to implement the deph@ocols on the nodes based on

experimental needs. A sample topology set up by DynamiccBvistshown in Figure 3.3.

3.3 Software Architecture

Figure 3.4 shows the protocol layer and software architeatfiour testbed. The software archi-

tecture contains three main components: source node essrebuter and destination node. The

communication within these three components is based or/lBRRer an Ethernet environment.

The connectivity of the Ethernet ports of these end nodesariolled by a Dynamic Switch.

The end-to-end communication process consists of theswitpcomponnets:

1. The source nodes takes an input file that specifies avasgigictrum bands at each node.
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Figure 3.4: The software architecture of our testbed.
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2. The algorithm at the source node computes the solutiospectrum allocation, scheduling,

routing and flow rate.

3. H.263 encoder encodes the video clip based on the caduiate.

4. Video frames are packetized and source routing is usewfiting.

5. Packets goes through UDP/IP and Ethernet stack and aremgha Dynamic Switch.

6. The Dynamic Switch performs routing based on informaiiotine packet header.

7. The destination node receives packets and saves therffen bu

8. Packets are read out from the buffer, decoded and digplaye

9. PSNR curve for the video stream is computed and displayed.

In the rest of this section, we describe these componentaiates, intermediate node, and destina-

tion, respectively.

3.3.1 Source Node

A source node needs to know the spectrum information at eadh for the entire network. A
source node needs to update the available spectrum takkgldlale spectrum at a node changes in
the network. With the available spectrum information asgut file, a user starts by first choosing
the desired algorithm (i.e, SF algorithm or LGA ). Eitheraithm generates text file as its output:

containing bit rate for video encoding and routing pathgfiervideo. H.263 encoder take the rate
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Figure 3.5: The Control Panel.

text file as input, and a video clip is encoded into frames wiitbh bit rate. The control panel will
packetize each frame and the corresponding routing infitomés inserted into the packet header.

Packets are forwarded to the next hop via IP/UDP socket.

The software design and implementation at a source node otfe of our implementation effort.
It includes the design and implementation of Control Panelalgorithm, LGA algorihtm, H.263

encoder, packetization, and inter-node communication.

e Control Panel

Figure 3.5 shows the GUI of the Control Panel program. The @b®anel provides an

interface to the user to view and configure the network toppland available spectrum at
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B citRate(kbis)

Figure 3.6: The Control Panel: Topology.
each node.

In the emulation testbed, we consider 12-node network aadhesphysical settings in Ta-

ble 2.4.

The network topology is shown in Figure 3.6, and the avagiaplectrum bands at each node
can be set in Figure 3.7. In this testbed, each node has a aeaitdble bands which can
be changed. For instance, in scenario A, node 1 has bands 3 amavailable band, and
node 2 has bands 2 ,4 and 5. In scenario B, only band 3 is awa#allode 1, and bands 1
and 4 are available at node 2. The bandwidth (KHz) and the pumiballowed sub-bands

for each band are also shown in the middle of Figure 3.7. Aatmmunication sessions
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Figure 3.7: Available spectrum at each node

in the network are also shown in the window. All these speatavailability, number of
sub-bands and active session information are saved in &leexwhich is used as input for

computation.

On the Control Panel, we can select different scenarios dswadlfferent algorithms to run.
After we make these settings, the source node Control Pafigbnoadcast the spectrum

information and the chosen algorithm to all the source nadése network.

e Sequential Fixing Algorithm

The key part in the implementation of SF algorithm is to sawvelLP problem. LINDO
Application Programming Interface (API) [26] is incorpted for this purpose. LINDO API

is designed to solve a wide range of optimization probleroluding linear programs, mixed
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integer programs, quadratic programs and so forth. SokmigP problem with LIDNO API

involves the following steps:

create LINDO environment;

create and specify a model in the environment;

perform the optimization;

retrieve the status and model solution.

The main task here is to build up a model, along with its speatifon. This includes setting
of the number of constraints, the number of variables, thecton of the optimization, the
coefficients of the objective function, the constant in thgotive function, the right-hand
of the constraints, the coefficients, and the upper and Ibbwands on the variables. In our

implementation, LINDO API is integrated with C.

e H.263 Encoder

H.263 [27] is a low bit rate video codec designed by the ITUtTs an evolutionary codec
based on H.261 [31] standards. It supports a wider range sitbsusource formats and
provides a higher coding efficiency than H.261. MoreoveB@3.supports scalable video
coding which can improve the delivery of video informatiorerror-prone, packet-lossy, or
heterogeneous environments by allowing multiple dispktes, bit rates, and resolutions.
The high coding efficiency makes the H.263 family widely eoyeld by video conferencing

applications, such as the Microsoft NetMeeting.

In our emulation testbed, we use the H.263 source code fr@h [Zhe H.263 encoder
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encodes a YUV format video clip in a given frame rate and tanafe. We set the frame rate

at 20 frames per second, and the target rate is determindekyantrol Panel.

e Packetization

With the paths inforation from the output file of the algonthwe employ source routing
technique in the packetization procedure. After SF algoridecides the routing paths,
packetization program gives each packet a sequence numtexdals the list of Node ID

into the packet header.

1 byte 1 byte
-~ 8 N 2 ™
Routing header { # hops left host ID hostID | ... (length varies)
Video header { (10 bytes)

(length varies)

///_/N/

Video data

Figure 3.8: Format of video packet [35].

Similar to the technique explored in [35], the video packedder is shown in Figure 3.8,
which consists of two parts: routing header and video healdee routing header contains
the information about source routing and is used by all theers on the path to carry out

forwarding. Specifically, it contains

— number of remaining hops.

— host ID.
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In the emulation testbed, we use a subnet mask of 255.258.&%5ll the IP address of the
nodes in the network (the first three bytes of a node’s IP addse192.168.1). In the routing
header, only the host ID (identified by the last byte of thea®dP address, instead of the
whole IP address) is stored. When a router checks the rouéiader for next hop address,
the router gets the host ID of the next hop node. Combining éxé mop ID with the first

three bytes of IP address, the next hop IP can be calculated.

Since the routing solution for the SF algorithm may be mpittih, the video packetization
program will assign each packet an end-to-end path basedeorotiting solution. In the
packetizaiton implementation we use the following formiol@etermine how many packets

are assigned to each path:

Given n paths, the rate for pathis R;, wherel < i < n. In each round there are
packets being sent through thes@aths. Theth path will sendk - R;/ > | R, packets.
For example, suppose that the SF algorithm results in twiispaiand B, where the bit rate
on A is 60 Kb/s and bit rate orB is 40 Kb/s, the packetization server will send the first 3

packets through patH, and the next 2 packets through pa@thand so forth.

3.3.2 Intermediate Relay Node

The router program is the kernel program of our emulatiotbeek Router keeps listening to the
incoming sockets. Upon receiving a video packet, the routiécheck the packet header for the

next hop address and forward the packet.
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When a router decides to forward a video packet, it will deseeae number of hops field by one,
and remove the first host ID (which is the host ID of the next)lfopm the header. After updating

the packet header, this packet is forwarded to the next nodeg #he path.

3.3.3 Destination Node

A destination node decodes received frames and displaygdie. Since in the SF algorithm,
the packets are forwarded through multi-path, video packaist be buffered before they are
used for decoding. In the receiver initialization phaseloghbof memory buffer is allocated for
storing frames. When a video packet is received, the buffelag@ment module in the destination
program will save the packet in the correct position of thi#dmaccording to the packet sequence
number. When the buffer is half full, we will start decodingdatglisplay each frame. In our
implementation, we set the buffer to be 500 frames so thatitte® can be streamed smoothly. In

case of missing frames, we simply re-play the last decodeddr

To compare different scheme, we display the current streguamd previously received video clip
in the same window (Figure 3.9), the latter of which was sawed temp file. To compare the
video qualitatively, both the PSNR curves of the currergastn and replayed stream are displayed.

The GUI at destination decodes and displays the receivebyas shown in Figure 3.9.
Computing PSNR

Peak Signal-to-Noise Ratio (PSNR) is the ratio between thamrman possible value of a signal

and the value of corrupting noise that affects the fidelitytofepresentation [32—34]. PSNR can
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~Nowplaying

~Replaying

Now Playing
Ave. PSNR:
Replaying

Ave. PSNR:

Figure 3.9: Output window at destination node.
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be used as a measurement of the quality of a reconstructeejmad is a popular metric for image

compression and video quality measurement.

With the wide dynamic signal range, PSNR is usually expiéssterms of the logarithmic decibel
scale [34]. Assume the source imaflg, j) has a format of\/ x N and a reconstructed image
F(i,7), which is reconstructed by decoding the encoded versigitiof ). For YUV images, error
metrics are computed on the luminance signal (Y) only, sgptkel valuesf (i, j) range between

black (0) and white (255).

PSNR is most easily defined via the mean-squared-error (MBSt reconstructed image which

is considered a noisy approximation of the original one.Rdatatically, it is defined as follows:

NGNS () — Fli )P

MSE = ==
S M x N
PSNR in decibels (dB) is then defined as
MAX,? MAX;
PSNR = 10lo = 20lo .
910( MSE) glO(\/M—SE)

Generally, when samples are represented Withits/sample, maximum possible value/afA X,
is 28 — 1 [34]. In our caseM AX is the maximum pixel value of the image. When the pixels are
represented using 8 bits per sample, this is 255. For a tyipie@e compression, a PSNR value is

between 30 to 50 dB.



Chapter 4

Experiments

4.1 Objective

In this chapter, we conduct experiments to evaluate ourga®g approach and demonstrate its

potential. Specifically, we want to demonstrate

e SF algorithm is a viable approach to compute near-optimedtspm sharing for all nodes in
the network;

e SF can be practically implemented on a testbed;

e SF outperforms another algorithm that is based on layerecb{(ghled) approach.
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Figure 4.1: Network topology in experiments.

4.2 Network Setting

Throughout the following three experiments, we use thevalhg network topology as shown in

Figure 4.1.

In the emulation experiments, we keep the same units foamtist rate, bandwidth and power
density as the simulation experiment in Section 2.5. Weidend 2 nodes in the network, among
which there are two active user communication sessionsnidalirate of20 Kb/s is allocated to

each of these sessions.

The transmission range at each node is identical, which wenas to be 50 m. The interference
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range is set to 75 m. The path loss index is assumed to be 4.abkgiound noise is assumed

to bel - 107"W/KHz. The power spectral density is assigned td beé0—3W/KHz.

We assume there are five bands that can be used for the erttirerkeln the experiment, each
CR node has a subset of these five bands available based ocait®iio The available bands at
any two nodes in the multi-hop CR network may not be identi¢#. assume band | to V can be
further divided into 2, 3, 4, 4, and 5 sub-bands althoughrailsirable divisions can also be used.
Details of the frequency spectrum allocation are shown bl€lda.3. Under SF algorithm, within

each band, the sub-bands may be of unequal size.

4.3 Video Codec

Once SF gives a solution, we stream video clip through theorétbased on this solution. We
create two video clips from movie “World Trade Center” andu@iLies” in YUV format for each

active user session. The H.263 coder will encode the vidpaasth the bit rate provided by the
SF algorithm. The frame rate of H.263 Codec is 20 frames/dee r@solution of video is in QCIF
format (176 x 144). During the demo, 1500 frames will be transmitted from therse node to the

destination node.
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Available Bands Settings for Scenano A

Node1 BB | | |
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Node3 1 3 4 5 |
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Nodes 3 4 | | |
Node9 2 | | |
Nodel10 [2 (3 4 | |
Nodell 11 |2 3 [5 |
Node12 2 | | | [

Figure 4.2: Spectrum setting in Scenario A.

4.4 Experiments

In this thesis, we conduct three experiments comparing hand the Layered Greedy Algorithm

(LGA). The details of LGA is given in Appendix A.

4.4.1 Experiment 1: SF Algorithm

In this experiment we want to show performance of the SF dlgar Given the spectrum setting
in Figure 4.2 (Scenario A), we first run the SF algorithm (whéan be done within 10 seconds)
and then transmit the video for each session. The bandwilditation and the flow bit rate result
is shown in Figure 4.3, and the video stream from source nddeléstination node 1 is displayed

at destination node 1 (see Figure 4.4).
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Figure 4.3: SF result for Scenario A.
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PSNR
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v o o Now Playing
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20 dB Replaying

Ave. PSNR:

10 dB

Figure 4.4: A snap shot of video displayed for scenario A ui8fealgorithm.

4.4.2 Experiment 2: Comparison of SF to LGA Under Scenario A

LGA is tested and compared to SF in the experiment. FigursHo/s the bandwidth allocation
and the flow bit rate information in each session. Once the Hibwate is determined by LGA,

we encode the video according to this rate. Figure 4.6 shamsp shot of the video under LGA
(left window), with the right window displayed the playbaskthe video under SF algorithm. As
shown in Figure 4.6, the average PSNR under SF algorithm.&35{B, which is better than the

average PSNR under LGA (45.01 dB).
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Figure 4.5: LGA result for Scenario A.
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~Nowplaying - Replaying
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Now Playing
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ave.PsNr: 50.43dB
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10dB

Figure 4.6: A snap shot of video displayed for scenario A canmg LGA with SF algorithm.

4.4.3 Experiment 3: SF vs LGA Under Scenario B

We now let spectrum change to scenario B. Details for Sceilaaiee shown in Figure 4.7. Com-

paring with Scenario A, Scenario B has less available sperctn the network.

First we run SF algorithm again as we did in the first experim&he result is shown in Figure 4.8
and Figure 4.9. The solution provided by SF algorithm hastaoré throughput of 155.20 Kb/s.
We then test how LGA algorithm performs in Scenario B. As dieced from Figure 4.10 and
Figure 4.11, the network throughput by LGA is 47.91 Kb/s. H&NR average for the video
encoded by the SF algorithm rate is 44.16 dB, and the PSNRga/éathe one encoded by LGA
rate is 37.13 dB. Thus, we find that the result calculated byl@tithm is much better than LGA

does.
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Available Bands Settings for Scenano B
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Figure 4.7: Spectrum setting in Scenario B.
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Figure 4.8: SF result for Scenario B.
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Figure 4.9: A snap shot of video displayed for scenario B u&#ealgorithm.
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Figure 4.10: LGA result for Scenario B.
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Figure 4.11: A snap shot of video displayed for Scenario Banmg LGA with SF algorithm.
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Conclusions

In this thesis, we studied the important problem of spectstiaring in a multi-hop CR network.
The programmability of radio nodes enabled by CR plays a k&y iroefficient spectral shar-
ing. The behaviors and constraints for a multi-hop CR netvi®haracterized and modeled. A
mathematical optimization problem is formulated with thgeative being maximizing the net-
work throughput for a set of user sessions. The optimal moiuncludes the division of available
frequency bands into sub-band in the network, the scheglolirsub-bands for transmission and
reception at each node, and multi-path routing for each@esSince the problem formulation is
a mixed integer non-linear programming (MINLP), which isIN&d in general. We design a cen-
tralized algorithm based on an SF technique, where theeniegiables are determined iteratively
via a sequence of linear programs. Simulation results shaivsplutions obtained by this algo-
rithm are very close to the upper bounds obtained via ralaxathus suggesting that the solution

produced by the algorithm is near-optimal.
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For comparison purpose, we also modified and implement anatlgorithm, called Layered
Greedy Algorithm (LGA). To evaluate the performance of oppmach, we designed and im-
plemented an emulation testbed. This testbed is able toucbrittmo experiments with video
applications in multi-hop CR networks. Based on the experimesults, we find the SF algorithm

is a viable approach to maximize network throughput, whigtperforms LGA.
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Appendix A

Layered Greedy Algorithm

In addition to SF algorithm, we also implement Layered Gyegljorithm (LGA) in the testbed
and compare it to SF. LGA is a natural approach to address leangposs-layer optimization
problem, which first fixes the routing and then determinessitteeduling in a greedy manner.

LGA for CR network consists of the following two steps.
Step 1: Determining Routes

The objective of the LGA is exactly the same as what we dismigs Section 2.3, and the CR
network modeling is basically the same as what we have do8egtion 2.2 except for the routing

part. We consider the same scheduling constraints in LGA.

The algorithm determines the path by Minimum Hop Routing (MHRWiIll first calculate the
MHR path for each session by a breath-first-search apprdamheach active user session (from

its source node toward the corresponding destination), &g have a set of paths containing
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the same minimum number of hops. We do an exhaustive seardlfthe combinations of
MHR paths for the active sessions. The possible capacityinén({, j) in sub-band(m, k) is
it = W™ log, (1 + %). If one link is shared by multiple sessions in a certain coration,

we allocate the link capacity to each session proportignAlinong all the paths, the one with the

maximum possible scaling factor is selected.
Step 2: Solving the Scheduling Problem

In the scheduling of LGA, the frequency band is equally diddinitially, we set all links’ scaling
factor as 0. In each iteration, we select the bottleneckwhich has the least scaling factor. We
then try to assign sub-bands to such bottleneck link. Theesssheduling constraints are consid-
ered in LGA scheduling. We count how many times each sub-basdoeen used in the paths.
We then choose the least used sub-band and assign this sdbflitasatisfies all the scheduling
constraints. The scheduling terminates if no more sub-$aad be assigned into the bottleneck

link.
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Layered greedy algorithm

Find MHR paths with maximum possible scaling factor.
1. Use breath first search to find all MHR paths for each session.
2. If there are multiple MHR paths for the sessions, we choose the pathffdnatthe maximum possible
scaling factor.
Scheduling
1. Initially, all links’ scaling factor are set to.
2. For the bottleneck link — j with the least scaling factor, we assign the least used available sul{spahd
to node, i.e., setng?’“ = 1 and update the scaling factor, where sub-b@ndk) is available if it satisfies all the
scheduling constraints.

3. If no more sub-bands can be assigned to the bottleneck link, LGA terminate

Figure A.1: Layered Greedy Algorithm.
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