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Abstract

IEEE 802.22 is a cognitive radio based Wireless RegionabhAetwork (WRAN) standard that
allows opportunistic access to idle or under-utilized 908-MHz TV bands by unlicensed (secondary)
networks. Though most of the standard has been laid oug thstill no consensus on the channel access
policies for the uncoordinated secondary networks. Hetieepossibility of interference always exists.
Moreover, in the absence of any control channel, the prolémstablishing a connection becomes
even more challenging, more so in the presence of hiddenmheants.

In this paper, we address the above mentioned self-coagistproblem among the IEEE 802.22
networks and provide novel solutions to improve the IEEE.8Rair-interface. We use an interference-
aware graph theoretic technique and propose utility gragbring (UGC) for allocating spectrum to
different IEEE 802.22 base stations such that they can wi-@ith the least interference, thereby
maximizing the system spectrum utilization. We also comsallocation fairness among the networks
in terms of minimal fairness, proportional fairness, andhptete fairness. With the spectrum allocated
to the IEEE 802.22 networks, we propose enhancements tcEtBE B02.22 MAC layer to maximize
spectrum usage efficiency. In particular, we make use ofeaggion and fragmentation of channel
carriers, dynamic multiple broadcast messages, and ajggemntention resolution. Through simulation
experiments, we show how the proposed techniques can sectba spectral efficiency and spectrum
utilization, and still maintain fairness. We show that tipeatral efficiency obtained with UGC is more
than three times compared to the existing standard. Thegeerumber of collisions among the IEEE
802.22 enabled devices are significantly reduced resuitinigw connection set-up delay, enhanced

system performance, and higher spectrum allocation fax ttansmissions.
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I. INTRODUCTION

Radio spectrum are usually statically allocated for vagisreless networking services for
the military, government, commercial, private and pubditesy systems. Though such long-term
static allocations have certain advantages in terms ofsayler and management, it has been
demonstrated through experimental studies that specttiization is time and space variant.
Thus, conventional static spectrum allocation resultsuinoptimal use of the spectrum— over-
utilization in some bands and under-utilization in othetk Another problem static spectrum
allocation often faces is due to the modification of old textbgies. For example, in case of
VHF, UHF bands reserved for television broadcast in the ésh@tates, allocation &f MHz per
TV channel was based on old analog NTSC system even thoutgr betlity video can be now
broadcast with almost 50% less spectrum per channel [2]erGitie pervasive penetration of
cable—TYV, this precious spectrum, though allocated anceowremains unused in most locations.
This observation has led to spectrum usage and access pefiicyns [3] anddynamic spectrum
access(DSA) based orcognitive radio(CR) [4] is seen as a viable option that can help the
current reforms.

One of the efforts that is seen as a solution to the currenttspe scarcity problem is
the proposition of thdEEE 802.22standard. IEEE 802.22 is a cognitive radio-based wireless
regional area networks (WRANSs) standard that would allogvdhused, licensed sub—900 MHz
TV bands to be used by unlicensed users on a non-interfeasts f5]. To protect the licensed
services (primary incumbents), IEEE 802.22 devices araired| to perform periodic spectrum
sensing and evacuate promptly upon the return of the licknsers (spectrum etiquettes).

Even though the primary user protection mechanisms (pyireacondary spectrum etiquettes)
have been predominantly studied and designed in IEEE 832a2®lard [6], the critical issue of
ensuring quality of service (QoS) among IEEE 802.22 netwthkemselves, i.e., in other words,
maintainingself-coexistencésecondary-secondary spectrum etiquettes) have not blekressed.
In a system where unlicensed devices share the spectrum tinedpresence of licensed incum-
bents, the issue of self-coexistence among multiple CRabpex in an overlapping region is
very significant. In areas with analog/digital TV transnoss and wireless microphone services,
unused channels are already commodities of demand. Thierpalof self-coexistence becomes
even tougher as the networks do not have information aboighatbands other secondary CR
networks will choose. Different from other IEEE 802 stamtfawhere self-coexistence issues
are only considered after the specification essentiallynaified, it is required for IEEE 802.22



to take the proactive approach and mandate to include selistence protocols and algorithms
for enhancing the medium access control (MAC) as a revisiothe initial standard [8]-[10].

In this paper, we focus on the self-coexistence of IEEE 8D2&works by designing new
enhancements to the existing IEEE 802.22 air-interface.iestigate this problem using a
two-tier architecture (macroscopic and microscopic Jigfast, we use a novel graph theoretic
technique to dynamically allocate spectrum to the IEEE Z22etworks such that interference
across the networks is minimized (macroscopic tier — sa#fxistence among multiple networks).
However, even with the allocated spectrum to a BS, the CPHEsnithe coverage area of the BS
would not know how to communicate with that BS. This is beeatisere is no predefined channel
for the CPEs to establish connection with the BS or other C&#Ethe IEEE 802.22 networks
share the spectrum bands dynamically with the TV transomssiThus in the microscopic tier,
we investigate and propose flexible MAC layer features famashgic connection establishment
through reduced control signaling and increased spectsageaifor data communication. More
specifically, the contributions of this paper are:

e We address the issue of self-coexistence among multipldapgeng 802.22 networks. We
formulate it as agraph coloringmodel on spectrum allocation and study the spectrum access
problem in a time and space variant manner. We study a cadatirspectrum allocation approach
instead of the greedy approach taken by the BSs.

e In this regard, we propose a network controlled spectrunesseceechanism calledtility
Graph Coloring (UGC)where 802.22 BSs behave collaboratively to minimize therfatence
obtained from the system. Three different constraint fiamst are considered while allocating
spectrum among BSs through UGC: minimum fairness, propuati fairness and complete
fairness. Jain’s fairness index is also studied for thelseations.

e We show how the spectrum allocation among 802.22 BSs throlig@ mechanism outper-
forms any other spectrum allocation mechanism. We analgepectral efficiency in the IEEE
802.22 networks in this regard.

e With the spectrum allocated to the IEEE 802.22 networks, megse novel MAC function-
alities for IEEE 802.22 BSs and CPEs that are effectivelyduseincrease allocated spectrum
usage efficiency, i.e., increased spectrum usage for datemoaication through significantly
reduced control signaling. We also focus on the problem dtiém incumbent (defined later)
sensing and avoidance by IEEE 802.22 networks.

e We propose a beacon based dynamic multiple broadcastiregngclnd enhance the con-



tention resolution mechanism among IEEE 802.22 enabletteewith the help of aggressive
contention resolution protocol. Analysis shows that thieagrced IEEE 802.22 MAC outperforms
the existing legacy IEEE 802.22 MAC.

e We conduct simulation experiments to demonstrate that tpgsed mechanisms help
IEEE 802.22 systems in significantly increasing spectruitityuand spectral efficiency. Hidden
incumbents are detected quickly with the enhanced flexibdCNayer and dynamic connection
is established with less delay. Control signaling is alseatly reduced increasing spectrum
utilization for data transmission from the allocated speut

The rest of the paper is organized as follows. In section d,provide a brief discussion on
the related works for dynamic spectrum access and cogmdii® networks. In section Ill, we
present an overview of the existing system architectur&BH 802.22 and its MAC air-interface.
The problems of self-coexistence and hidden incumbentdavaie are also discussed here. In
section 1V, we formalize the problem of self-coexistencehwgraph theoretic technique and
propose a collaborative spectrum allocation algorithntedaltility Graph Coloring Spectral
efficiency for IEEE 802.22 networks following UGC is analgze section V. In section VI, we
address the issue of hidden incumbent problem. In sectionsithulation models and results
are presented. Conclusions are drawn in the last section.

II. RELATED WORK

As far as dynamic spectrum sensing and access are concéneesljs an emerging body of
work that deal with different decision making aspects, @ssand challenges in cognitive radio
network setting. Energy detection have been largely usgdih [12], [13], [14] to monitor
primary spectrum usage activity. Spectral correlatioredasgnal detection for primary spectrum
sensing in IEEE 802.22 WRAN systems is presented in [15h&ige-based spectrum sensing
algorithms are presented in [16] to investigate the presexicAdvanced Television Systems
Committee (ATSC) DTV signals. In a similar effort, sequahtpilot sensing of Advanced
Television Systems Committee (ATSC) DTV signals is caroed in [17] to sense the primary
usage in IEEE 802.22 cognitive radio networks. In [18], aeldvequency sensing method is
proposed known as dynamic frequency hopping (DFH). In DRétgimboring WRAN cells form
cooperating communities that coordinate their DFH operativhere WRAN data transmission
is performed in parallel with spectrum sensing withoutiintptions. The aim here is to minimize
interrupts due to quiet sensing. In [19], a novel metricezhlGrade-of-Service (GoS) is defined



and the trade-off between miss-detection and false alarstudied for optimizing spectrum
sensing performance.

Though most of the above mentioned works focus on primargtap®a usage sensing, how-
ever, the issue of self-coexistence among multiple CR rnddsvare not considered. Such in-
terferences can largely be modeled using conflict graphsgaagoh coloring formulation (e.g.,
see [20], [21]). A broad survey on resource allocation idutat networks and WLAN though
graph coloring mechanisms can be found in [22], [23], [22B][ [26] and in the references
therein. However, most of these works do not consider theaalyt availability of spectrum
bands due to the presence of primary users and thus can naeb#dydapplied to IEEE 802.22
network spectrum sharing. The research in [27] investgyite channel assignment problem in
a multi-radio wireless mesh networks using graph-colosngh that a given set of flow rates are
schedulable. In [28], the dynamic channel allocation problis formulated as graph coloring
problem where dynamic channel availability is observedigystecondary users. In [29], spectrum
allocation and scheduling problems are studied jointlyagrative radio wireless networks with
the objectives of achieving fair spectrum sharing. Howgedlr channel divisions are treated
equally here. In [30], a distributed, real-time spectrunarsiy protocol called On-Demand
Spectrum Contention (ODSC) is proposed that employs ictigeaMAC messaging among the
coexisting 802.22 cells. However, control signaling isagieincreased through extensive MAC
messaging. Game theoretic approaches are recently beeggigated in [31], [32] for distributed
coexistence. In these research, channel assignment prabfermulated as a multi-player, non-
cooperative, incomplete information game that attempwotaverge to a Nash Equilibrium point.

IIl. THE IEEE 802.22 SSTEM

Before proceeding further, let us briefly discuss some of¢héures of IEEE 802.22 networks
and their shortcomings that are relevant for this research.

A. Architecture of IEEE 802.22

The core components of the IEEE 802.22 system are the basenstéBSs) and the Con-
sumer Premise Equipments (CPEs) as shown in figure 1. A BSdlpimanages its own
cell by controlling on-air activity within the cell, includg access to the medium by CPEs,
allocations to achieve quality of service (QoS) and admrs$o the network based on network
security mechanisms. In order to provide primary-protetgtihe 802.22 system follows a strict



masters/slave relationship, wherein the BS performs asemasd the CPEs as the slaves. No
CPE is allowed to transmit before receiving proper auttadi@n from a BS. The operations of
BS/CPEs can be divided into two major categories: sensinigt@msmitting/receiving data. If
any of the channels used by 802.22 network is accessed bicémséd incumbents, the primary
task of 802.22 devices is to vacate the channels within tlaarmél move time (2 seconds) and
switch to some other channel. To get the knowledge of theepiesof licensed incumbents and
their usage of channels, BS and CPEs periodically perforammél sensing. Depending on the
incumbent detection algorithms proposed and their effeés the general spectrum sensing
process in divided into two categoridast sensingandfine sensing6].

IEEE 802.22 BS
IEEE 802.22 CPE

Fig. 1. An example of IEEE 802.22 system

B. MAC Layer of IEEE 802.22

The standard as detailed in [6] defines both PHY and MAC laywesfocus on the MAC
layer in this research. The existing MAC of IEEE 802.22 hasinud the features similar to the
MAC of 802.11 and 802.16. However, few distinguishing feasumake the 802.22 MAC worth
mentioning.

Initial connection establishment

Initial connection establishment in IEEE 802.22 differsnfr that of the previous IEEE 802
standards such as 802.11 or 802.16. Though connectionlisstabnt in a true centralized
network, should be simple, it is not so for IEEE 802.22 beeatsre is no pre-defined channel



for the CPEs to establish connection with BS as these nesashire the spectrum band with
licensed devices. Thus there is no way for a CPE to know whanro#l to use to establish the
initial connection with a BS.

In IEEE 802.22, when a CPE is switched on, it follows the medrma of listen before
talk by scanning all the channels in the licensed TV band to deéterrthe presence of any
incumbent in the interfering zone and builds a spectrum eisagort of vacant and occupied
channels. The BS, on the other hand, also follows the sambani& of sensing spectrum and
periodically broadcasts using an unused frequency chamhelbroadcast from the IEEE 802.22
BS is differentiated from other TV broadcasts by the preansieint at the start of each OFDMA
frame. If a CPE can locate the broadcast sent from the BSeit thnes to that frequency and
then transmits back in the uplink direction with an uniquentifier; BS thus becomes aware of
the existence of the CPE. Authentication and connectioistragjion is then done gradually.
Frequency of operation and service capacity
In the typical standard version, the 802.22 system opétatasmits using thé MHz channels
(TV bands in US are typically 6 MHz). The spectral efficieneyges from).5 bit/sec/Hz to5
bit/sec/Hz, thus resulting in an average data raté8oMbps and maximum upt80 Mbps in a
single6 MHz TV band [5], [6]. However, different channel sizes arsaasupported by the IEEE
802.22 standard. The architecture consists of one or moM/MAC air interface module and
are empowered with capability to take advantage of the sanabus availability of multiple
vacant TV channels— contiguous or not. Moreover the archite allows fragmenting carriers
to selectively tune to partial channels avoiding intenfieee and cross-talk.

The current standard defines provisions for aggregatimgliog up to three 6 MHz channels
thus making it up to 18 MHz. Separate sets of OFDMA carriees @ased on each channel
to increase the data transmission rate at the time of chasorading/aggregation. In general,
approximately 2K carriers are used for each channel of 6 Mhizs making it 6K carriers to
transmit data at a high rate while aggregating/bonding 3wcéks together.

Spectrum usage report

Once the initial connection is established, the spectruageigeport is then sent back to the
BS from the CPE in the form of feedback. The BS upon acceptafdbe feedback takes
decision on spectrum usage. When more than one CPE triegaiolisls an initial connection,
then contention-based connection setup similar to thaheflEEE 802.11 takes place after all

the CPEs tune to the broadcasted channel.



C. Shortcomings of existing IEEE 802.22 MAC

Since IEEE 802.22 networks share the spectrum bands wigmded devices, the devices
cannot know a priori what frequency bands other devices pegabing on. Therefore, dynamic
spectrum access among IEEE 802.22 networks is of utmostriampee so that the interference
among IEEE 802.22 networks can be minimized; else the timowtgand quality of service
(QoS) would be compromised and the whole purpose of DSA welbkaten [31], [32], [33].
Different from other IEEE 802 standards where self-coexisé issues are only considered after
the specification essentially is finalized, IEEE 802.22 a@CRherefore took the proactive
approach and planned to include self-coexistence pratcmad algorithms for enhanced MAC
as revision of the initial standard conception and definitj6], [7]. This gives birth to two
very important inter-related problems: (i) how does BS ire dBREE 802.22 network decide
on the set of channel(s) that can be used for communicatimssdthe entire network so that
interference to/fronother IEEE 802.22 networkis minimized (self-coexistence) and (ii) how
can these channels be chosen such that interference toshtoen primary networkss avoided
(hidden incumbent avoidance).

Self-coexistence: In a system like 802.22 where unlicensed devices are sh#nmgpectrum
under the presence of licensed incumbents, the issue e¢@ekistence among multiple 802.22
operators in an overlapping region is very significant. l@aarwith analog/digital TV transmis-
sions and wireless microphone services, unused chanreslslraady commodities of demand.
In such a scenario, when multiple IEEE 802.22 networks dpdray multiple operators (or,
service providers), overlap, it is highly probable that thgerators will try to act greedy and
hog the available bandwidth. As all the operators will acthia same way, this may result in
interference among 802.22 networks themselves. Thus aneeffichannel allocation method
needs to be used such that the interference is minimizethoddth the exact methodology
for interference mitigation in 802.22 networks is yet unkmo we propose an algorithm that
increases the spectrum utilization.

The hidden incumbent problem: If an incumbent (e.g. TV transmitter) starts up with the
same frequency near the CPE but outside the BS sensing y¢g@BS has no way of sensing
this TV transmission. The BS thus is hidden to the incumbénttfinsmitter but one or more
CPEs associated to it are not hidden to the incumbent (reger2~ hidden incumbent region).
This scenario is referred to as hidden incumbent problene. TRE can detect the incumbent
transmission in-band, but the BS can not. The BS will comitnansmission and might create



interference to the devices in the hidden incumbent regibtie. CPE will have no way to report
this licensed incumbent. If it transmits at the same frequenith which it is connected to

the BS, it will result in harmful interference to the incunmbeOn the other hand, due to the
centralized nature of the IEEE 802.22 network (on-air @tis of CPE is controlled by BS),

the CPE can not choose any other channel to connect to the B&ast permitted by the BS

to use any other channel.

CPE Rx region

T
\
TV Tx
Hidden incumbent
region
802 22BS

BS/CPE sensing region

Hidden incumbent
region

Fig. 2. IEEE 802.22 hidden incumbent scenario

Similarly, if a CPE switches on and desires to connect to atB8,CPE will scan all the
channels for periodic broadcast. But if there is a nearbyrmuent already transmitting with the
same frequency as the BS periodic broadcast frequency,saadtside the BS sensing region
but inside the CPE receiving region (hidden incumbent regi® shown in Fig. 2), the CPE will
not be able to decode the BS broadcasting frequency. Thistsens a three-fold problem. The
CPE might think that there is no IEEE 802.22 BS transmittinthat time and might switch off.
Similarly, if the BS does not receive any feedback from th€&eCiP might think that there is no
CPE alive and might stop broadcasting after a certain nurmbbroadcasting periods. Last but
not the least, for the duration of the broadcasting period,BS will cause harmful interference

to the primary receiver.



IV. INTER-CELL SPECTRUMALLOCATION FOR SELF-COEXISTENCE

When multiple 802.22 networks (BSs) operate in close prayinm an overlapping region,
each BS’s aim is to grab as much spectrum as possible to gergerresponding CPEs without
coordinating with other BSs. This greedy approach leadsdeased interference to the operating
BS and the neighboring BSs thus degrading the performandbeosystem. To alleviate the
problem of rise in interference, we propose an efficient spactallocation algorithm to increase
the spectrum utilization and reduce the interference.

A. Assumptions and Problem formulation

We assume that there aihe 802.22 BSs competing for unused licensed spectrum. The @mou
of the unused spectrum is time variant. The key concept keé&fficient spectrum allocation
is to find appropriate chunks of spectrum in such a manner aoBBs can coexist without
interfering neighboring networks.

We consider that the utility/; achieved by the BS depends directly on the throughput
obtained, which in turn depends on the spectral bandwidtBth is operating on. We assume a
simple interference model among the overlapping BSs. WhwerBiSs are within a certain phys-
ical proximity and transmitting using the same frequencigdbar overlapping frequency bands,
interference will occur. If their interference exceeds 8IBIR requirements, both transmissions
will fail resulting in zero utility achieved by both the BSs.

We consider multiple overlapping 802.22 networks usingaplrtheoretic model. We define
an undirected grapty = {V, E, B}, whereV is the set of vertices denoting all BSs in the region.
E is the set of all undirected edges denoting the interferaoeestraints among the BSs, i.e.,
if any two distinct vertices have an edge between them, theyrathe risk of interfering with
each other if using the same frequency baBds the total available spectrum band not used by
the incumbents and is usable by the 802.22 networks. Morgosout loss of generality, we
assume that the topology information of this overlappirgjae is known to all the 802.22 BSs
(as BSs are static) and the BSs will be honest in providinghair acquired graph information.

We investigate the self-coexistence problem frorseatralized controllerperspective. This
model is consistent with the dynamic spectrum allocatioocess that is controlled by a cen-
tralized spectrum manager (SM) [6], [2] as shown in the ugpef of Fig. 3. Since the SM is
responsible for collecting and distributing the spectrumailability, there is no need for the BSs
to directly exchange information with other BSs.
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Fig. 3. Spectrum allocation architecture using Spectrunmader (SM)

Apart from the technical standard defined for SM, there aheroteasons why we prefer a
centralized mechanism than a distributed one. As shownQjy §8distributed, real-time spectrum
sharing protocol called On-Demand Spectrum Contention§OPDis investigated that employs
interactive MAC messaging among the coexisting 802.22sceflowever, control signaling
is greatly increased through extensive MAC messaging tkdsiaing the effective spectrum
utilization. Moreover, distributed graph coloring is pmrhed in number of iterations (by back
and forth message passing) [34]. With increase in the nurobarodes or spectrum bands
participating in the distributed mechanism, the lack oflagitity is often a concern.

B. System constraint functions

Before proceeding any further with the spectrum allocatieh us briefly explain various
system constraints that we consider and then we explain hopoped algorithm works with
each of the system constraints. The objective of the spmcallocation problem among IEEE
802.22 networks is to maximize the system utility expressed

N
maximaize ZU,- Q)
i=1
under any of the various system constraints as follows. i1whork, we assume three different
system constraints and study how our proposed design wopddate under each of these



constraint functions.

1) Minimum fairness: The aim is to maximize the total utilaghieved by all the BSs under
the constraint that all the BSs must get at least a certairuataf spectrum, which we
denote asB, ;.

2) Proportional fairness: The aim here is to maximize thaltetility achieved by all the BSs
under the constraint of some proportional fairness catefihe criteria for proportional
fairness that we follow in this work is to prioritize the BSsost, which interfere with
least number of other BSs and so on. This mechanism of alhgcapectrum will help
BSs to be cooperative with other BSs and not follow any gresggjyroach that may harm
the system performance.

3) Complete fairness: Under this constraint, all the BSstima&ted equally. The problem in
this approach is known asagedy of the commor85].

C. Spectrum Allocation through Utility Graph Coloring

We model the spectrum allocation process among BSs usingréph coloring technique.
The graph coloring problem [36] is to color each vertex usangplor taken from existing color
list. The constraint in such coloring is that if an edge exis¢tween any two distinct vertices,
then those two vertices can not be same colorable. Thougbptimal graph coloring problem
(i.e., proving that number of colors needed to color the grepindeed minimum) is known
to be NP-hard in searching and NP-complete in decision,ntlma solved in reasonable time
with the traditional graph coloring heuristic [37]. Moresy the number of BSs that coexist
and compete with each other is in the order of 10's due to tlyla larea coverage capacity.
Thus the complexity of the graph coloring problem does natér the proposed mechanism.
The working of the traditional graph coloring heuristic @lighm is as follows. The vertices
(initially uncolored) are sorted in non-increasing ordérdegree and are then colored in that
order, maintaining the graph coloring constraint that ifemlye exists between any two distinct
vertices, then those two vertices can not be same colorable.

We propose an extension of the above graph coloring algoréind call it Utility Graph
Coloring (UGC). The aim is to find divisions of spectrum, such thatjseof spectrum bands
and thussystem utilitycan be maximized under varioggstem constraint functiorgefined for
the system. In contrast to the traditional graph colorirgpathm where the colors do not carry
any weight and thus all colors are equal, in the UGC, we cendigterogeneity in the colors.



A color assigned to a vertex (BS) becomes associated witleetrspn chunk! assigned to the
BS. The bandwidth of that spectrum chunk denotes the weifjktheo color which is also the
utility achieved by the BS if the chunk is not interfered.

The implementation of the proposed UGC algorithm is divided two phases.

Phase 1: In this phase, we follow the principle of traditional grapblaring algorithm to find
the number of colors to color all the vertices. We do not asse@ny value to any color at this
phase and thus keep colors homogeneous. Let us assyne,, - - -, C,,, arem colors to color
all the vertices. With the completion of first phase, we getriow that the graph is:-colorable
and the available spectrum band needs to be dividedrintthunks to allocate spectrum to all
the BSs. Note that, bandwidth of each of the chunks is yet onvkn

Phase 2: In this phase, we follow the mechanism of UGC. We find ¢lceurrenceof the colors
in the graph. Let us assume the occurrence of the calgpr§, ---,C,, are Ny, Ny, ---, N,
respectively, wherelN; + N, + - - - + N,,, = N, the total number of base stations. Then for each
of the colors, we run UGC parsing (the complete UGC algoritempresented in Algorithm 1).
For each iteration, we keep the information which color hesuored the maximum number of
times and how many times. Let us assume that after all the del@tions, we find that, color
C,, has the maximum occurrence of in iterationi. We then choose iterationhand redefine
the occurrences of colois,, Cs, - - -, C,, as, Ny, N;,---, N} respectively.

Note that, traditional graph coloring aims to find the minrmuumber of colors needed.
The physical significance is that, in this way we can find thestns of the unused spectrum
needed to avoid interference. But traditional graph catpdoes not focus on maximizing reusing
(occurrences) of a color and thus can not maximize the speattilization. UGC provides major
improvement over the traditional graph coloring in termsiredreased system utility through
maximized reusing of a color even under various system cainstfunctions. In phase 1, the
traditional graph coloring provides the number of divisarf available spectrum required that
are used in phase 2 to manipulate thaimber of occurrences

Let us consider an example to illustrate how UGC works. Fer graph shown in Fig. 4,
with the traditional graph coloring algorithm, we find thhetgraph is3-colorable and we have
colored the vertices accordingly. The left-hand graphd{ti@nal graph coloring) in Fig. 4 shows
that ¢y, C, and C3 appearing, 3 and 1 times respectively. For example, if the current system

INote that, a spectrum chunk signifies a set of spectrum bands



Algorithm 1 Utility graph coloring algorithm
INPUT: Graph G

Phase 1:

— Color G with traditional graph coloring heuristic of calog nodes
with descending order of degree

— G ism colorable

Phase 2:

— FOR (each colof) {
check each node in G if it can be made calarithout
conflict to the other nodes’ colors made from Phase

Store the information of occurrences of each color aftes ifgiration:

}

— Select the iteration with maximum occurrence of a color agnall iterations and
assign bandwidths to the nodes accordingly under the @nsfunctions defined

operates in the 402-405 MHZ band, then the total availabdetspm is 3 MHz (i.e., 3000 KHz).
A proportional fair allocation results in a bandwidth 1008iKcorresponding to color’;, 1500
KHz corresponding to colof’; and 500 KHz corresponding to colok. The total system utility
is given by

U =2B(C}) +3B(Cs) + B(Cs), 2)

where B(C;) is the bandwidth assigned to col6f. Intuitively, a higher value of utility indicates
larger available data rate in the network. In this case, yiséem utility can be obtained as 7000
units from (2). Parsing this graph with our proposed UGC atgm, it is observed that’;
appears once,’; appears once, and; appearst times. This corresponds to a bandwidth 500
KHz corresponding to colat’, 500 KHz corresponding to coldr, and 2000 KHz corresponding
to color C5. The system utility for the UGC is

U = B(Cy) 4+ B(Cy) + 4B(Cs), ()

which yields a system utility of 9000 units, thus resultingain improved data rate of 28%. Hence,
it is observed that the UGC mechanism, maximizes spectrusera/hile avoiding interference
among the secondary networks.
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Fig. 4. An illustrative example of UGC for 802.22 networks

In general, depending on the constraint functions, theoastiaken for spectrum allocation
are as follows. We assume the graphiscolorable.
For constraint function 1: The whole spectrum band is divided inta chunks such that
the vertices with the color labeTl,, (maximum number of vertices in the graph) are assigned
the maximum possible spectrum as they would interfere .IeEs¢ essence of UGC here is
to maximize the system utility under constraint of minimuairfiess. The rest of the vertices
(BSs) will be assigned the minimum threshold frequenBy,,(,) to operate on. This mechanism
minimizes interference as the BSs with interference risit{ges with existing edge between
them) now operate on different parts of the spectrum bandebe@r, as maximum number of
BSs in the graph obtain the maximum possible spectrum baedsytstem utility is maximized.
The only drawback in this scheme is that fairness is minichized the BSs with other color
labels, i.e.,C4,Cs, - -+, C,,_1 are all treated equally.
For constraint function 2: Here, we try to maximize the system utility under the constraf
proportional fairness. Let us assume that after the UGGOngars completed, the occurrences of
colorsCy, Cy, - - -, C,, are redefined asy;, N, - - -, N}, respectively. Then the available spectrum
is divided inm different parts in the ratio ofVy : Nj : ---: N} and are assigned to vertices
with color bands’;, Cs, - - -, C,, respectively.
For constraint function 3: Here, our aim is to provide complete fairness among all the.BS
Thus in this mechanism, we divide the available spectrundbann equal parts and assign
each part to each of the non-interfering BSs.

Note that, though our proposed mechanism for self-coaxisteviz., Utility Graph Coloring
(UGC) is aimed at IEEE 802.22 WRANS, the principles are geremough and can be extended
to any resource-conflict environment.



V. SPECTRAL EFFICIENCY FORIEEE 802.22NETWORKS USINGUGC

With UGC explained, we now analyze the spectral efficiendyieed through UGC in the
IEEE 802.22 networks. Spectral efficiency, measured indgitsHz, is defined as the amount of
information that can be transmitted over a given bandwidth specific digital communication
system. It provides an indication of how efficiently a linditeequency spectrum is utilized by the
physical layer protocol and/or the media access contrabtiier words, we can assume spectral
efficiency as a quantitative degree of measurement forceelkistence among the interfering
IEEE 802.22 networks. Let us show how the average specfiaiegicy increases with UGC.

We start with Shannon’s formula for the capacity of a banuted channel with additive
white Gaussian noise (AWGN) [38]. In our case, we are corezemiith not only the noise but
the interference caused by other IEEE 802.22 interferelishmbccupy the same spectral band
as the network under consideration. Shannon’s capécitan be written as

C = B logy(14+ SINR) (4)

where, B is the bandwidth in Hz and SINR is the signal to interferennd aoise ratio. The
spectral efficiency for bandwidtk can then be written a8 = % bits/sec/Hz.

With the definition of spectral efficiency given, we now try timd the average spectral
efficiency whereN IEEE 802.22 networks witllv BSs are competing for limited spectrum. We
compare both the spectrum allocation mechanisms, with atiw UGC. With UGC, spectrum
is allocated such that the available spectrum band is dividi® several non-interfering chunks
and these chunks are allocated to IEEE 802.22 networksafmitpinterference constraints such
that interference among the networks is minimized. Notd, théth this mechanism, though
the available spectrum band for each of the networks is Bytieduced, average number of
interferers will also be reduced which will eventually iease the channel capacity and also
spectral efficiency. To obtain the interference distribatat any IEEE 802.22 node, we consider
nodew as the receiver under consideration as shown in Fig. 5.

The receiving distancery for node w is defined as the maximum distance from which a
receiving node can correctly recover a transmitted sig8ailarly, the interference distance
r; is defined as the maximum distance from which a receiving reade sense a carrier. We
also consider a distaneg to represent the near field of node Whenr, < rrp we can safely
assume that the spatial distribution of the active nodesmesruniformly random. If we assume
that all nodes operate with omni-directional transmit aeckive antennas, then nodewill be



Fig. 5. Interference at node w from a local neighbor u

interfered by all nodes within the circle of radiug For example, node, while transmitting to
nodev, acts as an interferer to node By considering the spatial distribution of all the potahti
interferers, we can compute the distribution of the inteniee power as done in [39]. We use
the interference equation from [39], where tmeanvalue of the collected interference power
n from an interfering transmitter is given by,

4B (rg? = g™ (197 = g7

@A) 5 2 (1 —13) (k- 13)

n= ( 5)

where, P, is the desired receive power threshold. We also assumeigratl power in wireless
media decays proportionally to the distance raised to theepof a.

To find the number of potential interfering IEEE 802.22 BS¢hia interference areg = 7r?,
we proceed in the following way. We consider that there/grBSs that are uniformly randomly
scattered over a region of ared Then the probability that a IEEE 802.22 network has

neighbors in the interference range can be calculated usimagnial distribution

A A
The expected number of BSs within the interference rangenefl&EE 802.22 network can

Prob[n neighbors= <Nn_ 1)(ﬂ)n(l — E)N‘”‘1 (6)

then be given by
N-1

N; = > nx Prob[n neighbors (7)

n=0



Note that not all these BSs will create the interference ierBS under consideration. Out of
the many potential interferers only the ones that acqulredame frequency bands or partial non-
orthogonal frequency bands as BSwill be the interferers for network With this assumption,
the expected number of interferers for netwerkan be given by

Ny
N; =" n x Probln BSs using same or non-orthogonal channel as network i(8)

n=0
Using the interference distribution and average numbentafrierers from equations (5) and
(8), we calculate the spectral efficiency for netwarés
S
_— 9
* W + Ny x 7)> ©)
where)V is the additive white Gaussian noise and is giveVBy= B; x W,. B; is the frequency

E; = logy(1

bandwidth being used by netwoik
Considering spectral efficiencies ovar IEEE 802.22 competing networks, we express the
average spectral efficiency per IEEE 802.22 network as
N
i—1 i
Eaverage - ]\} (10)

Note that, the key concern in achieving better spectralieffcy and better system capacity

is choosing the frequency bandsg’s for the IEEE 802.22 networks in vicinity such that’,
the actual number of interferers, can be minimized. UGC dakéo account the interference
constraints with desired received power threshold whitgcating spectrum bands to neighboring
BSs such that the spectrum bands can be reused the maximubenahtimes. With the UGC in
effect, we find thatV; — 0; thus minimizing the possibility of actual interferers amdximizing
the possibility of increased spectral efficiency.

VI. ENHANCED MAC FOR EFFICIENT SPECTRUM USAGE

In Section IV, we have shown how the proposed UGC mechanitmadés spectrum to the
IEEE 802.22 networks (BSs) such that interference acrassehworks is minimized. The UGC
mechanism essentially finds the spectrum for each of the BSse.g., we get the right-side
of Fig. 4. However, even with the allocated spectrum to a B®, €PEs within the coverage
area of the BS would not know how to communicate with that BBisTis because, there is
no predefined channel for the CPEs to establish connectitntive BS or other CPEs as the
IEEE 802.22 networks share the spectrum bands dynamicéhytiae TV transmissions. A CPE



would not know what frequency bands other CPEs are operating\s a result, the challenge
for the WRAN devices is to discover other WRAN devices andlggh connection. This is
illustrated in Fig. 6, where the left side is the outcome &f thHGC mechanism (i.emacroscopic
tier spectrum allocation and the right side shows the network clouds where the dynamd
real-time connection establishment need to be investigteough reduced control signaling
and increased spectrum usage for data transmissiomfiggscopic efficient spectrum usaye
Thus, it is important to delve into the MAC layer features amtlerstand how the time-frame
structures can be manipulated to abide by FCC incumbentianoe guideline and yet increase
effective spectrum utilization. In Section VI.A., we adsisehidden incumbent avoidance by
dynamic multiple broadcasting. In Section VI.B., we propas novel aggressive contention
resolution with the help of multiple broadcasting to redeodisions among CPEs in network
initialization which reduces control signalling and stgrtdelay to a great extent and increases
effective spectrum utilization for data transmission.

2
(\  IEEE 802.22 CPE without knowledge
IEEE 802.22 BS of operating frequency band

Fig. 6. Macroscopic spectrum allocation to microscopiccadfit spectrum usage

A. Using foreign beacon period dynamically with multipleodcasting: Hidden incumbent

avoidance

In the existing standard, both TV transmitters (primaryrss@and WRAN BS (secondary
users) broadcast control signals for connection estabksit before actual data transmission



starts. This period of broadcasting control signals is kmag beacon period (BP). Beacon
period provides a mechanism for coordination of TV transimois and WRAN devices. Each
beacon period consists of three separate periogisvork beacon perioNBP), foreign beacon
period (FBP) andSense/Sleep/Beacon Peri®iSBP). NBP is used by primary incumbents for
broadcasting pilot signals carrying channel and powermétion while WRAN devices sense in
this period. FBP is used by WRAN devices for broadcastingtes. During SSBP, both primary
incumbents and WRAN devices stop broadcasting. In theiegi$EEE 802.22 standard, beacon
periods are pre-defined and BS periodically broadcastgusity single frequency channel.

Unlike the existing IEEE 802.22 standard, we propose usiaddreign beacon period duration
dynamically. To cope with the primary incumbents, we useatyic multiple outband broad-
casting in different frequenciesdndidate frequenci¢periodically. The BS will coordinate the
adaptive FBP and will announce the largest FBP duration oh eteration. The number of
broadcast messages by BS is updated dynamically dependitigedeedback received from the
CPEs. BS decreases the number of candidate channels iéatididate channels are decodable
by the CPEs (implying low probability of hidden incumbertusition) and increases the number
of broadcasting channels changing the candidate fregegni€éimost of the previous candidate
channels are not tuned up by CPEs. The reason behind bréiadcas multiple frequencies is
that even if a CPE encounters an in-band licensed incumbamrhission (hidden to the BS), it
still has ways to report this incumbent transmission to tBeuBing other candidate channels. The
BS then changes the service channel to some other unusedhandvercoming the problem
of hidden incumbent. In Fig. 7, we illustrate an example aidmn broadcasting where the first
superframe has the FBP length Diunits, whereas the second superframe has the FBP length
of 5 units.

Moreover, we divide the BS/CPE transmissions in two cafego(l) connection establishment
or channel hopping with the help of control signaling andd@ja transmission with the help of
data signaling. For control signaling, we use fragmentatibchannel carriers to minimize the
wastage of spectrum bahdnd aggregation of channel carriers for data transmissiomeiximize

2Note that channel carriers are not narrow bands and areienfficspaced to take care of narrow band fading. This is done
by means of calculating the coherence bandwidth. So onednsmléct carriers that are beyond the coherence bandwidtiaso
different carriers have different fading characteristidsw coding in frequency domain can be done to make sure treat i

the CPE/BS synchronize over a subset of carriers, we wilelsnchronization.
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Fig. 7. Dynamic beacon period

the bandwidth and data rate. In our simulation of IEEE 802&8vork (discussed later), we

use typicall or 2 MHz bands for control signaling.

B. Contention resolution among CPEs through spectrum usagert

Another functionality that we propose to the IEEE 802.22 M&Ghe addition of spectrum
usage report within the periodic broadcasting from BS to @REs. Currently, the spectrum
usage reports traverse from the CPEs to the BS but not the wene We mirror the spectrum
usage report in all the multiple broadcasting from the BSs Bpectrum usage report contains
the information of all control frequencies that the CPEs tame to in the uplink. Thus, in
contrast to the existing connection establishment prasedtl IEEE 802.22 where CPEs must
tune to the single broadcasting frequency and then foll@vctbntention resolution mechanism,
we propose that CPEs obtain information about all contretjfiencies for uplink. Obtaining
information about all control frequencies for uplink wilelp the CPEs in quick connection
establishment through reduced contention.

In this mechanism, CPEs sense the broadcast beacons fr@f tthering connection initiation.
Upon receiving the broadcast beacons, the CPEs intendiggrinect to the BS, measure the
signal to interference and noise ratio (SINR) to evaluagelitik quality. The SINR measured at
receiver (CPE)j associated with transmitter (B&)an be expressed as additive white Gaussian



noise
piGij
W+ 32 kG H (K, 5)

wherep; is the transmission power ofG;; is the link gain betweenand; and)V is the additive

SINR;; = (11)

white Gaussian noisé (k, j) is the interference function characterizing the interfiesecreated

by any other transmitting node to node; and is defined as

1 if k,j operating on the same frequency band
H(k,j) = (12)

0 otherwise

If the SINR (link quality) is below a certain pre-defined tbhheld ;) (which may be due
to primary incumbents), the broadcast is assumed to be matddéle. If the SINRs in all the
broadcastings are not decodable, the CPEs discard theefregubands and keep quiet. This
way, BS does not receive any connection request from the CiREsound-trip timer expires
and a different frequency band(s) is selected for broadoaiste next FBP. On the other hand,
if the SINR of a broadcast frequency channel is better tharttireshold?;, then the frequency
channel in the downlink is assumed to be avail@hl€PEs, which are able to decode the signal,
update their spectrum usage table, obtain the availablekufrequency information from the
beacon payload, and contend among themselves to connée BS. In this regard, we propose
a unigue aggressive contention resolution mechanism anitelg 802.22 enabled devices.

Aggressive contention resolution

As mentioned above, the CPEs tuning to the same uplink frezyueontend among themselves
with the contention resolution protocol similar to IEEE 80P The only difference in this
aggressive contention resolution protocol lies in gemagathe differentiated random backoff
number for collision avoidance. Instead of starting wite #ame random backoff range for all
the CPEs (as used in IEEE 802.11, e.Q,,7] before first transmission), we propose to use the
initial random number generation range as an inverse stegtifun of the SINR received. For
this purpose, we choose another SINR thresligldvhich is greater thad),;. Now, CPEs with
SINR greater thard), acts aggressively in choosing a smaller initial random b#alange than

3We assume that the channel is free from incumbent transsnissiplicitly.



the CPEs with SINR below),. Note that all the CPEs considered in this contention allgori
receive SINR abové);.

Let us present an example to illustrate the case. Let two CPBRd B receive SINR ag
and g, from one particular beacon broadcast. We assgme< ¢; < Q> < ¢2. According to the
proposed MAC,B’s initial random backoff range for example, would ke J], while A’s initial
random backoff range would b&®,[7]. If A and B still collide and generate random backoff
interval for next transmissionR’s interval will be [0, 7] and A’s interval will be [0, 15] and so
on. The justification behind such discriminatory range & tve want CPEs with higher SINRs
(or in other words, CPEs closer to the source of the beacoadbest) to be favored than the
CPEs far from the source. In other words, we are prioritizing CPEs with low latency to
lower the total system latency in establishing conneétion

We analyze the probability of winning a contention by a CPEynchronize to a BS under the
presence of existing and proposed random backoff valuesadstemel/ CPEs contend in the
uplink while N of those CPEs) < M) are close to the source of the beacon broadcasting in the
particular period, i.e.)N CPEs receive SINR abow@,. B is one such CPE (with SINR above
(22) whose probability of winning is to be determined. Let thigi@h random number generation
interval for all the CPEs in the existing MAC b8, [y — 1)]. While with the proposed MACN
CPEs generate initial random backoff number in the range dfc[— 1)], wherez < y. Then
the probability of successful transmission (or probapitf winning the contention in the first
transmission attempt) by in a particular slot with existing MAC can be given by

1\ jy — 1\ (v-1)
Pe:pis ing — \ )\ 7 (13)
= (5)(21)
The probability of success with proposed MAC is
= TN oy — 1\ (M-N)
Pproposed - (;) ( . ) (T) (14)
We defineP,,;, as the ratio ofF,,,poscd 0 Peyisting 8S
Proposea (=)
P win — propose — y 15
g Pexisting (%)N ( )

“Note that, the aggressive contention resolution is useg fol the quick connection establishment process and not for
the purpose of data communications among the CPEs and BS. diiee a CPE has tuned to a BS, it cannot take part in
the aggressive contention resolution mechanism any fuftirets data transfer. Rather, it will then revert back te thormal

contention resolution mechanism.



If  andy are large numbers such that we can assumeé ~ x andy—1 ~ y then equation (15)
can be reduced to (£)-1 ,

Poin =~ = 5 (16)
Pyuin > 1 asy > x. Thus probability of successful transmission of a CPE withppsed MAC
is greater than that with existing MAC.

If x andy are not large numbers such that- 1 # x andy — 1 # y, even then we find that
Pyoin > 1 for N < Ny, a7

where, N,,... IS the upper bound on how many CPEs can act aggressivelytameolusly. For
example, in the initial transmission attempts, Say;- 1) = 3 and (y — 1) = 7, after exhaustive
search we found that the upper boundofis 5.

VIlI. SIMULATION MODEL AND RESULTS

We conducted extensive UNIX based simulations to evaluaeimnprovement due to the
enhanced MAC air-interface and UGC spectrum allocatioaldations for enhanced and existing
schemes were done for a fair comparison. We also present hewutility graph coloring
algorithm (UGC) outperforms any other existing spectrutocation mechanism. We compare
our proposed UGC algorithm under all three system constfaictions.

A. Simulation model and parameters

We have developed our simulation model in C under UNIX emument. The experiments
have been carried out extensively and averaged ti@r runs to evaluate the performance. We
consider a topology of00 km radius region where multiple overlapping IEEE 802.22mueks
and licensed incumbents reside simultaneously. We prakensimulation parameters for our
experiments in table I.

B. Simulation results

In Fig. 8, we compare the total system utility achieved by ItBEE 802.22 BSs under utility
graph coloring spectrum allocation mechanism and greedycotiaborative spectrum hogging.
Licensed spectrum usage by incumbents are varied f80% to 75% of the total available



Simulation parameters Values
Total licensed spectrum band | 54 - 806 MHz
Number of overlapping BSs 8
BS/CPE receiving radius 30 - 33 km
BS/CPE sensing radius 30 - 50 km
Bi,.. 30 MHz
Control signal frequency 1-2 MHz
Data signal frequency 1-18 MHz
Broadcast control signaling interval 20 ms
Number of broadcast control signals 2-6
Received power threshold -35 dBm
Path loss exponent 3.0

TABLE |

SIMULATION PARAMETERS FOR802.22SYSTEM

spectrum. In the greedy non-collaborative approach, miogteospectrum bands are wasted due
to interference among the greedy and selfish base statitweseas under the collaborative utility
graph coloring mechanism, system utility is improved. Mer, it is clear from Fig. 8 that with
the increase in usage of the licensed spectrum band, thesedptility graph coloring method
produces better result than the non-collaborative approBor a comprehensive performance
evaluation of the proposed scheme, we present the resulés afi three constraint functions and
show that system utility is always better under the propasdgeme than the non-collaborative
approach.

In Fig. 9, we compare the performance of utility graph caigriwith the traditional graph
coloring method of spectrum allocation. It is clear thatgoeed utility graph coloring mechanism
outperforms the traditional graph coloring under both tle@straint functionsl and 2. For
constraint functiors, i.e., the complete fairness, any of the either methods dvpubvide same
result.

We present the fairness achieved with UGC in Fig. 10 for al gistem constraint functions
1, 2 and3 with changing primary incumbent usage. We use Jain’s fagmedex [40] to measure
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approach

the fairness parameter achieved by UGC. We find that in axhditd providing better system
utility than any other spectrum allocation mechanismsppsed UGC mechanism shows fairness
index more thar).5, even with the minimal fairness constraint, which is coaestd to be a
good fairness index. (This fairness index lies between 0laritlbeing most unfair and 1 being
absolutely fair.) Moreover, the system constraint functtad proportional fair utility maintains
an excellent fairness index 0£86 with the proposed mechanism of proportional fairness. As
obvious from the nature of system constraint functibif complete fairness, Jain’s fairness
index calculation indicates fairness parameteil ¢feating all the BSs equally.

In figure 11, we show the average spectral efficiency withaease in number of BSs (IEEE
802.22 networks). We find that spectrum allocation with UGGieves better spectral efficiency
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(almost close to ideal 5 bits/sec/Hz, which is the maximumecspl efficiency [41] that can be

achieved in the presence of zero interference — benchn#sdg, with increase in number of BS

the difference between UGC and non-UGC increases. Thiseprthe fact that allocating spec-
trum efficiently following interference constraints in UGQ#lays a key role for self-coexistence
and achieves better system performance. Next, the licesprdrum usage is varied dynamically
and spectral efficiency is calculated. In figure 12, we shosvaherage spectral efficiency with
increase in licensed spectrum usage. Note that, when primeumbent usage is low, both UGC
and standard non-collaborative spectrum access prodeties bpectral efficiency (though UGC
produces slightly better results). This is due to the faet thith low primary usage, unused
spectrum for secondary usage is sufficient so that even wticabed access to the spectrum
hardly produces overlapping of the bands and thus interéeres low. But with increase in
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primary usage, spectrum bands for secondary usage getStamdard, non-collaborative access
produces more and more overlapping of the bands and thugsmeare interference. While with

UGC, spectrum is allocated considering interference caimss and maximization of spectrum

reusage; thus minimizing the interference from other IEBR.82 networks, which eventually

produces high spectral efficiency even with high primarygesa

Next, we present the results to provide more insights on haweohanced air-interface would
improve the performance. In Fig. 13, we present the proibalaf a CPE (which just switched
on) to connect to a BS. For this scenario, we assumed there c®@mtention from other CPEs
but licensed incumbents (hidden and revealed) are acted@perating. As seen from the figure,
the probability of successfully connecting to a BS with tlyaamic multiple candidate channels
is more than the existing single frequency broadcast Siggpal

The average initial delay (under no contention from otheEC#® tune to a BS broadcasting
signal frequency against the licensed spectrum usage byninents is shown in Fig. 14. As ex-
pected, with increase in licensed spectrum usage by incotslfe.g., TV transmission, wireless
microphones etc.), the average delay increases, but tmagevdelay with the proposed scheme
is always less than the average delay with the existing MAC.

Next, we present the results in the presence of collisioos) fother IEEE 802.22 enabled
devices. In Fig. 15, we show average number of collisiongentered in initializing the network
connection against primary incumbents usage. In the agistandard, BS broadcasts single
beacon, enabling all the CPEs to snoop on the broadcast bdacmitialize transmission.
This results in an increase in the number of contending CBEthe same broadcast resulting
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in increased number of collisions. The proposed MAC with aiyic multiple broadcasting
distributes the initialization among multiple frequendyaanels and thus reduces the number of
contending CPEs for each broadcast beacon.

In figures 16(a) and 16(b), we present a more comprehensiu#é t# connection establishment
delay (delay between switching on and start of data trarsamsand receiving) with varying
licensed spectrum usage and contention with other CPEs.alalate the combined delays to
tune to a BS broadcasting frequency signal and then suctegdink transmission (transmission
of connection identifier and spectrum usage report) thrazmitention resolution mechanism.
It is evident from the figures that enhanced MAC (Fig. 16(bpvides better result in terms of
delay to initiate data transmission.

Last but not the least, Fig. 17 presents very important teauterms of system spectrum
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utilization (in percentage) for data transmission (y-akiem the residual spectrum for secondary
usage. As evident from the figure, in comparison to the eygsstandard, the enhanced MAC
layer functionalities increase the spectrum utilization flata transmission significantly, thus
justifying the design of the proposed system for efficierectpum usage.

VIII. CONCLUSIONS

In this research, we provided insights to the workings ofdbgnitive radio based IEEE 802.22
networks which are meant to harness the under-utilized TMibaWe discussed the problem

of self-coexistence (secondary-secondary spectrumedteg) and present an interference aware
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framework for IEEE 802.22 air-interface. We propose a tytitfraph coloring technique for
allocating spectrum to multiple IEEE 802.22 networks sd theerference across the networks
can be minimized. The allocations are done so as to satisfgdhired constraint functions such as
minimized fairness, proportional fairness or completenieés. We analyze the spectral efficiency
of the IEEE 802.22 networks and find that with the help of psggbUGC mechanism, spectral
efficiency is greatly increased resulting in highly effidieself-coexistent networks. To address
the interference issue to/from the primary incumbents atabéish dynamic and fast connection
in IEEE 802.22 network, we provided enhancements to theblleXYAC features that greatly
improved the performance compared to the existing IEEEZBORIAC standard mechanisms.
With the help of dynamic allocation of foreign broadcast dmes at multiple non-interfering
frequencies, we were able to use available spectrum effigiemen in the presence of hidden
primary incumbents. We also reduced the number of collsseomong the IEEE 802.22 enabled
devices resulting in quicker connection initializationm8lation results have demonstrated that
the proposed mechanisms provide better system utilityh Bigin’s fairness index along with
efficient spectrum utilization for data transmission angsleonnection establishment delay.
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