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Abstract

IEEE 802.22 is a cognitive radio based Wireless Regional Area Network (WRAN) standard that

allows opportunistic access to idle or under-utilized sub–900 MHz TV bands by unlicensed (secondary)

networks. Though most of the standard has been laid out, there is still no consensus on the channel access

policies for the uncoordinated secondary networks. Hence,the possibility of interference always exists.

Moreover, in the absence of any control channel, the problemof establishing a connection becomes

even more challenging, more so in the presence of hidden incumbents.

In this paper, we address the above mentioned self-coexistence problem among the IEEE 802.22

networks and provide novel solutions to improve the IEEE 802.22 air-interface. We use an interference-

aware graph theoretic technique and propose utility graph coloring (UGC) for allocating spectrum to

different IEEE 802.22 base stations such that they can co-exist with the least interference, thereby

maximizing the system spectrum utilization. We also consider allocation fairness among the networks

in terms of minimal fairness, proportional fairness, and complete fairness. With the spectrum allocated

to the IEEE 802.22 networks, we propose enhancements to the IEEE 802.22 MAC layer to maximize

spectrum usage efficiency. In particular, we make use of aggregation and fragmentation of channel

carriers, dynamic multiple broadcast messages, and aggressive contention resolution. Through simulation

experiments, we show how the proposed techniques can increase the spectral efficiency and spectrum

utilization, and still maintain fairness. We show that the spectral efficiency obtained with UGC is more

than three times compared to the existing standard. The average number of collisions among the IEEE

802.22 enabled devices are significantly reduced resultingin low connection set-up delay, enhanced

system performance, and higher spectrum allocation for data transmissions.
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I. INTRODUCTION

Radio spectrum are usually statically allocated for various wireless networking services for

the military, government, commercial, private and public safety systems. Though such long-term

static allocations have certain advantages in terms of oversight and management, it has been

demonstrated through experimental studies that spectrum utilization is time and space variant.

Thus, conventional static spectrum allocation results in suboptimal use of the spectrum– over-

utilization in some bands and under-utilization in others [1]. Another problem static spectrum

allocation often faces is due to the modification of old technologies. For example, in case of

VHF, UHF bands reserved for television broadcast in the United States, allocation of6 MHz per

TV channel was based on old analog NTSC system even though better quality video can be now

broadcast with almost 50% less spectrum per channel [2]. Given the pervasive penetration of

cable–TV, this precious spectrum, though allocated and owned, remains unused in most locations.

This observation has led to spectrum usage and access policyreforms [3] anddynamic spectrum

access(DSA) based oncognitive 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 current spectrum scarcity problem is

the proposition of theIEEE 802.22standard. IEEE 802.22 is a cognitive radio-based wireless

regional area networks (WRANs) standard that would allow the unused, licensed sub–900 MHz

TV bands to be used by unlicensed users on a non-interfering basis [5]. To protect the licensed

services (primary incumbents), IEEE 802.22 devices are required to perform periodic spectrum

sensing and evacuate promptly upon the return of the licensed users (spectrum etiquettes).

Even though the primary user protection mechanisms (primary-secondary spectrum etiquettes)

have been predominantly studied and designed in IEEE 802.22standard [6], the critical issue of

ensuring quality of service (QoS) among IEEE 802.22 networks themselves, i.e., in other words,

maintainingself-coexistence(secondary-secondary spectrum etiquettes) have not been addressed.

In a system where unlicensed devices share the spectrum under the presence of licensed incum-

bents, the issue of self-coexistence among multiple CR operators in an overlapping region is

very significant. In areas with analog/digital TV transmissions and wireless microphone services,

unused channels are already commodities of demand. The challenge of self-coexistence becomes

even tougher as the networks do not have information about which bands other secondary CR

networks will choose. Different from other IEEE 802 standards where self-coexistence issues

are only considered after the specification essentially is finalized, it is required for IEEE 802.22



to take the proactive approach and mandate to include self-coexistence protocols and algorithms

for enhancing the medium access control (MAC) as a revision to the initial standard [8]-[10].

In this paper, we focus on the self-coexistence of IEEE 802.22 networks by designing new

enhancements to the existing IEEE 802.22 air-interface. Weinvestigate this problem using a

two-tier architecture (macroscopic and microscopic tiers). First, we use a novel graph theoretic

technique to dynamically allocate spectrum to the IEEE 802.22 networks such that interference

across the networks is minimized (macroscopic tier – self-coexistence among multiple networks).

However, even with the allocated spectrum to a BS, the CPEs within the coverage area of the BS

would not know how to communicate with that BS. This is because, there is no predefined channel

for the CPEs to establish connection with the BS or other CPEsas the IEEE 802.22 networks

share the spectrum bands dynamically with the TV transmissions. Thus in the microscopic tier,

we investigate and propose flexible MAC layer features for dynamic connection establishment

through reduced control signaling and increased spectrum usage for data communication. More

specifically, the contributions of this paper are:

• We address the issue of self-coexistence among multiple overlapping 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 coordinated spectrum allocation approach

instead of the greedy approach taken by the BSs.

• In this regard, we propose a network controlled spectrum access mechanism calledUtility

Graph Coloring (UGC)where 802.22 BSs behave collaboratively to minimize the interference

obtained from the system. Three different constraint functions are considered while allocating

spectrum among BSs through UGC: minimum fairness, proportional fairness and complete

fairness. Jain’s fairness index is also studied for these allocations.

• We show how the spectrum allocation among 802.22 BSs throughUGC mechanism outper-

forms any other spectrum allocation mechanism. We analyze the spectral efficiency in the IEEE

802.22 networks in this regard.

• With the spectrum allocated to the IEEE 802.22 networks, we propose novel MAC function-

alities for IEEE 802.22 BSs and CPEs that are effectively used to increase allocated spectrum

usage efficiency, i.e., increased spectrum usage for data communication through significantly

reduced control signaling. We also focus on the problem of hidden incumbent (defined later)

sensing and avoidance by IEEE 802.22 networks.

• We propose a beacon based dynamic multiple broadcasting scheme and enhance the con-



tention resolution mechanism among IEEE 802.22 enabled devices with the help of aggressive

contention resolution protocol. Analysis shows that the enhanced IEEE 802.22 MAC outperforms

the existing legacy IEEE 802.22 MAC.

• We conduct simulation experiments to demonstrate that the proposed mechanisms help

IEEE 802.22 systems in significantly increasing spectrum utility and spectral efficiency. Hidden

incumbents are detected quickly with the enhanced flexible MAC layer and dynamic connection

is established with less delay. Control signaling is also greatly reduced increasing spectrum

utilization for data transmission from the allocated spectrum.

The rest of the paper is organized as follows. In section II, we provide a brief discussion on

the related works for dynamic spectrum access and cognitiveradio networks. In section III, we

present an overview of the existing system architecture of IEEE 802.22 and its MAC air-interface.

The problems of self-coexistence and hidden incumbent avoidance are also discussed here. In

section IV, we formalize the problem of self-coexistence with graph theoretic technique and

propose a collaborative spectrum allocation algorithm called Utility Graph Coloring. Spectral

efficiency for IEEE 802.22 networks following UGC is analyzed in section V. In section VI, we

address the issue of hidden incumbent problem. In section VII, simulation models and results

are presented. Conclusions are drawn in the last section.

II. RELATED WORK

As far as dynamic spectrum sensing and access are concerned,there is an emerging body of

work that deal with different decision making aspects, issues and challenges in cognitive radio

network setting. Energy detection have been largely used in[11], [12], [13], [14] to monitor

primary spectrum usage activity. Spectral correlation based signal detection for primary spectrum

sensing in IEEE 802.22 WRAN systems is presented in [15]. Signature-based spectrum sensing

algorithms are presented in [16] to investigate the presence of Advanced Television Systems

Committee (ATSC) DTV signals. In a similar effort, sequential pilot sensing of Advanced

Television Systems Committee (ATSC) DTV signals is carriedout in [17] to sense the primary

usage in IEEE 802.22 cognitive radio networks. In [18], a novel frequency sensing method is

proposed known as dynamic frequency hopping (DFH). In DFH, neighboring WRAN cells form

cooperating communities that coordinate their DFH operations where WRAN data transmission

is performed in parallel with spectrum sensing without interruptions. The aim here is to minimize

interrupts due to quiet sensing. In [19], a novel metric called Grade-of-Service (GoS) is defined



and the trade-off between miss-detection and false alarm isstudied for optimizing spectrum

sensing performance.

Though most of the above mentioned works focus on primary spectrum usage sensing, how-

ever, the issue of self-coexistence among multiple CR networks are not considered. Such in-

terferences can largely be modeled using conflict graphs andgraph coloring formulation (e.g.,

see [20], [21]). A broad survey on resource allocation in cellular networks and WLAN though

graph coloring mechanisms can be found in [22], [23], [24], [25], [26] and in the references

therein. However, most of these works do not consider the dynamic availability of spectrum

bands due to the presence of primary users and thus can not be directly applied to IEEE 802.22

network spectrum sharing. The research in [27] investigates the channel assignment problem in

a multi-radio wireless mesh networks using graph-coloringsuch that a given set of flow rates are

schedulable. In [28], the dynamic channel allocation problem is formulated as graph coloring

problem where dynamic channel availability is observed by the secondary users. In [29], spectrum

allocation and scheduling problems are studied jointly in cognitive radio wireless networks with

the objectives of achieving fair spectrum sharing. However, all channel divisions are treated

equally here. In [30], a distributed, real-time spectrum sharing protocol called On-Demand

Spectrum Contention (ODSC) is proposed that employs interactive MAC messaging among the

coexisting 802.22 cells. However, control signaling is greatly increased through extensive MAC

messaging. Game theoretic approaches are recently being investigated in [31], [32] for distributed

coexistence. In these research, channel assignment problem is formulated as a multi-player, non-

cooperative, incomplete information game that attempt to converge to a Nash Equilibrium point.

III. T HE IEEE 802.22 SYSTEM

Before proceeding further, let us briefly discuss some of thefeatures 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 base stations (BSs) and the Con-

sumer Premise Equipments (CPEs) as shown in figure 1. A BS typically manages its own

cell by controlling on-air activity within the cell, including access to the medium by CPEs,

allocations to achieve quality of service (QoS) and admission to the network based on network

security mechanisms. In order to provide primary-protection, the 802.22 system follows a strict



masters/slave relationship, wherein the BS performs as master and the CPEs as the slaves. No

CPE is allowed to transmit before receiving proper authorization from a BS. The operations of

BS/CPEs can be divided into two major categories: sensing and transmitting/receiving data. If

any of the channels used by 802.22 network is accessed by the licensed incumbents, the primary

task of 802.22 devices is to vacate the channels within the channel move time (2 seconds) and

switch to some other channel. To get the knowledge of the presence of licensed incumbents and

their usage of channels, BS and CPEs periodically perform channel sensing. Depending on the

incumbent detection algorithms proposed and their efficiencies, the general spectrum sensing

process in divided into two categories:fast sensingandfine sensing[6].

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 layers; we focus on the MAC

layer in this research. The existing MAC of IEEE 802.22 has most of the features similar to the

MAC of 802.11 and 802.16. However, few distinguishing features make the 802.22 MAC worth

mentioning.

Initial connection establishment

Initial connection establishment in IEEE 802.22 differs from that of the previous IEEE 802

standards such as 802.11 or 802.16. Though connection establishment in a true centralized

network, should be simple, it is not so for IEEE 802.22 because there is no pre-defined channel



for the CPEs to establish connection with BS as these networks share the spectrum band with

licensed devices. Thus there is no way for a CPE to know what channel to use to establish the

initial connection with a BS.

In IEEE 802.22, when a CPE is switched on, it follows the mechanism of listen before

talk by scanning all the channels in the licensed TV band to determine the presence of any

incumbent in the interfering zone and builds a spectrum usage report of vacant and occupied

channels. The BS, on the other hand, also follows the same mechanism of sensing spectrum and

periodically broadcasts using an unused frequency channel. The broadcast from the IEEE 802.22

BS is differentiated from other TV broadcasts by the preamble sent at the start of each OFDMA

frame. If a CPE can locate the broadcast sent from the BS, it then tunes to that frequency and

then transmits back in the uplink direction with an unique identifier; BS thus becomes aware of

the existence of the CPE. Authentication and connection registration is then done gradually.

Frequency of operation and service capacity

In the typical standard version, the 802.22 system operates/transmits using the6 MHz channels

(TV bands in US are typically 6 MHz). The spectral efficiency ranges from0.5 bit/sec/Hz to5

bit/sec/Hz, thus resulting in an average data rate of18 Mbps and maximum upto30 Mbps in a

single6 MHz TV band [5], [6]. However, different channel sizes are also supported by the IEEE

802.22 standard. The architecture consists of one or more PHY/MAC air interface module and

are empowered with capability to take advantage of the simultaneous availability of multiple

vacant TV channels– contiguous or not. Moreover the architecture allows fragmenting carriers

to selectively tune to partial channels avoiding interference and cross-talk.

The current standard defines provisions for aggregating/bonding up to three 6 MHz channels

thus making it up to 18 MHz. Separate sets of OFDMA carriers are used on each channel

to increase the data transmission rate at the time of channelbonding/aggregation. In general,

approximately 2K carriers are used for each channel of 6 MHz,thus making it 6K carriers to

transmit data at a high rate while aggregating/bonding 3 channels together.

Spectrum usage report

Once the initial connection is established, the spectrum usage report is then sent back to the

BS from the CPE in the form of feedback. The BS upon acceptanceof the feedback takes

decision on spectrum usage. When more than one CPE tries to establish an initial connection,

then contention-based connection setup similar to that of the IEEE 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 with licensed devices, the devices

cannot know a priori what frequency bands other devices are operating on. Therefore, dynamic

spectrum access among IEEE 802.22 networks is of utmost importance so that the interference

among IEEE 802.22 networks can be minimized; else the throughput and quality of service

(QoS) would be compromised and the whole purpose of DSA will be beaten [31], [32], [33].

Different from other IEEE 802 standards where self-coexistence issues are only considered after

the specification essentially is finalized, IEEE 802.22 and FCC therefore took the proactive

approach and planned to include self-coexistence protocols and algorithms for enhanced MAC

as revision of the initial standard conception and definition [6], [7]. This gives birth to two

very important inter-related problems: (i) how does BS in one IEEE 802.22 network decide

on the set of channel(s) that can be used for communication across the entire network so that

interference to/fromother IEEE 802.22 networksis minimized (self-coexistence) and (ii) how

can these channels be chosen such that interference to/fromother primary networksis avoided

(hidden incumbent avoidance).

Self-coexistence: In a system like 802.22 where unlicensed devices are sharingthe spectrum

under the presence of licensed incumbents, the issue of self-coexistence among multiple 802.22

operators in an overlapping region is very significant. In areas with analog/digital TV transmis-

sions and wireless microphone services, unused channels are already commodities of demand.

In such a scenario, when multiple IEEE 802.22 networks operated by multiple operators (or,

service providers), overlap, it is highly probable that theoperators will try to act greedy and

hog the available bandwidth. As all the operators will act inthe same way, this may result in

interference among 802.22 networks themselves. Thus an efficient channel allocation method

needs to be used such that the interference is minimized. Although the exact methodology

for interference mitigation in 802.22 networks is yet unknown, 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 region, the BS has no way of sensing

this TV transmission. The BS thus is hidden to the incumbent TV transmitter but one or more

CPEs associated to it are not hidden to the incumbent (refer Fig. 2 – hidden incumbent region).

This scenario is referred to as hidden incumbent problem. The CPE can detect the incumbent

transmission in-band, but the BS can not. The BS will continue transmission and might create



interference to the devices in the hidden incumbent region.The CPE will have no way to report

this licensed incumbent. If it transmits at the same frequency with which it is connected to

the BS, it will result in harmful interference to the incumbent. On the other hand, due to the

centralized nature of the IEEE 802.22 network (on-air activities of CPE is controlled by BS),

the CPE can not choose any other channel to connect to the BS asit is not permitted by the BS

to use any other channel.
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Fig. 2. IEEE 802.22 hidden incumbent scenario

Similarly, if a CPE switches on and desires to connect to a BS,the CPE will scan all the

channels for periodic broadcast. But if there is a nearby incumbent already transmitting with the

same frequency as the BS periodic broadcast frequency, and is outside the BS sensing region

but inside the CPE receiving region (hidden incumbent region as shown in Fig. 2), the CPE will

not be able to decode the BS broadcasting frequency. This results in a three-fold problem. The

CPE might think that there is no IEEE 802.22 BS transmitting at that time and might switch off.

Similarly, if the BS does not receive any feedback from the CPE, it might think that there is no

CPE alive and might stop broadcasting after a certain numberof broadcasting periods. Last but

not the least, for the duration of the broadcasting period, the BS will cause harmful interference

to the primary receiver.



IV. I NTER-CELL SPECTRUM ALLOCATION FOR SELF-COEXISTENCE

When multiple 802.22 networks (BSs) operate in close proximity in an overlapping region,

each BS’s aim is to grab as much spectrum as possible to serve its corresponding CPEs without

coordinating with other BSs. This greedy approach leads to increased interference to the operating

BS and the neighboring BSs thus degrading the performance ofthe system. To alleviate the

problem of rise in interference, we propose an efficient spectrum allocation algorithm to increase

the spectrum utilization and reduce the interference.

A. Assumptions and Problem formulation

We assume that there areN 802.22 BSs competing for unused licensed spectrum. The amount

of the unused spectrum is time variant. The key concept behind efficient spectrum allocation

is to find appropriate chunks of spectrum in such a manner so that BSs can coexist without

interfering neighboring networks.

We consider that the utility,Ui achieved by the BSi depends directly on the throughput

obtained, which in turn depends on the spectral bandwidth the BS is operating on. We assume a

simple interference model among the overlapping BSs. When two BSs are within a certain phys-

ical proximity and transmitting using the same frequency band or overlapping frequency bands,

interference will occur. If their interference exceeds theSINR requirements, both transmissions

will fail resulting in zero utility achieved by both the BSs.

We consider multiple overlapping 802.22 networks using a graph theoretic model. We define

an undirected graphG = {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 interferenceconstraints among the BSs, i.e.,

if any two distinct vertices have an edge between them, they are in the risk of interfering with

each other if using the same frequency band.B is the total available spectrum band not used by

the incumbents and is usable by the 802.22 networks. Moreover, without loss of generality, we

assume that the topology information of this overlapping region is known to all the 802.22 BSs

(as BSs are static) and the BSs will be honest in providing alltheir acquired graph information.

We investigate the self-coexistence problem from acentralized controllerperspective. This

model is consistent with the dynamic spectrum allocation process that is controlled by a cen-

tralized spectrum manager (SM) [6], [2] as shown in the upperhalf of Fig. 3. Since the SM is

responsible for collecting and distributing the spectrum availability, there is no need for the BSs

to directly exchange information with other BSs.



Fig. 3. Spectrum allocation architecture using Spectrum Manager (SM)

Apart from the technical standard defined for SM, there are other reasons why we prefer a

centralized mechanism than a distributed one. As shown in [30], a distributed, real-time spectrum

sharing protocol called On-Demand Spectrum Contention (ODSC) is investigated that employs

interactive MAC messaging among the coexisting 802.22 cells. However, control signaling

is greatly increased through extensive MAC messaging thus reducing the effective spectrum

utilization. Moreover, distributed graph coloring is performed in number of iterations (by back

and forth message passing) [34]. With increase in the numberof nodes or spectrum bands

participating in the distributed mechanism, the lack of scalability is often a concern.

B. System constraint functions

Before proceeding any further with the spectrum allocation, let us briefly explain various

system constraints that we consider and then we explain how proposed algorithm works with

each of the system constraints. The objective of the spectrum allocation problem among IEEE

802.22 networks is to maximize the system utility expressedas

maximize
N
∑

i=1

Ui (1)

under any of the various system constraints as follows. In this work, we assume three different

system constraints and study how our proposed design would operate under each of these



constraint functions.

1) Minimum fairness: The aim is to maximize the total utilityachieved by all the BSs under

the constraint that all the BSs must get at least a certain amount of spectrum, which we

denote asBmin.

2) Proportional fairness: The aim here is to maximize the total utility achieved by all the BSs

under the constraint of some proportional fairness criteria. The criteria for proportional

fairness that we follow in this work is to prioritize the BSs most, which interfere with

least number of other BSs and so on. This mechanism of allocating spectrum will help

BSs to be cooperative with other BSs and not follow any greedyapproach that may harm

the system performance.

3) Complete fairness: Under this constraint, all the BSs aretreated equally. The problem in

this approach is known astragedy of the commons[35].

C. Spectrum Allocation through Utility Graph Coloring

We model the spectrum allocation process among BSs using thegraph coloring technique.

The graph coloring problem [36] is to color each vertex usinga color taken from existing color

list. The constraint in such coloring is that if an edge exists between any two distinct vertices,

then those two vertices can not be same colorable. Though theoptimal graph coloring problem

(i.e., proving that number of colors needed to color the graph is indeed minimum) is known

to be NP-hard in searching and NP-complete in decision, it can be solved in reasonable time

with the traditional graph coloring heuristic [37]. Moreover, the number of BSs that coexist

and compete with each other is in the order of 10’s due to the high area coverage capacity.

Thus the complexity of the graph coloring problem does not hinder the proposed mechanism.

The working of the traditional graph coloring heuristic algorithm is as follows. The vertices

(initially uncolored) are sorted in non-increasing order of degree and are then colored in that

order, maintaining the graph coloring constraint that if anedge exists between any two distinct

vertices, then those two vertices can not be same colorable.

We propose an extension of the above graph coloring algorithm and call it Utility Graph

Coloring (UGC). The aim is to find divisions of spectrum, such that,reuseof spectrum bands

and thussystem utilitycan be maximized under varioussystem constraint functionsdefined for

the system. In contrast to the traditional graph coloring algorithm where the colors do not carry

any weight and thus all colors are equal, in the UGC, we consider heterogeneity in the colors.



A color assigned to a vertex (BS) becomes associated with a spectrum chunk1 assigned to the

BS. The bandwidth of that spectrum chunk denotes the weight of the color which is also the

utility achieved by the BS if the chunk is not interfered.

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

Phase 1: In this phase, we follow the principle of traditional graph coloring algorithm to find

the number of colors to color all the vertices. We do not associate any value to any color at this

phase and thus keep colors homogeneous. Let us assume,C1, C2, · · · , Cm arem colors to color

all the vertices. With the completion of first phase, we get toknow that the graph ism-colorable

and the available spectrum band needs to be divided intom chunks to allocate spectrum to all

the BSs. Note that, bandwidth of each of the chunks is yet unknown.

Phase 2: In this phase, we follow the mechanism of UGC. We find theoccurrenceof the colors

in the graph. Let us assume the occurrence of the colorsC1, C2, · · · , Cm are N1, N2, · · · , Nm

respectively, where,N1 +N2 + · · ·+Nm = N , the total number of base stations. Then for each

of the colors, we run UGC parsing (the complete UGC algorithmis presented in Algorithm 1).

For each iteration, we keep the information which color has occurred the maximum number of

times and how many times. Let us assume that after all the color iterations, we find that, color

Cm has the maximum occurrence ofN∗
m in iteration i. We then choose iterationi and redefine

the occurrences of colorsC1, C2, · · · , Cm as,N∗
1 , N

∗
2 , · · · , N

∗
m respectively.

Note that, traditional graph coloring aims to find the minimum number of colors needed.

The physical significance is that, in this way we can find the divisions of the unused spectrum

needed to avoid interference. But traditional graph coloring does not focus on maximizing reusing

(occurrences) of a color and thus can not maximize the spectrum utilization. UGC provides major

improvement over the traditional graph coloring in terms ofincreased system utility through

maximized reusing of a color even under various system constraint functions. In phase 1, the

traditional graph coloring provides the number of divisions of available spectrum required that

are used in phase 2 to manipulate theirnumber of occurrences.

Let us consider an example to illustrate how UGC works. For the graph shown in Fig. 4,

with the traditional graph coloring algorithm, we find that the graph is3-colorable and we have

colored the vertices accordingly. The left-hand graph (traditional graph coloring) in Fig. 4 shows

thatC1, C2 andC3 appearing2, 3 and1 times respectively. For example, if the current system

1Note 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 coloring nodes

with descending order of degree
– G ism colorable

Phase 2:
– FOR (each colori) {

check each node in G if it can be made colori without
conflict to the other nodes’ colors made from Phase1

Store the information of occurrences of each color after this iterationi
}

– Select the iteration with maximum occurrence of a color among all iterations and
assign bandwidths to the nodes accordingly under the constraint functions defined

operates in the 402-405 MHZ band, then the total available spectrum is 3 MHz (i.e., 3000 KHz).

A proportional fair allocation results in a bandwidth 1000 KHz corresponding to colorC1, 1500

KHz corresponding to colorC2 and 500 KHz corresponding to colorC3. The total system utility

is given by

U = 2B(C1) + 3B(C2) +B(C3), (2)

whereB(Ci) is the bandwidth assigned to colorCi. Intuitively, a higher value of utility indicates

larger available data rate in the network. In this case, the system utility can be obtained as 7000

units from (2). Parsing this graph with our proposed UGC algorithm, it is observed thatC1

appears once,C2 appears once, andC3 appears4 times. This corresponds to a bandwidth 500

KHz corresponding to colorC1, 500 KHz corresponding to colorC2 and 2000 KHz corresponding

to colorC3. The system utility for the UGC is

Û = B(C1) +B(C2) + 4B(C3), (3)

which yields a system utility of 9000 units, thus resulting in an improved data rate of 28%. Hence,

it is observed that the UGC mechanism, maximizes spectrum reuse while 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, the actions taken for spectrum allocation

are as follows. We assume the graph ism-colorable.

For constraint function 1: The whole spectrum band is divided intom chunks such that

the vertices with the color labelCm (maximum number of vertices in the graph) are assigned

the maximum possible spectrum as they would interfere least. The essence of UGC here is

to maximize the system utility under constraint of minimum fairness. The rest of the vertices

(BSs) will be assigned the minimum threshold frequency (Bmin) to operate on. This mechanism

minimizes interference as the BSs with interference risk (vertices with existing edge between

them) now operate on different parts of the spectrum band. Moreover, as maximum number of

BSs in the graph obtain the maximum possible spectrum band, the system utility is maximized.

The only drawback in this scheme is that fairness is minimized and the BSs with other color

labels, i.e.,C1, C2, · · · , Cm−1 are all treated equally.

For constraint function 2: Here, we try to maximize the system utility under the constraint of

proportional fairness. Let us assume that after the UGC parsing is completed, the occurrences of

colorsC1, C2, · · · , Cm are redefined as,N∗
1 , N

∗
2 , · · · , N

∗
m respectively. Then the available spectrum

is divided inm different parts in the ratio ofN∗
1 : N∗

2 : · · · : N∗
m and are assigned to vertices

with color bandsC1, C2, · · · , Cm respectively.

For constraint function 3: Here, our aim is to provide complete fairness among all the BSs.

Thus in this mechanism, we divide the available spectrum band in m equal parts and assign

each part to each of the non-interfering BSs.

Note that, though our proposed mechanism for self-coexistence, viz., Utility Graph Coloring

(UGC) is aimed at IEEE 802.22 WRANs, the principles are generic enough and can be extended

to any resource-conflict environment.



V. SPECTRAL EFFICIENCY FOR IEEE 802.22NETWORKS USINGUGC

With UGC explained, we now analyze the spectral efficiency achieved through UGC in the

IEEE 802.22 networks. Spectral efficiency, measured in bits/sec/Hz, is defined as the amount of

information that can be transmitted over a given bandwidth in a specific digital communication

system. It provides an indication of how efficiently a limited frequency spectrum is utilized by the

physical layer protocol and/or the media access control. Inother words, we can assume spectral

efficiency as a quantitative degree of measurement for self-coexistence among the interfering

IEEE 802.22 networks. Let us show how the average spectral efficiency increases with UGC.

We start with Shannon’s formula for the capacity of a band-limited channel with additive

white Gaussian noise (AWGN) [38]. In our case, we are concerned with not only the noise but

the interference caused by other IEEE 802.22 interferers which occupy the same spectral band

as the network under consideration. Shannon’s capacityC can be written as

C = B log2(1 + SINR) (4)

where,B is the bandwidth in Hz and SINR is the signal to interference and noise ratio. The

spectral efficiency for bandwidthB can then be written asE = C
B

bits/sec/Hz.

With the definition of spectral efficiency given, we now try tofind the average spectral

efficiency whereN IEEE 802.22 networks withN BSs are competing for limited spectrum. We

compare both the spectrum allocation mechanisms, with and without UGC. With UGC, spectrum

is allocated such that the available spectrum band is divided into several non-interfering chunks

and these chunks are allocated to IEEE 802.22 networks following interference constraints such

that interference among the networks is minimized. Note that, with this mechanism, though

the available spectrum band for each of the networks is actually reduced, average number of

interferers will also be reduced which will eventually increase the channel capacity and also

spectral efficiency. To obtain the interference distribution at any IEEE 802.22 node, we consider

nodew as the receiver under consideration as shown in Fig. 5.

The receiving distancerR for nodew is defined as the maximum distance from which a

receiving node can correctly recover a transmitted signal.Similarly, the interference distance

rI is defined as the maximum distance from which a receiving nodecan sense a carrier. We

also consider a distancer0 to represent the near field of nodew. Whenr0 ≪ rR we can safely

assume that the spatial distribution of the active nodes remains uniformly random. If we assume

that all nodes operate with omni-directional transmit and receive antennas, then nodew will be
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Fig. 5. Interference at node w from a local neighbor u

interfered by all nodes within the circle of radiusrI . For example, nodeu, while transmitting to

nodev, acts as an interferer to nodew. By considering the spatial distribution of all the potential

interferers, we can compute the distribution of the interference power as done in [39]. We use

the interference equation from [39], where themeanvalue of the collected interference power

η from an interfering transmitter is given by,

η =
4 Pr (rα+2

R − rα+2
0 ) (rα−2

I − rα−2
0 )

(α2 − 4) rα−2
0 rα−2

I (r2I − r20) (r
2
R − r20)

(5)

where,Pr is the desired receive power threshold. We also assume that signal power in wireless

media decays proportionally to the distance raised to the power of α.

To find the number of potential interfering IEEE 802.22 BSs inthe interference areaaI = πr2I ,

we proceed in the following way. We consider that there areN BSs that are uniformly randomly

scattered over a region of areaA. Then the probability that a IEEE 802.22 network hasn

neighbors in the interference range can be calculated usingbinomial distribution

Prob[n neighbors] =

(

N − 1

n

)

(
aI

A
)
n

(1−
aI

A
)N−n−1 (6)

The expected number of BSs within the interference range of one IEEE 802.22 network can

then be given by

NI =
N−1
∑

n=0

n× Prob[n neighbors] (7)



Note that not all these BSs will create the interference for the BS under consideration. Out of

the many potential interferers only the ones that acquired the same frequency bands or partial non-

orthogonal frequency bands as BSi, will be the interferers for networki. With this assumption,

the expected number of interferers for networki can be given by

N∗
I =

NI
∑

n=0

n× Prob[n BSs using same or non-orthogonal channel as network i] (8)

Using the interference distribution and average number of interferers from equations (5) and

(8), we calculate the spectral efficiency for networki as

Ei = log2(1 +
Si

W +N∗
I × η

) (9)

whereW is the additive white Gaussian noise and is given byW = Bi×W0. Bi is the frequency

bandwidth being used by networki.

Considering spectral efficiencies overN IEEE 802.22 competing networks, we express the

average spectral efficiency per IEEE 802.22 network as

Eaverage =

∑N
i=1Ei

N
(10)

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

is choosing the frequency bandsBi’s for the IEEE 802.22 networks in vicinity such thatN∗
I ,

the actual number of interferers, can be minimized. UGC takes into account the interference

constraints with desired received power threshold while allocating spectrum bands to neighboring

BSs such that the spectrum bands can be reused the maximum number of times. With the UGC in

effect, we find thatN∗
I → 0; thus minimizing the possibility of actual interferers andmaximizing

the possibility of increased spectral efficiency.

VI. ENHANCED MAC FOR EFFICIENT SPECTRUM USAGE

In Section IV, we have shown how the proposed UGC mechanism allocates spectrum to the

IEEE 802.22 networks (BSs) such that interference across the networks is minimized. The UGC

mechanism essentially finds the spectrum for each of the BSs,i.e., e.g., we get the right-side

of Fig. 4. However, even with the allocated spectrum to a BS, the CPEs within the coverage

area of the BS would not know how to communicate with that BS. This is because, there is

no predefined channel for the CPEs to establish connection with the BS or other CPEs as the

IEEE 802.22 networks share the spectrum bands dynamically with the TV transmissions. A CPE



would not know what frequency bands other CPEs are operatingon. As a result, the challenge

for the WRAN devices is to discover other WRAN devices and establish connection. This is

illustrated in Fig. 6, where the left side is the outcome of the UGC mechanism (i.e.,macroscopic

tier spectrum allocation) and the right side shows the network clouds where the dynamic and

real-time connection establishment need to be investigated through reduced control signaling

and increased spectrum usage for data transmission (i.e.,microscopic efficient spectrum usage).

Thus, it is important to delve into the MAC layer features andunderstand how the time-frame

structures can be manipulated to abide by FCC incumbent avoidance guideline and yet increase

effective spectrum utilization. In Section VI.A., we address hidden incumbent avoidance by

dynamic multiple broadcasting. In Section VI.B., we propose a novel aggressive contention

resolution with the help of multiple broadcasting to reducecollisions among CPEs in network

initialization which reduces control signalling and startup delay to a great extent and increases

effective spectrum utilization for data transmission.

Fig. 6. Macroscopic spectrum allocation to microscopic efficient spectrum usage

A. Using foreign beacon period dynamically with multiple broadcasting: Hidden incumbent

avoidance

In the existing standard, both TV transmitters (primary users) and WRAN BS (secondary

users) broadcast control signals for connection establishment before actual data transmission



starts. This period of broadcasting control signals is known as beacon period (BP). Beacon

period provides a mechanism for coordination of TV transmission and WRAN devices. Each

beacon period consists of three separate periods:network beacon period(NBP), foreign beacon

period (FBP) andSense/Sleep/Beacon Period(SSBP). NBP is used by primary incumbents for

broadcasting pilot signals carrying channel and power information while WRAN devices sense in

this period. FBP is used by WRAN devices for broadcasting beacons. During SSBP, both primary

incumbents and WRAN devices stop broadcasting. In the existing IEEE 802.22 standard, beacon

periods are pre-defined and BS periodically broadcasts using only single frequency channel.

Unlike the existing IEEE 802.22 standard, we propose using the foreign beacon period duration

dynamically. To cope with the primary incumbents, we use dynamic multiple outband broad-

casting in different frequencies (candidate frequencies) periodically. The BS will coordinate the

adaptive FBP and will announce the largest FBP duration in each iteration. The number of

broadcast messages by BS is updated dynamically depending on the feedback received from the

CPEs. BS decreases the number of candidate channels if all the candidate channels are decodable

by the CPEs (implying low probability of hidden incumbent situation) and increases the number

of broadcasting channels changing the candidate frequencies, if most of the previous candidate

channels are not tuned up by CPEs. The reason behind broadcasting at multiple frequencies is

that even if a CPE encounters an in-band licensed incumbent transmission (hidden to the BS), it

still has ways to report this incumbent transmission to the BS using other candidate channels. The

BS then changes the service channel to some other unused bandthus overcoming the problem

of hidden incumbent. In Fig. 7, we illustrate an example of beacon broadcasting where the first

superframe has the FBP length of2 units, whereas the second superframe has the FBP length

of 5 units.

Moreover, we divide the BS/CPE transmissions in two categories: (1) connection establishment

or channel hopping with the help of control signaling and (2)data transmission with the help of

data signaling. For control signaling, we use fragmentation of channel carriers to minimize the

wastage of spectrum band2 and aggregation of channel carriers for data transmission to maximize

2Note that channel carriers are not narrow bands and are sufficiently spaced to take care of narrow band fading. This is done

by means of calculating the coherence bandwidth. So one would select carriers that are beyond the coherence bandwidth sothat

different carriers have different fading characteristics. Now coding in frequency domain can be done to make sure that even if

the CPE/BS synchronize over a subset of carriers, we will have synchronization.
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the bandwidth and data rate. In our simulation of IEEE 802.22network (discussed later), we

use typical1 or 2 MHz bands for control signaling.

B. Contention resolution among CPEs through spectrum usagereport

Another functionality that we propose to the IEEE 802.22 MACis the addition of spectrum

usage report within the periodic broadcasting from BS to theCPEs. Currently, the spectrum

usage reports traverse from the CPEs to the BS but not the other way. We mirror the spectrum

usage report in all the multiple broadcasting from the BS. This spectrum usage report contains

the information of all control frequencies that the CPEs cantune to in the uplink. Thus, in

contrast to the existing connection establishment procedure of IEEE 802.22 where CPEs must

tune to the single broadcasting frequency and then follow the contention resolution mechanism,

we propose that CPEs obtain information about all control frequencies for uplink. Obtaining

information about all control frequencies for uplink will help the CPEs in quick connection

establishment through reduced contention.

In this mechanism, CPEs sense the broadcast beacons from theBS during connection initiation.

Upon receiving the broadcast beacons, the CPEs intending toconnect to the BS, measure the

signal to interference and noise ratio (SINR) to evaluate the link quality. The SINR measured at

receiver (CPE)j associated with transmitter (BS)i can be expressed as additive white Gaussian



noise

SINRij =
piGij

W +
∑

k 6=i pkGkjH(k, j)
(11)

wherepi is the transmission power ofi, Gij is the link gain betweeni andj andW is the additive

white Gaussian noise.H(k, j) is the interference function characterizing the interference created

by any other transmitting nodek to nodej and is defined as

H(k, j) =















1 if k, j operating on the same frequency band

0 otherwise

(12)

If the SINR (link quality) is below a certain pre-defined threshold (Q1) (which may be due

to primary incumbents), the broadcast is assumed to be not decodable. If the SINRs in all the

broadcastings are not decodable, the CPEs discard the frequency bands and keep quiet. This

way, BS does not receive any connection request from the CPEs; the round-trip timer expires

and a different frequency band(s) is selected for broadcastin the next FBP. On the other hand,

if the SINR of a broadcast frequency channel is better than the thresholdQ1, then the frequency

channel in the downlink is assumed to be available3. CPEs, which are able to decode the signal,

update their spectrum usage table, obtain the available uplink frequency information from the

beacon payload, and contend among themselves to connect to the BS. In this regard, we propose

a unique aggressive contention resolution mechanism amongIEEE 802.22 enabled devices.

Aggressive contention resolution

As mentioned above, the CPEs tuning to the same uplink frequency contend among themselves

with the contention resolution protocol similar to IEEE 802.11. The only difference in this

aggressive contention resolution protocol lies in generating the differentiated random backoff

number for collision avoidance. Instead of starting with the same random backoff range for all

the CPEs (as used in IEEE 802.11, e.g., [0, 7] before first transmission), we propose to use the

initial random number generation range as an inverse step function of the SINR received. For

this purpose, we choose another SINR thresholdQ2 which is greater thanQ1. Now, CPEs with

SINR greater thanQ2 acts aggressively in choosing a smaller initial random backoff range than

3We assume that the channel is free from incumbent transmission explicitly.



the CPEs with SINR belowQ2. Note that all the CPEs considered in this contention algorithm

receive SINR aboveQ1.

Let us present an example to illustrate the case. Let two CPEsA andB receive SINR asq1

andq2 from one particular beacon broadcast. We assumeQ1 < q1 < Q2 < q2. According to the

proposed MAC,B’s initial random backoff range for example, would be [0, 3], while A’s initial

random backoff range would be [0, 7]. If A and B still collide and generate random backoff

interval for next transmission,B’s interval will be [0, 7] andA’s interval will be [0, 15] and so

on. The justification behind such discriminatory range is that we want CPEs with higher SINRs

(or in other words, CPEs closer to the source of the beacon broadcast) to be favored than the

CPEs far from the source. In other words, we are prioritizingthe CPEs with low latency to

lower the total system latency in establishing connection4.

We analyze the probability of winning a contention by a CPE tosynchronize to a BS under the

presence of existing and proposed random backoff values. WeassumeM CPEs contend in the

uplink whileN of those CPEs (N < M) are close to the source of the beacon broadcasting in the

particular period, i.e.,N CPEs receive SINR aboveQ2. B is one such CPE (with SINR above

Q2) whose probability of winning is to be determined. Let the initial random number generation

interval for all the CPEs in the existing MAC be [0, (y−1)]. While with the proposed MAC,N

CPEs generate initial random backoff number in the range of [0, (x − 1)], wherex < y. Then

the probability of successful transmission (or probability of winning the contention in the first

transmission attempt) byB in a particular slot with existing MAC can be given by

Pexisting =
(1

y

)(y − 1

y

)(M−1)
(13)

The probability of success with proposed MAC is

Pproposed =
(1

x

)(x− 1

x

)(N−1)(y − 1

y

)(M−N)
(14)

We definePgain as the ratio ofPproposed to Pexisting as

Pgain =
Pproposed

Pexisting

=
(x−1
y−1

)(N−1)

(x
y
)N

(15)

4Note that, the aggressive contention resolution is used only for the quick connection establishment process and not for

the purpose of data communications among the CPEs and BS. Thus once a CPE has tuned to a BS, it cannot take part in

the aggressive contention resolution mechanism any further for its data transfer. Rather, it will then revert back to the normal

contention resolution mechanism.



If x andy are large numbers such that we can assumex−1 ≈ x andy−1 ≈ y then equation (15)

can be reduced to

Pgain =
(x
y
)(N−1)

(x
y
)N

=
y

x
(16)

Pgain > 1 asy > x. Thus probability of successful transmission of a CPE with proposed MAC

is greater than that with existing MAC.

If x andy are not large numbers such thatx− 1 6= x andy − 1 6= y, even then we find that

Pgain > 1 for N ≤ Nmax (17)

where,Nmax is the upper bound on how many CPEs can act aggressively simultaneously. For

example, in the initial transmission attempts, say,(x− 1) = 3 and(y − 1) = 7, after exhaustive

search we found that the upper bound ofN is 5.

VII. SIMULATION MODEL AND RESULTS

We conducted extensive UNIX based simulations to evaluate the improvement due to the

enhanced MAC air-interface and UGC spectrum allocation. Evaluations for enhanced and existing

schemes were done for a fair comparison. We also present how the utility graph coloring

algorithm (UGC) outperforms any other existing spectrum allocation mechanism. We compare

our proposed UGC algorithm under all three system constraint functions.

A. Simulation model and parameters

We have developed our simulation model in C under UNIX environment. The experiments

have been carried out extensively and averaged over1000 runs to evaluate the performance. We

consider a topology of100 km radius region where multiple overlapping IEEE 802.22 networks

and licensed incumbents reside simultaneously. We presentthe simulation parameters for our

experiments in table I.

B. Simulation results

In Fig. 8, we compare the total system utility achieved by theIEEE 802.22 BSs under utility

graph coloring spectrum allocation mechanism and greedy non-collaborative spectrum hogging.

Licensed spectrum usage by incumbents are varied from30% 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

Bimin
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 exponentα 3.0

TABLE I

SIMULATION PARAMETERS FOR802.22SYSTEM

spectrum. In the greedy non-collaborative approach, most of the spectrum bands are wasted due

to interference among the greedy and selfish base stations, whereas under the collaborative utility

graph coloring mechanism, system utility is improved. Moreover, it is clear from Fig. 8 that with

the increase in usage of the licensed spectrum band, the proposed utility graph coloring method

produces better result than the non-collaborative approach. For a comprehensive performance

evaluation of the proposed scheme, we present the results under all three constraint functions and

show that system utility is always better under the proposedscheme than the non-collaborative

approach.

In Fig. 9, we compare the performance of utility graph coloring with the traditional graph

coloring method of spectrum allocation. It is clear that proposed utility graph coloring mechanism

outperforms the traditional graph coloring under both the constraint functions1 and 2. For

constraint function3, i.e., the complete fairness, any of the either methods would provide same

result.

We present the fairness achieved with UGC in Fig. 10 for all the system constraint functions

1, 2 and3 with changing primary incumbent usage. We use Jain’s fairness index [40] to measure
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30 35 40 45 50 55 60 65 70 75
500

1000

1500

2000

 S
ys

te
m

 u
til

ity
 

 Licensed spectrum usage by incumbents (%) 

 UGC: constraint function 1 
 UGC: constraint function 2 
 UGC: constraint function 3 
 Traditional graph coloring: constraint function 1 
 Traditional graph coloring: constraint function 2 
 Traditional graph coloring: constraint function 3 

Fig. 9. Total utility achieved by all the BSs under the proposed collaborative approach and greedy, traditional graph coloring

approach

the fairness parameter achieved by UGC. We find that in addition to providing better system

utility than any other spectrum allocation mechanisms, proposed UGC mechanism shows fairness

index more than0.5, even with the minimal fairness constraint, which is considered to be a

good fairness index. (This fairness index lies between 0 and1; 0 being most unfair and 1 being

absolutely fair.) Moreover, the system constraint function of proportional fair utility maintains

an excellent fairness index of0.86 with the proposed mechanism of proportional fairness. As

obvious from the nature of system constraint function3 of complete fairness, Jain’s fairness

index calculation indicates fairness parameter of1 treating all the BSs equally.

In figure 11, we show the average spectral efficiency with increase in number of BSs (IEEE

802.22 networks). We find that spectrum allocation with UGC achieves better spectral efficiency
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Fig. 11. Average spectral efficiency with increase in numberof IEEE 802.22 networks

(almost close to ideal 5 bits/sec/Hz, which is the maximum spectral efficiency [41] that can be

achieved in the presence of zero interference – benchmark).Also, with increase in number of BS

the difference between UGC and non-UGC increases. This proves the fact that allocating spec-

trum efficiently following interference constraints in UGCplays a key role for self-coexistence

and achieves better system performance. Next, the licensedspectrum usage is varied dynamically

and spectral efficiency is calculated. In figure 12, we show the average spectral efficiency with

increase in licensed spectrum usage. Note that, when primary incumbent usage is low, both UGC

and standard non-collaborative spectrum access produces better spectral efficiency (though UGC

produces slightly better results). This is due to the fact that with low primary usage, unused

spectrum for secondary usage is sufficient so that even uncoordinated access to the spectrum

hardly produces overlapping of the bands and thus interference is low. But with increase in
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Fig. 12. Average spectral efficiency with increase in licensed incumbent usage

primary usage, spectrum bands for secondary usage gets low.Standard, non-collaborative access

produces more and more overlapping of the bands and thus creates more interference. While with

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

reusage; thus minimizing the interference from other IEEE 802.22 networks, which eventually

produces high spectral efficiency even with high primary usage.

Next, we present the results to provide more insights on how our enhanced air-interface would

improve the performance. In Fig. 13, we present the probability of a CPE (which just switched

on) to connect to a BS. For this scenario, we assumed there is no contention from other CPEs

but licensed incumbents (hidden and revealed) are active and operating. As seen from the figure,

the probability of successfully connecting to a BS with the dynamic multiple candidate channels

is more than the existing single frequency broadcast signaling.

The average initial delay (under no contention from other CPE) to tune to a BS broadcasting

signal frequency against the licensed spectrum usage by incumbents is shown in Fig. 14. As ex-

pected, with increase in licensed spectrum usage by incumbents (e.g., TV transmission, wireless

microphones etc.), the average delay increases, but the average delay with the proposed scheme

is always less than the average delay with the existing MAC.

Next, we present the results in the presence of collisions from other IEEE 802.22 enabled

devices. In Fig. 15, we show average number of collisions encountered in initializing the network

connection against primary incumbents usage. In the existing standard, BS broadcasts single

beacon, enabling all the CPEs to snoop on the broadcast beacon to initialize transmission.

This results in an increase in the number of contending CPEs for the same broadcast resulting
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Fig. 14. Average initial delay to tune to a BS broadcasting frequency (no contention)

in increased number of collisions. The proposed MAC with dynamic multiple broadcasting

distributes the initialization among multiple frequency channels and thus reduces the number of

contending CPEs for each broadcast beacon.

In figures 16(a) and 16(b), we present a more comprehensive result of connection establishment

delay (delay between switching on and start of data transmission and receiving) with varying

licensed spectrum usage and contention with other CPEs. We calculate the combined delays to

tune to a BS broadcasting frequency signal and then successful uplink transmission (transmission

of connection identifier and spectrum usage report) throughcontention resolution mechanism.

It is evident from the figures that enhanced MAC (Fig. 16(b)) provides better result in terms of

delay to initiate data transmission.

Last but not the least, Fig. 17 presents very important result in terms of system spectrum
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Fig. 16. a) Average startup delay for existing MAC, and b) Average startup delay for proposed MAC

utilization (in percentage) for data transmission (y-axis) from the residual spectrum for secondary

usage. As evident from the figure, in comparison to the existing standard, the enhanced MAC

layer functionalities increase the spectrum utilization for data transmission significantly, thus

justifying the design of the proposed system for efficient spectrum usage.

VIII. C ONCLUSIONS

In this research, we provided insights to the workings of thecognitive radio based IEEE 802.22

networks which are meant to harness the under-utilized TV bands. We discussed the problem

of self-coexistence (secondary-secondary spectrum etiquettes) and present an interference aware
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Fig. 17. Spectrum utilization efficiency

framework for IEEE 802.22 air-interface. We propose a utility graph coloring technique for

allocating spectrum to multiple IEEE 802.22 networks so that interference across the networks

can be minimized. The allocations are done so as to satisfy the desired constraint functions such as

minimized fairness, proportional fairness or complete fairness. We analyze the spectral efficiency

of the IEEE 802.22 networks and find that with the help of proposed UGC mechanism, spectral

efficiency is greatly increased resulting in highly efficient self-coexistent networks. To address

the interference issue to/from the primary incumbents and establish dynamic and fast connection

in IEEE 802.22 network, we provided enhancements to the flexible MAC features that greatly

improved the performance compared to the existing IEEE 802.22 MAC standard mechanisms.

With the help of dynamic allocation of foreign broadcast beacons at multiple non-interfering

frequencies, we were able to use available spectrum efficiently even in the presence of hidden

primary incumbents. We also reduced the number of collisions among the IEEE 802.22 enabled

devices resulting in quicker connection initialization. Simulation results have demonstrated that

the proposed mechanisms provide better system utility, high Jain’s fairness index along with

efficient spectrum utilization for data transmission and less connection establishment delay.
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