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Abstract—The IEEE 802.22 standard for wireless regional area mission is the prioritized task of all IEEE 802.22 enabled
network is the first standard for cognitive radio that tries to  devices. If any of the channels used by IEEE 802.22 network
harness the idle or under-utilized spectrum allocated for TV : i ; ;
bands. Two major challenges that are faced by IEEE 802.22 are is occupied by th.e licensed incumbents, the primary tas_k (.)f
(i) the issue of self co-existence and (i) the hidden incumbent 'EEE 802.22 devices would be to vacate the channels within
problem. In this paper, we discuss these two challenges and channel move time (2 seconds) and switch to some other
provide enhancements to the existing IEEE 802.22 air-interface. unused channel. To get the knowledge of the presence of
We use a graph theoretic technique and propose utility graph Jicensed incumbents and their used channels, BS and CPEs
coloring for allocating spectrum to different IEEE 802.22 base hperform channel sensing periodically. Another problem is

stations so that they can co-exist. The allocation is done suc f self ist IEEE 802.22 networks. |
that objectives such as throughput maximization, proportional Of SEfl” co-exiStence among : NEWOIKS. il aleas

faimess, and complete faimess are met. We also propose theWith significant high incumbents (licensed services), proper
use of dynamic multiple broadcast messages that resolves theallocation of open channels among IEEE 802.22 BSs will be

contention among various consumer premise equipments and jimportant so that the interference among the users under these
alleviates the hidden incumbent problem. Through simulation base stations can be minimized
results, we show that the proposed techniques increase the system '
spectrum utilization and reduce connection set-up delay. In this paper, we focus on the enhancements to the existing
I. INTRODUCTION IEﬁE 802.22 air-interface.IFirlstIy, V\{e address th;oésgge of
' . . self-coexistence among multiple overlapping IEEE .22 net-
Recently, FCC defined provisions that allow unlicenseq. g P Pping

: : : . works. T ress this i we pr network controll
devices to operate in the licensed bands so long the unlicenged > © address this issue, we propose a network controlied

. . ; . % ectrum access mechanism where IEEE 802.22 BSs behave
devices do not create interference for licensed services | JF;

Initially, FCC opened sub—900 MHz TV band to unlicense§_‘ llaboratively to minimize the interference and maximize
S

. . S e utility obtained from the system. We show how the
services because of high under-utilization of these bands. .
. . ; collaborative approach among IEEE 802.22 BSs outperforms
However, for unlicensed devices to gain access to these bands . .
o ; ; any other spectrum allocation mechanism. Next, we focus on
it is mandated that these devices detect licensed users ]

n ! . ' ;
avoid interference. The newly proposed IEEE 802.22 standard. _problem of hidden incumbent (defined later) sensing a_nd

- . . . avoidance by IEEE 802.22 networks. We propose a mechanism
based on cognitive radios (CRs) is seen as the solution ato

this current problem [1]. A cognitive radio [7] can operatsuch that CPEs can tune to the base stations quickly even in

. : $he presence of the hidden incumbents and switch channels if
at any unused frequency in the licensed TV band, regardless o

. . . -~ Nheeded. We propose enhancements to the existing IEEE 802.22
of whether the frequency is assigned to licensed services

. : >SMIAC that improves the performance of the IEEE 802.22 net-
not. The most important regulatory aspect is that cognitive . :

. . . ; . orks. We also address the issue of self-coexistence. Through
radios must not interfere with primary incumbants (e.g. T

. . - > mulations, we demonstrate that the proposed techniques
transmitters and receivers) in licensed bands and must idenil . i

. e . Ip IEEE 802.22 systems to detect incumbents quickly and
and avoid such bands in timely manner. CRs continuously per-. . o

. . . ) .o - switch channel with less delay. Spectrum utilization for data
form spectrum sensing, dynamically identify unused (“white L . ; .
) . L nsmission is also increased with the proposed techniques.

spectrum, and operate in this spectrum band when it is no

used by the incumbent radio systems — the primary users ofThe rest of the paper is organized as follows. In section I,
this band. Upon detecting incumbents in any band, cognitivee describe the existing system architecture of IEEE 802.22.
radio must automatically switch to another channel or mod& section I, we explain the problem of self-coexistence and
The core components of IEEE 802.22 system are tjpeopose a collaborative spectrum allocation algorithm. The
base stations (BSs) and the Consumer Premise Equipmértiklen incumbent problem is presented in section IV. We pro-
(CPEs) [3]. The operations of BS/CPEs can be divided infipse a dynamic multiple broadcasting messaging mechanism
two major categories in IEEE 802.22: sensing and transmiitere to address this issue. In section V, simulation models and
ting/receiving data. Sensing and avoiding incumbent trangsults are presented. Conclusions are drawn in last section.



I. WRAN — THE IEEE 802.22 SSTEM sensing is done at the rate dims/channel. Fine sensing, on

The IEEE 802.22 system is a wireless regional area netwdhe other hand, is done out-of-band. BS periodically quiets the
(WRAN) technology that is based on the concept of cognitivd'annel so that no network traffic is generated and incumbents
radio (CR). In WRAN, a BS typically manages its own celfir® sensed. This sensing method provides more accuracy.
by controlling on-air activity within the cell, including access
to the medium by CPEs and allocations to achieve quality Bf Drawbacks of existing IEEE 802.22 MAC

service (QoS). Self Co-existence:In a system like IEEE 802.22 where

A. MAC of IEEE 802.22 unlicensed devices are sharing the spectrum under the
The existing MAC of IEEE 802.22 has most of the featurdresence of !icensed incumbents, the issug of self co—existgnce

similar to the MAC of IEEE 802.11 and IEEE 802.16. Howa"ONd Mmultiple IEEE 802.22 operators in an overlapping

ever, few distinguishing features make the IEEE 802.22 M (ggion 1s very 5|gn|f|cant_. In areas with high an_alog/dlgltal
- transmissions and wireless microphone services, unused
worth mentioning.

. . . o . channels are already commodities of demand. Therefore,
1) Initial connection establishmentnitial connection es- when multiole unlicensed operators are operating using a
tablishment in IEEE 802.22 differs from that of the previous b P P 9 g

IEEE 802 standards such as 802.11 or 802.16. Though Cgrr]r]all available band of frequency, there is a chance that the

nection establishment in a true centralized network, should Egerat(_)rs will try o act greedy a_nd occupy the available
andwidth. As all the operators will act in the same way,

simple, it is not so for IEEE 802.22. In IEEE 802.22 there is nQ . L
pre-defined channel for the CPEs to establish connection WE s may result in interference among IEEE 802.22 networks
BS as IEEE 802.22 networks share the spectrum band wi . . ,
; : . needs to be invoked in order to use the channels with least
licensed devices. Thus there is no way for a CPE to knaw :
i . L : .. Interference. Although the exact methodology for interference
which channel to use to establish the initial connection with a. > " . . .
S . . .mitigation in IEEE 802.22 networks is yet unknown, we
BS as that might introduce interference to an incumbent usi

the same channel.

In IEEE 802.22, when a CPE is switched on, it follows thg_i‘“he hidden incumbent problem: Let us assume that a BS and

mechanism ofisten before talkby scanning all the channels CPE icati . ific f h |
in the licensed TV band. A spectrum usage report of vacaht are communicating using a specific frequency channe
d an incumbent returns to the same frequency channel near

and used channels is built based on the incumbents in CPE but outside the BS . ' for Fia. 1
interference zone. BS on the other hand also follows tIII e ut outside the sensing region (refer Fig. 1 —

same mechanism of sensing spectrum bands and periodic?d enllngum.bent region). The CPE can detect the_ '”C“”.‘be”t
broadcasts OFDMA frame in the unused frequency channg nsmission in-band, but the BS can not. The BS will continue

The broadcast from IEEE 802.22 BS is differentiated frOIW;insmission and might interfere with the incumbent. The CPE

other TV broadcasts by the preamble sent at the start of &N not report this licensed incumbent as its transmission will
use interference to the incumbent. On the other hand, due

OFDMA frame. If a CPE can locate the preamble sent froff . .
the BS, it then tunes to that frequency and then transmits ttls?ethe centralized nature of the IEEE 802.22 network (on-air

CPE identifier in the uplink direction. BS then becomes awafistivities of CPE is controlled by BS), the C.P.E can not qhoose
of the existence of the CPE. Authentication and connectiél” other channel to connect to the BS. as It Is not pgrmltted to
registration is then done gradually. The spectrum usage rep%?? any other channel unless BS provides the permission. The
is then sent back to the BS from the CPE in the form of feeg_ro_blem gets worse as the CPEs d(.) not have any repof“”g
back. The BS upon acceptance of the feedback takes deci glqod. Instead .what they do “?‘Ve is a channel move time
on spectrum usage. When more than one CPE tries to estab r§ecor.1ds) which means that if they sense any mcumpept
an initial connection, then contention-based connection Se%sent in the same frequency band they have to move within

similar to that of the 802.11 takes place. the stipulated channel move time.
2) Incumbent detectionMuch of the standard of IEEE

802.22 is dependent on incumbent sensing and detection. At
any point of time, a number of incumbents (TV broadcasting,
wireless microphones etc.) may be operating in a region as that
of the IEEE 802.22 network. To co-exist with the incumbents,

it is mandatory that incumbent sensing is done by both the BS
and CPEs. CPEs in turn send their spectrum usage reports to
the BS in the form of feedbacks. The general spectrum sensing
process in divided into two categoriefsist sensingand fine BS/CPE sensing region
sensing Fast sensing is done fairly quickly and it is carried out
in-band at the same time while carrying out data transmissions.
Though fast sensing is not very accurate, its advantage stems
from the fact that data transmission time is not wasted as

emselves. Thus an efficient channel allocation method

r|390pose an algorithm that increases the spectrum utilization.

TV Rx region,

CPE Rx region

Sl

N\

TV Tx

Hidden incumbent
region

Fig. 1. IEEE 802.22 hidden incumbent scenario



In another similar situation, let us assume that a CPE jusands are partially overlapping then the achieved utility will
turns on and wants to connect to a BS. According to the currdrg due to the non-overlapping frequency bands only.
MAC proposal, the CPE will then scan all the channels to look We consider the above scenarios in the multiple overlapping
for an IEEE 802.22 periodic broadcast. But if there is a nearly EE 802.22 networks using a graph theoretic model. We
incumbent already transmitting with the same frequency as tliefine an undirected grapi = {V, FE, B}, whereV is the
BS periodic broadcast frequency, and is outside the BS senssag of vertices denoting all BSs in the regiafi. is the set
region but inside the CPE receiving region (hidden incumbeot all undirected edges denoting the interference constraints
region as shown in Fig. 1), the CPE will not be able to decodenong the BSs, i.e., if any two distinct vertices have an edge
the BS broadcasting frequency due to the interference from thebetween them, they are in the risk of interfering each other if
incumbent. This results in a two-fold problem. The CPE mighising the same frequency band at the time of transmis#ion.
think that there is no IEEE 802.22 BS transmitting at that tims the total available spectrum band not used by the incumbents
and might switch off. Similarly, if the BS does not receiveand is usable by the IEEE 802.22 networks. Moreover, without
any feedback, it might think that there is no CPE alive andss of generality, we assume that the topology information of
might stop broadcasting after a certain number of broadcastihis overlapping region is known to all the IEEE 802.22 BSs
periods, thus resulting in wasted control signaling and logas BSs are static) and the BSs will be honest in providing all
spectrum utilization. their acquired graph model information.

I1l. SPECTRUMALLOCATION FOR SELF-COEXISTENCE  B- Objective functions
AMONG IEEE 802.22NETWORKS We define three objective functions — all in terms of utility.

1) Maximize utility: The aim is to maximize the total utility
achieved by all the BSs. We impose a constraint that BS
1 must get at least a certain amount of spectrum, which
we denote ad3,,;,. The objective function can be then
expressed as

When multiple IEEE 802.22 networks (BSs) operate in close
proximity in an overlapping region, each BS tries to take as
much spectrum as possible to serve its corresponding CPEs
without coordinating with other BSs. This greedy approach
leads to interference to the operating BS and the neighboring

BSs thus degrading the performance of the system. N

In this regard, we propose an efficient spectrum allocation mazimaize Z U; Q)
algorithm to increase the spectrum utilization and reduce the i=1
interference. We frame graph coloringmodel on spectrum such that Z(B’ib — Bij,) > Bumin
allocation and study the spectrum access problem in a time J

and space variant manner under different objectives. We studyz) Proportional fair utility: The aim here is to divide
a coordinated spectrum allocation approach instead of the the spectrum bands uﬁder some proportional faimess

greedy approach taken by the BSs. criteria. The criteria we follow is to prioritize the BSs
which interferes with least number of other BSs and
thus maximize the utility achieved. This mechanism of

We assume that there ale|IEEE 802.22 BSs competing for allocating spectrum will restrict BSs to be cooperative
unused licensed spectrum. The amount of the unused spectrum  with other BSs and not follow any greedy approach that
is time variant. The key concept behind spectrum allocation  may harm the system performance.
efficiently is to find appropriate chunks of spectrum in such 3) Complete fairness utility: In this mechanism all the BSs
a manner so that BSs can coexist without interfering with are treated equally. The problem in this approach is
neighboring networks and the objectives are met. We discuss known astragedy of the commor{s].
the objectives in subsection III-B. . N .

We consider that the utility achieved by the BSs depenfs Spectrum Allocation through Utility Graph Coloring
directly on the throughput obtained, which in turn depends onWe model the appropriate division problem of the whole
the bandwidth of the frequency band the BS is operating aspectrum band among BSs using the graph coloring technique.
Thus we define utility achieved by BSas,U; = >_,(B;;, — Though optimal graph coloring problem is known to be NP-
Bij,); where,(B;;, — B;;,) are the spectrum ranges that BS hard in searching and NP-complete in decision, it can be
is operating on and no other interfering neighbor is using thahown easily that at any point of time, in any overlapping
B,;, and B;;, are the lower and upper bounds respectively @égion, at mos6—10 BSs will coexist due to the area coverage
the jth spectrum band. capacity of the IEEE 802.22 networks and thus NP-complexity

We follow a simple interference model wherein the tran®f the graph coloring problem is not a hindrance for the
missions between neighboring networks fail if they are veroposed mechanism.
close to each other and use the same frequency band ofhe traditional graph coloring problem is to color each
overlapping frequency bands. This is governed by the simplertex using a color taken from existing color list [4]. The
path loss model. If the networks are within this proximity, thenonstraint is that if an edge exists between any two distinct
their utilization is zero. Moreover, we assume if the frequenasertices, then those two vertices can not have the same color.

A. Assumptions and Problem formulation



With this constraint, the aim of the traditional algorithm is to color graph G with traditional graph coloring algorithm
minimize the number of colors to color all the vertices. G is m—colorable

We propose an extension of the above graph coloring™ e‘;Chl:O]th‘ { dein G if it can be made color |
algorithm and call itUtility Graph Coloring (UGC). The aim \Cmfﬁ Ouiacco nlflﬁcte tlonth elotlh;ago[fe?i Oel Ocro ort
is to find divisions of spectrum band under the objective ade by traditional graph coloring algorithm ;
functions defined, such that the system utility achieved can
be maximized. In contrast to the traditional graph coloring store the information of occurances of each color after this iteration ;
algorithm where the colors do not carry any value and thus S _ o
each color is equal in its weightage, in the UGC, we COﬂSideFake the iteration with maximum occurance of a color among all iterations|
heterogeneity in the colors. A color assigned to a vertex (BS) Fig. 2.
becomes associated with a spectrum band assigned to the BS

and the utility achieved by that BS is the bandwidth of th% i ding t lor is | dth h
spectrum band if the band is not interfered. e spectrum corresponding to one color is increased throug

The proposed UGC algorithm is divided into two phases.UGC' If the bandwidth assigned to this color is more than

Phase 1:In this phase, we follow the principle of traditionalthe rest of the colors, _then it is obvious that the maximum

graph coloring algorithm to find the minimum number o hunk of the spectrum.ls_used the most number of times. This

colors to color all the vertices. We do not associate alj]ryplles that UGC maximizes the spectrum reuse.

value to any color and thus keep colors homogeneous. Letus G

assume(Ci, (s, -+, C,, arem minimum colors to color all c G

the vertices. With the completion of first phase, we get to know < oL

that the graph isn-colorable and the available spectrum band @ g “

needs to divided inton chunks depending on the objective G _ s

functions negotiated by the BSs at the beginning. Treditionsl greph coloring Lty graph eoloring

Phase 2:We follow the mechanism of UGC here. We first find

the occurances of the colors in the graph. Let us assume thé general, depending on the objective functions, the actions

occurances of the coloi&,, Cs, - -+, C,, are Ny, Ny, ---, N,, taken for spectrum allocation are as follows:

respectively, wherey, +Ny+- - -+N,, = N, the total number For objective function 1: The whole spectrum band is divided

of base stations. Without loss of generality, let us assume tfifsto m chunks such that the vertices with the color labg|

C; has appeared maximum number of times, i, is the (maximum number of vertices in the graph) are assigned the

highest number amongy;, Ny, - - -, N,,,. Then for each of the maximum possible spectrum as they would interfere least.

colors, we run a progressive algorithm as presented in Fig.The essence of UGC under objectiveis to maximize the

For each iteration, we keep the information which color hagystem utility only. The rest of the vertices (BSs) will be

occurred the maximum number of times and note its valugssigned the minimum threshold frequend,,,) to operate

Let us assume that after all the color iterations, we find th&n. This mechanism clearly reduces the interference to the

color C,,, has the maximum occurrence of, in iterationi. least, as the BSs with interference risk (vertices with existing

We then choose this iterationand redefine the occurances ofdge between them) now operate on different parts of the

colorsCy,Cy, - --,Cy, as, Ny, N5, ---, N respectively. spectrum band. Moreover, as maximum number of BSs in the
Note that, using traditional graph coloring, we are findingraph obtain the maximum possible spectrum band, the system

the total minimum number of colors needed. The physicdtility is maximized. The only drawback in this scheme is

significance is that, we can find out how many minimurthat fairness is not maintained and the BSs with color labels

divisions one should make from the unused spectrum bafd,Cs,---,C,, are all treated equally.

to avoid interference. But traditional graph coloring does nétor objective function 2: We try to improve the fairness while

maximize the spectrum utilization. What UGC provides usaximizing the system utility. We divide spectrum bandsnin

is another hashing of the traditional graph coloring takindifferent parts in the ratio ofV;y : Ny : ---: N, and assign

traditional graph coloring as the input trying to maximize ththem to vertices with color bands,, Cs, - - -, C,,, respectively.

number of occurances of a particular color while keeping thghus we maintain a proportional fairness criteria through a

total number of colors to the minimum level. simple trade-off. As the BSs are now ranked according to
In Fig. 3, we present an illustrative example to explain howumber of neighbors they are interfering with, this mechanism

the UGC works. With the traditional graph coloring algorithmwill help the BS not to act greedy. This will result in least

we find that the graph under consideration i$-aolorable interference and increased system utility.

graph and we have colored the vertices accordingly. The leffer objective function 3: Our aim is to provide complete

hand graph (traditional graph coloring) in Fig. 3 shows thdairness among all the BSs. Thus in this mechanism, we divide

C1, Co andC5 appearing, 3 and1 times respectively. After the available spectrum band in equal parts and assign each

we parse this graph with our utility graph coloring (UGCpart to each of the non-interfering BSs.

algorithm, we find that (right-hand sid€), appears once,, Note that, in the study of all three objectives, we assumed

appears once, and; appears4 times. Thus there-useof the amount of unused spectrum at any instant is such that

Utility graph coloring algorithm for IEEE 802.22 networks

Fig. 3. An illustrative example of UGC for IEEE 802.22 networks



every BS can be provided the minimum threshold frequencyAnother functionality that we add to the IEEE 802.22 MAC
(Bmin). The study becomes even more interesting whés the addition of spectrum usage report inside the periodic
amount of spectrum present for secondary usage (for IEBEbadcasting from BS to the CPEs. Currently, CPEs send the
802.22 networks in this case) is such that all the BSs capectrum usage reports to the BS but not the other way. We
not be provided their minimum threshol@®y,;,). A TDMA  mirror the spectrum usage report in all the multiple broadcast
scheme or pricing approach might be suitable in this case.channels from the BS. This spectrum usage report contains the
information of all control frequencies that the CPEs can tune
IV. ENHANCED MAC FOR HIDDEN INCUMBENT PROBLEM to in the uplink to the BS. Thus, in contrast to the existing con-
In this section, we propose an enhanced MAC of IEERection establishment procedure in IEEE 802.22 where CPEs
802.22 to address the problem of hidden incumbent situatiaone to the single broadcasting frequency and then follow the
contention resolving mechanism similar to the IEEE 802.11 for
A. Aggregation / Fragmentation of channel carriers initial connection establishment, we propose that CPEs obtain

Since IEEE 802.22 PHY is capable of bonding Ch(,jmmgpmplete information about all control frequencies that they
’ %n utilize in the uplink connection establishment and then
S

carriers or fragmenting them to operate over the chann? low th tenti Vi hani
more flexibly and adaptively, we make efficient use of this t ow the contention resolving mechanism.

utilize the channel bandwidths dynamically. For maximizing V. SIMULATION MODEL AND RESULTS
data transmission rates, we aggregate 3 channels, (either We conducted UNIX based simulation experiments to eval-

c?ntlguqushchannels in thg spectrum bands or sepgratggfe the improvements achieved by the enhanced MAC. Evalu-
placed in the band) to provide data rate up to a MaxiMUlions for enhanced and existing schemes were done for a fair

of 71Mbps. Sep_arate sets of OFDMA carriers are used BBmparison. We also present how the utility graph coloring
each channel to increase the data transmission rate at the rithm outperforms other existing spectrum allocation

of channel bonding. In general, approximatel carriers are ) i
used for each channel 6fMHz, thus making i6K carriers to A Simulation model and parameters
transmit data at a high rate while bondidghannels together. For the topology, we have assumed180 km radius

We also fragment channel carriers so that IEEE 802.2egion where multiple overlapping IEEE 802.22 networks and
devices can operate over channel bandwidths tf 6 MHz. licensed incumbents reside and share the spectrum from the
This would allow IEEE 802.22 devices to share the spectruspectrum band. Moreover, we have assumed BS and CPEs
with incumbent devices such as wireless microphones thige directional antenna for transmission/receiving purpose and
only usel or 2 MHz of the entire channel assigned. Moreovegmni-directional antenna for incumbent sensing. In table |, we
this ability of aggregating and/or fragmenting carriers woulgresent the simulation parameters for our experiments.

also allow to selectively tune out partial channels avoiding TABLE |
interference and cross talk and thus making more spectrum SIMULATION PARAMETERS FORIEEE 802.22SYSTEM
utilization. The ability to adapt to the number of carriers Simulation parameters Values
dynamically will make IEEE 802.22 more resilient to interfer- T’\?ta' t')'cen?ed SF;ecttum ggnd 54 - 836 MHz
i at - : umber of overlapping BSs
ence and spectrum utilization efficiency can also be increased. BSICPE receiving radius ek
BS/CPE sensing radius 30 - 50 km
B. Dynamic broadcasting with spectrum usage report TV transmission receiving radius 3360,\';|TZ
To address the hidden incumbent problem, unlike the ex- Control signal frequency 1-2 MHz
isting concept where BS periodically broadcasted using only Data signal frequency 1-18 MHz
inale f h | t d . Broadcast control signaling interval 20 ms
one single frequency channel, we propose to use dynamic Number of broadcast control signals 2 - 6

multiple outband broadcasting in different frequenciean ) )
didate frequencigs periodically. The number of broadcast®- Simulation results

messages by BS is updated dynamically depending on thén Fig. 4, we compare the total system utility achieved
feedback received from the CPEs. BS decreases the numbdryfthe IEEE 802.22 BSs under UGC spectrum allocation
candidate channels if all the candidate channels are decodab&chanism and greedy non-collaborative spectrum hogging. In
by the CPEs (implying less probability of hidden incumbenthe greedy non-collaborative approach, most of the spectrum
situation) and increases the number of broadcasting chanrtsds are wasted due to interference among the greedy and
changing the candidate frequencies, if most of the previosslfish base stations, whereas under the collaborative utility
candidate channels are not tuned up by CPEs. The reagoaph coloring mechanism, system utility is improved. More-
behind broadcasting at multiple frequencies is that even ifozer, with the increase in usage of the licensed spectrum band,
CPE encounters an in-band licensed incumbent transmisspyoposed utility graph coloring method provides even better re-
(hidden to the BS), it still has ways to report this incumbersiult than the non-collaborative approach. For a comprehensive
transmission to the BS using other candidate channels. The @S$formance evaluation of the proposed scheme, we present
then changes the service channel to some other unused hiiedresults under all three objective functions and show that
thus overcoming the problem of hidden incumbent. system utility is better with the proposed scheme.



In Fig. 5, we compare the performance of UGC with
the traditional graph coloring method of spectrum allocation.
It is clear that proposed UGC mechanism outperforms the
traditional graph coloring for objective functionsand2. For
objective function3, i.e., the complete fairness, any of the
either methods would provide same result.
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Fig. 8 presents an important result in terms of spectrum
utilization for the IEEE 802.22 system. With increase in the
Fcensad spactrum usage by ineumbents 04 usage by licensed incumbents (x-axis), the spectrum utilization
Fig. 4. Total utility achieved by all the BSs under the proposed collaborati\]:t(e)r data transmission (y-aXIS) fro.m the reS|_due s_pe(_:trum band
approach and greedy non-collaborative approach in the IEEE 802.22 networks is shown in this figure. As

evident from the figure, the proposed mechanism increases

30

UGS Shiccive foncion 3 the spectrum utilization than the existing MAC layer.
2 Tiaiional graph colanna: objective function 1 5.
— - Traditional graph coloring: objective function 2 @ —— Multiple broadcasting
—o— Traditional graph coloring: objective function 3 g o —o— Single broadcasting _ ||
g 1500 E L
(% 1000 § "
£
* 3Lsicens"t;d spésctrumﬁuusagéﬁby inzjumbesats (UA;; ’ ? T
Fig. 5. Total utility achieved by all the BSs under the proposed collaborative ° Licensed spectrum usage by incumbents (%)
approach and greedy, traditional graph coloring approach Fig. 8. Spectrum utilization efficiency
Next, we present insights on how our enhanced air-interface VI. CONCLUSIONS

would improve the performance for hidden incumbents SC&|n this research, we provided insights to the cognitive

nario. In figures 6 and 7, we present a comprehensive resilliy pased IEEE 802.22 networks. In areas with under—
of connection establishment under contention with other Cpﬁﬁlization of licensed spectrum bands, IEEE 802.22 based
and licensed incumbents together. The average startup dejay,qrks are believed to provide the connectivity with efficient

(delay between switching on aqd start of data transmission) lﬂ'é'age of these bands. Two major problems — self-coexistence
der the presence of contention is presented for number ofCPéF]:a hidden incumbents, encountered in existing IEEE 802.22

and licensed spectrum usage by incumbents. We calCulgig, ok are presented. We provided few enhancements to the
the combined delays to tune to a BS broadcasting frequengysying ajr-interface to improve the performance. Simulation

signal and then successful uplink transmission (transmissirc%mtS have demonstrated that the proposed scheme would
of connection identifier and spectrum usage report) throu vide better system utility along with efficient spectrum

contention resolvement mechanism. It is evident from e, ¢ ilization and less connection establishment delay.
figures that enhanced MAC (Fig. 7) provides better result in

terms of delay to initiate data transmission. REFERENCES
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