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Abstract—Cognitive radios � CR� have the capability to dynam-
ically adapt to local spectrum availability. In a network com-
prised of CR-enableddevices,layer-� auto-con�guration involves
determining a common set of channels � also referred to as the
globalchannelset� to facilitate communicationamongparticipating
nodes.This is a unique challengeas nodesin the CR network are
unaware of who their neighbors are, and also, the channels on
which they can communicateamong themselves. In this paper,
we proposea time-ef�cient distributed algorithm for layer-� auto-
con�guration for a CR network. Our algorithm �nds the global
channelsetin ���
	��
�
��������� timeslots,where 	 is the maximum
numberof nodesdeployed,� is the maximumnumberof available
channelsfor communicationand � is the diameterof the network.
Assuming all nodes are aware of 	 and � , we present both
diameter-awareand diameter-unawareversions of the algorithm.
For highly sparse networks � like linear chain topology where

����	������ , with 	����! and � �#"! , the diameter-
awarecon�guration protocol terminateswithin "%$'&)(+*-,/.0$ and the
diameter-unawareversion terminateswithin ����$'&�('*-,/.0$ .

I . INTRODUCTION

With recent proliferation of wireless communicationde-
vices,it is beingclaimedthat thereshall be an acuteshortage
of bandwidth in near future. The veracity of this claim is
debatable.If weconsiderthefrequency bandsalreadyassigned
for variousapplications(e.g. television transmission,cellular
communication,etc.)wecouldsaythatthenumberof available
bandsis diminishing[5]. However, if we examinetheusageof
the frequency spectrumat a particularplaceat a given time,
we �nd that a signi�cant portion of the spectrumis under-
utilized ([6], [14]). For example,in severalcitiesthetelevision
channelsin the VHF andUHF bandsareunassigned.

Cognitive radio (CR) technology[11] allows wirelessde-
vices to dynamicallyadaptbasedon spectrumavailability in
theirgeographicalregion.Theownerof achannelis referredto
asprimaryuserandall otherusersof thechannelassecondary
users[14]. CR technologyenablessecondaryusersto period-
ically scanand identify available channels1 in the frequency
spectrum.The secondaryusersare thenable to communicate
in theidenti�ed availablechannelswithout interferingwith the
primary user(s).This kind of communicationinfrastructureis
of particularrelevancein defenseand relief operations.Since
theusageof frequency spectrumvarieswidely from oneregion
to another [6], communicationamong users (soldiers in a
platoonor relief personnelin a disaster-pronearea)must rely
on a dynamicchannelassignmentscheme.
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1By identifying a channelas available, it meansthat the secondarynode
cansendand receive messageson the channel.

When a secondaryuser(hereafter, referredto as a nodein
the CR network)independentlyscansthe spectrumusageand
maintainsthe set of available channels,the following layer- 2

auto-con�gurationissuesarise:
(i) How do nodesdetect their neighborsand collectively

form a communicationinfrastructurein the absenceof
a centralauthority?

(ii) How do nodesdecideon the set of channel(s)that can
be usedfor communication?

A. Motivation
Wireless communicationamong neighboringnodestakes

place when: (i) a node has a messageto transmit, and (ii)
the sourcenodeaswell asall of its neighborsparticipatingin
thegroupcommunicationaretunedto thecommonchannelat
the sametime. In general,such a communicationis needed
for the exchangeof: (i) vital control information such as
HELLO/Keep-Alive messages,ARP broadcasts,routing table
updates,etc. or (ii) application data, such as �le transfers,
servicerequestsandgrants,etc.

In the layer- 2 auto-con�gurationproblemin a CR network,
a commonset of channels(referredto as the global channel
set, 3 , in this paper)needsto be determined.Our motivation
behind�nding the set 3 is the following:

4 There may be multiple groupsof nodesdeployedin a
geographicalarea,sayin a military operation(theremay
be many platoons,with eachplatoonbeingthesegroups)
or at the site of a naturaldisaster(�remen, paramedics,
policebeingthreegroups).It is importantthateachgroup
choosesa unique channel for communicationamong
themselves with few nodesacting as gateways between
groups.

4 Tuningoverheadsareincurredwhennodeshave to switch
from one frequency to another. For example, tuning
speedscould be of the orderof 57698 for 5;:=<�>@? step
in the frequency range 20:�<�>@? - A7B�>@? [4]. By making
nodescommunicateon theglobally commonchannel,say

CED'FHG�IKJLF

, we can avoid suchtuning overheads.
4 Node mobility leads to frequent changesin network

topology. For suchsystems,communicationover
CMD'FHG�IKJ'F

providesa simpleandeffective solution([12], [13]).
4 Let N be the setof all nodesin the networkand OQP be

the setof availablechannelsmaintainedby node R . Since
the nodescan be widely distributedover a geographical
region, the fact that

CSD'FHG�IKJLFUT

O
PWV

R

T

N implies that
C

D'FHG�IKJLF

is available over a wide region. Hence,using a
globally commonchannel(such as

CWD'FHG�IKJ'F

) leads to a
fairly stablecommunicationinfrastructure.
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B. Layer- 2 auto-con�guration as an intersectionsetdetermi-
nation problem

1

4

2

A   = {C1, C2, C3}
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A   = {C1, C3, C4}
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A   = {C2, C3}
 2

A   = {C1, C3, C4}
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Fig. 1. A samplenetworkshowing connectivity amongCR nodesandtheir
set of availablechannels

Considera simple network consistingof four CR nodes
as shown in Figure 1. In the �gure, the set of available
channelsfor eachnode is also shown. Let OYX , O[Z , O7\ and
O^] be the set of available channelsat nodes 5 , 2 , A and _ ,
respectively. We assumethat the set O P maintainedby node R

is a sorted list of available channelsat node R . The sorting
could be doneaccordingto the channelidentities.Thus,from
Figure 1, we seethat O=X[`�a

C

X;b

C

Z!b

C

\-c , OQZ=`da

C

Z-b

C

\ec ,
O

\
`fa

C

X
b

C

\
b

C

]-c and O^]g`ha

C

X
b

C

\
b

C

]-c . The problem
of determiningwhich common channel(s)can be used by
a node, say 5 , to communicatewith all other nodes(here
nodes2 , A and _ ), is equivalentto �nding the global channel
set 3i`�j

P
k!l
O

P
`mO9XSjnO[ZojpO^\%jnO

] . In this example,
3q`ra

C

\
c . Notethatit is preferableto �nd theintersectionin a

fully distributedmannerwithout theuseof acentralauthority2.
This necessitatesexchangeof messagescarrying information
aboutthe set O maintainedat eachnode.Furthercomplexity
to the problemof computingthe intersectionsetarisesdueto
the following:
(i) Nodes do not have prior knowledge about who their

neighborsare and how many nodesthere are in their
neighborhood.

(ii) Nodesareunawareof theexistenceof a commonchannel
and its identity (if there is one) that can be used to
exchangethe necessarymessagesto computethe inter-
sectionset.

(iii) Changesin neighborhooddueto nodemobility canplaya
signi�cant role in computingthe intersectionset.So,it is
very importantthatthedistributedcomputationterminates
quickly.

C. Our contribution

As the set of available channelsidenti�ed by individual
nodesdiffers from onenodeto another, computinga common
setof availablechannels(i.e. global channelset) for commu-
nication is a non-trivial task. To the bestof our knowledge,
thereis no existing work in the literaturethat addressesthis
layer- 2 auto-con�gurationproblemfor cognitive radios.

Let s be the total numberof possiblenodesand < be
the total numberof possiblechannelsthe nodescan operate
on. In this paper, we proposea layer- 2 auto-con�guration
protocol that enablesthe nodesto dynamically computethe
global channelset, 3 in a distributed manner, provided all
nodesareawareof s and < . We presentbothdiameter-aware
anddiameter-unawareversionsof the protocol.The diameter-
aware protocol terminates in tvu
sxwyu
<hz|{[}~} timeslots,

2This is becausecommunicationinfrastructuresin military and relief
operationsaread hoc in nature.

where { is the diameterof the network. For as many as _/:

nodes3 and •0: channels4, a linear chain topology with {€`

sv•95 andthedurationof a timeslotbeing 5W698 , thediameter-
awarecon�gurationprotocolterminateswithin •�8;‚!ƒ�„-…‡†/8 . On
theotherhand,thediameter-unawareversionterminateswithin

5;2W8!‚!ƒ�„-…‡†/8 - a highly desirableoutcome.Evenwhenthenodes
areunawareof thevalueof { , theworst-casetime complexity
of the algorithm still remains tˆu�sxw-u‰<hzŠ{[}'} timeslots.
This is done by employing the terminatingcondition of the
time-optimal leaderelection algorithm for generalnetworks
proposedin [9]. If the diameter{ is known, thenthe number
of bits exchangedper messageis t[u
<�} . Otherwise, the
numberof bits per messageis t[u
<hzg‹
„)Œ•s@} .

Key contributionsof this paperare:
4 The proposedcon�guration protocol helps CR nodes

identify all their neighbors.
4 The protocol identi�es the setof channelsthat are com-

mon to all the nodesof the group.
4 The con�guration protocol runs independentof the

whetherthe global channelset 3 is empty or not.
In summary, computingtheglobalchannelset, 3 , without any
prior neighborhoodknowledgeis a uniquechallengethat we
addressin this paper.

The rest of this paper is organizedas follows. SectionII
presentsthe systemmodel and assumptions.SectionIII de-
scribesthe proposeddistributedsolutionin detail followedby
the proof of correctnessandcomplexity analysis.SectionIV
discussessomespecialcasesandanalyzesthe performanceof
theproposedsolution.Finally, sectionV concludesthis paper.

I I . SYSTEM MODEL

Throughout this paper, we consider a mobile multi-hop
wirelessnetwork formedby a groupof CR-enablednodes.

A. Nodecharacteristics
Every node,say R , is assigneda uniqueidenti�er, say Ž%•0{7P

in the range •‘5“’!’!’‰sY” , where s is an upper bound on the
total numberof nodes.Since the envisionedapplicationsare
military and relief operationswhere the maximum number
of soldiersin a platoonor �remen assignedfor relief efforts
is known a priori, we assumethat the maximumnumberof
nodes( s ) is known to every node.For simplicity, we assume

Ž%•y{�P�`dR throughoutthis paper. To simplify hardwareand
power requirementsof theequipmentcarriedby thesoldieror
relief personnel,we assumeevery nodecarriesonly a single
transceiver. All nodesare equippedwith GPS [8] to enable
time synchronizationamongnodes.In military and disaster
relief operations,it hasrecentlybecomea norm for personnel
to carry GPS-equippeddevices ([7]).

B. Mediumcharacteristics
We assumethat thecommunicationmediumis loss-free.In

a lossyenvironment,theproposedauto-con�gurationprotocol
needsto run on top of a reliable communicationmechanism
which can be implementedby exchanging sequencenum-
bers and acknowledgments.Let OQ•-–

P‘—
`˜a

C

X;b

C

Z™’!’;’

CEš

c

3In an army, a platoonis a unit of thirty to forty soldiers([3], [2]).
4In IEEE 802.11bdevices operatingin the 2.4 GHz band [1], there are

three non-overlapping channels(Channels › , œ and ›)› ) that are •�ž�Ÿ@ U¡

apart.Assumingthe samedistribution, a •W¢£ %¡ bandmay be divided into
¤�¥

non-overlapping channels.
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representthe universal set of available channelsthat can be
potentially usedby all nodesfor communication.Let < be
the cardinality of the set O7•-– P‘— . We assumethat < is �x ed
andknown to all the nodesin the networka priori. The CR-
enableddevices can be pre-con�guredwith the value of < .
For example, O •-– P‘— can includea set of •0: channelsaround
the A - ¦7B�>@? frequency range.We assumethat every channel
hasa uniqueidentity andthe channelidentitiesareknown in
advanceto all nodes.

C. Networkoperation

Layer-2 configuration §W§W§

§W§W§

§W§W§

¨W¨W¨

¨W¨W¨

¨W¨W¨

Normal operation

Configuration protocol consists of two phases.
Phase 1 consists of 2 rounds.
Phase 2 consists of D-2 rounds.
Each round in phase 1 consists of M frames.
Each round in phase 2 consists of 1 frame.
Each frame consists of N timeslots.

©W©W©W©W©W©W©W©W©

©W©W©W©W©W©W©W©W©

ªWªWªWªWªWªWªWªWª

ªWªWªWªWªWªWªWªWª «W«W«W«W«W«W«W«W«W«

«W«W«W«W«W«W«W«W«W«

¬W¬W¬W¬W¬W¬W¬W¬W¬W¬

¬W¬W¬W¬W¬W¬W¬W¬W¬W¬

Time scale
T

M Frames 1 Frame

N Timeslots

1 N

2 N

2F1 F2 FM

R1 R2 RDR3 R4

1

Phase 1 Phase 2

Fig. 2. Operationcycle of the network

We envision that nodesin the CR networkperform oneof
the following two operationsat any given instantof time: (i)
layer- 2 auto-con�guration,or (ii) normal operationas shown
in Figure 2. Thesetwo operationsrepeatperiodically every

­

time units and the time instantat which eachoperationis
invokedis known in advanceto all the nodesin the network.
This is madepossibleby exploiting theGPScapability[8] and
by letting every nodeknow thevalueof

­

. During the layer- 2

auto-con�guration,nodeslearnaboutotherparticipatingnodes
in the network and also determinethe global channelset,

3 . In the normal mode of operation,the nodesmay behave
similar to the nodesin any othermulti-hop wirelessnetwork,
like MANET [15] or meshnetwork [10]. So, they may be
exchangingdatarelatedto �le transfers,servicerequestsand
evencontrolinformationlike routediscoveryandmaintenance,
IP con�guration, etc. It is necessaryto periodically invoke
the layer- 2 auto-con�gurationprotocol to accountfor varying
globalchannelset, 3 , dueto the changesin networktopology
and/or channel availability set maintained by individually
nodes(seeSectionIV-C for moredetails).

I I I . LAYER- 2 AUTO-CONFIGURATION PROTOCOL

During layer- 2 auto-con�guration process,time division
multiple access(TDMA) schemeis usedfor communication
amongnodes.Time is split into equalintervals referredto as
framesas shown in Figure 2. Each frame is further divided
into s timeslots, eachof equal length. The slot assignment
for a node,say R , is donein advanceaccordingto its Ž%•y{

P .
Since ŽU•0{�P®`¯R , node R getsto transmitduring the R
°
± slot in
eachframe (seeFigure 2) andall othernodesare in receive
mode.This ensuresthat every nodein the network getsone
chanceto transmitwithout collisionsduring eachframe.

A. Data structures

Following datastructuresaremaintainedat every node R :

Ž%•y{�P Identity of the node R

O P Sortedlist of identitiesof available channelsat node R

s@²�³�P Setcontainingone-hopneighborsof node R

´

C

P Preferredchannelfor node R

3 Global channelset
µ Currentroundnumber

Availability set, O7P could be populatedby every node R as a
bootstrapprocessprior to the initiation of the con�guration
protocol. A node ¶ can be a one-hopneighbor of node R

if both are within communicationrange of each other and
O^P·jQO%¸=¹ `�º . A preferred channelfor node R is a channelon
which transmissionsby thenodecanbeheardby all of its one-
hop neighbors.If thereare multiple suchcommonchannels,
any oneof themcan be selectedas a preferredchannel.The
conceptof a round is de�ned to monitor the progressof the
con�guration protocol, like any othersynchronousdistributed
algorithm [9]. Initially, ŽU•0{

P
`»R , s@²�³

P
`¼º ,

´

C

P
`

s�Ž%½¾½ , 3q`¿O^P and µ

`�: .

B. Diameter-aware auto-con�guration

Let us �rst assumethat all the nodesare aware of the
diameterof the network, { . Then the following algorithm
determinesthe global channelset. The algorithm consistsof
two phases(seeFigure2).

{C1, C2, C3}

{C1, C2, C3}

{C1, C2, C3} {C2, C3}

{C2, C3}

{C1, C3, C4}

{C1, C3, C4}

{C1, C3, C4}{C1, C3, C4}

{C1, C3, C4}

{C1, C3, C4}

Frame 1

Frame 2

Frame 3

Frame 4

Timeslot 1 Timeslot 2 Timeslot 3 Timeslot 4

Fig. 3. Transmissionsduring the �rst Ÿ framesof the �rst phase

1) First phase: At the end of the �rst phase,eachnode R

determinesits preferred channel u

´

C

P
} for transmissionand
sends

´

C

P to all of its neighboringnodes.The �rst phase
consistsof two roundsandeachroundconsistsof < frames
( À

X
b+À

Z
’!’;’�À

š

) asshown in Figure2. During frame À‡¸9uK5ÂÁ

¶ÃÁÄ<�} , every node R with
C

¸

T

O^P tunesits transceiver to
channel

C

¸ .
In the �rst round,every node R transmitsthe contentsof its

set 3 on channel
C

¸

T

O^P during RÅ°
± timeslot of frame ÀÆ¸ .
This correspondsto u'u‘¶�•¿5!}EÇ@sizˆR
}

°
± timeslot.During the
remainingtime slots in this frame, node R is in the receive
mode. If

C

¸ÉÈ

T

O^P , then node R remainssilent during the
RÅ°
± slot of frame ÀÆ¸ . Considerthe samplenetworkshown in
Figure1. Here,node 2 transmitsthe set 3q`¿OÊZW`ra

C

Z-b

C

\-c

during uKu
2�•|5!}WÇ9_ozv2y}®`¯Ëe°
± and uKu�A�•|5!}EÇÃ_ozŠ20}¾`�5;:e°
±

timeslot. During slots 2Ì` uK5E•Í5!}9Ç¯_Îzx2 , and 5�_Ï`

uÐ_U•Í5!}oÇn_ÂzÑ2 , node 2 remainssilent since
C

X and
C

] do
not belongto O

Z . Figure3 shows the transmissionsof nodes
5“’!’;’
_ duringthe�rst round.After the �rst round,eachnode R

knows the identitiesof all its one-hopneighbors(maintained
locally in set s@²�³

P ) and their respective availability sets.
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Node R updatesthe set 3 as follows: 3Î`Ñ3Yj@u
j ¸ek-ÒÔÓ£Õ×Ö
ØÔ¸ } .
It also incrementsµ by one.

Node R can selectone of the channelsin the updatedset
3 as its preferred channel (

´

C

P ) for transmission.When
node R transmitson its preferredchannelduring R
°
± timeslot,
its transmissioncanbereceivedby all of its one-hopneighbors
if all nodes¶

T

s@²�³�P tune to
´

C

P during RÅ°
± timeslot.For
example,updatedset 3 for node 5 is 3gjŠu
j™¸-k-ÒÔÓ£Õ×Ù Ø ¸-}^`

a

C

\-c , where s@²�³�XU`Úa-2•b'A•b~_•c . So, when node 5 transmits
on the channel

C

\ during the �rst timeslot, its transmission
can be heardby all of its one-hopneighborsif they tune to

C

\ . After the�rst round,only node R knowsaboutits preferred
channel.Beforenode R begins to transmitonly on

´

C

P , it has
to inform its neighborsaboutits selection.The secondround
of the algorithm is usedto let the neighborsof node R know
aboutits preferredchannel.

{C2, C3}

{C2, C3}

{C3}

{C1, C3}

{C1, C3}

{C1, C3}

{C1, C3}

{C3}

{C3}

{C1, C3} {C1, C3}

Frame 2

Frame 3

Frame 1

Frame 4

Timeslot 1 Timeslot 2 Timeslot 3 Timeslot 4

Fig. 4. Transmissionsduring the secondŸ framesof the �rst phase

During the secondround, nodesexchangethe updatedset
3 . As before,every node R transmits 3 on channel

C

¸

T

O
P

during RÅ°
± timeslot of frame ÀÛ¸ . Once again, considerthe
samplenetworkshown in Figure 1. After the �rst round,the
updatedset 3 at nodes 5¾’;’!’
_ are a

C

\-c , a

C

Z-b

C

\-c , a

C

X;b

C

\!c

and a

C

X
b

C

\
c , respectively. Transmissionby nodes 5¾’;’!’
_

during the secondround are shown in Figure 4. Nodescan
learnaboutthe preferredchannelof all its one-hopneighbors
if we assumethatevery node R selectsthe smallestchannelin
the set it transmitsduring the secondround. Once again,at
the endof the secondround,eachnode R updatesthe set 3 as
describedbeforeand incrementsµ by one.Now, the updated
set 3 after the secondroundat nodes 5“’!’;’
_ are a

C

\
c , a

C

\
c ,

a

C

\
c and a

C

\
c , respectively. Note that this updatedset now

gives the set of channelsthat are commonto a nodeand all
othernodesthat arewithin its 2 -hop distance.

2) Secondphase: The secondphaseof the algorithmcon-
sistsof {�•^2 frameswith eachframedividedinto s timeslots
(seeFigure2). Eachnode R now transmitsonlyon its preferred
channel,

´

C

P , (that was agreedupon during the �rst phase)
during its pre-assignedtimeslot. This effectively reducesthe
numberof timeslots,andin turn, reducesthe time complexity
of the algorithm.As in the �rst phase,eachnode R continues
to transmitits updatedset 3 . At theendof Ü•°
± frame(i.e. Ü/°
±

round) of the secondphaseof the algorithm, eachnode R is
awareof thesetof channelsthatarecommonto node R andall
other nodesthat are within u
Ü�zˆ20} hopsfrom node R . Thus,
for Ü^`¯{ˆ•92 , every node R is awareof theglobalchannelset
andthe algorithmterminates.In the samplenetworkshown in
Figure1, {Ú`�2 . Hence,nodes 5“’!’;’
_ learnaboutthe global
channelset 3 at the endof the �rst phaseanddo not run the
secondphaseof the algorithm(seeFigure4).

Upontermination,theproposedauto-con�gurationprotocol
provides the following:

4 All thenodesareableto identify theirone-hopneighbors.
4 Every node R learnsthe set of channelsthat is common

to itself andall nodeswithin Ü -hopdistancefrom node R ,
for each 5�ÁÌÜ¯ÁÌ{ . This information is very useful
when 3m`Ýº to support some kind of communication
infrastructure(seeSectionIV-A).

4 It identi�es the global channelset 3 , andhence,enables
the normaloperation(that follows the auto-con�guration
process)to takeplaceon one of the channelsin the set

3 (if non-empty).
Once the auto-con�gurationprocessis completed,any other
communicationmechanism(like scheduling,contention or
reservation-basedscheme)can be used during the normal
operationof the nodes.

C. Diameter-unaware auto-con�guration
Considerthe casewhereall the nodesarenot aware of the

diameterof the network, { . Note that even thoughthe notion
that the nodeshave the set 3 in { roundsis still valid (see
proof of correctnessin SectionIII-D), thenodeslack suf�cient
local knowledgeto determinethat { roundshave completed
andthe auto-con�gurationprotocolmay be terminated.

Peleg proposeda distributed time-optimal leader election
algorithmthat runsin tÊu
{[} time even whenthe nodesin the
generalnetwork lack the knowledge of { [9]. We propose
to run Peleg's algorithm in parallel with our layer- 2 auto-
con�guration protocol to determinethe terminatingcondition
in a diameterunaware scenario.Before proceedingfurther,
recall that the term round signi�es the duration it takesfor
every node in the network to communicatewith all of its
neighbors.Peleg'salgorithmrunsfor at least Þ

\'ß

Z

zŠ2eà rounds.
Since the set 3 is available in { rounds and each node
only performsa set intersectionoperationat the endof every
round, further roundsof sameprocedurewill not change3 .
Thus, running Peleg's algorithm in parallel with the auto-
con�guration protocol will not affect its correctnessas far
as determiningthe set 3 is concerned.

To run Peleg's algorithm in parallel with the con�guration
protocol, every node R includesthe following two additional
piecesof informationalongwith the set 3 : (i) estimateof the
leader(highest ŽU•0{ value seenso far), say Ž%•y{^á , and (ii)
estimateof longestdistance(in numberof hops),say † , from
node â to any nodein thenetwork.This informationis updated
every round.A potentialleadernode,say ¶ , receivesincreasing
valuesof † at the endof every secondround.Upon receiving
threeconsecutive identicalvaluesof † , node¶ concludesthatit
is theleaderin thenetworkandit hasimplicitly communicated
with all nodesin the network.It thenbroadcastsa signal for
other nodesto terminate.For moredetailson this algorithm,
readersarereferredto the researchnote in [9].

D. Proof of correctness
Let 3‡P‘ã be the set of channelsthat are commonto node R

and all the other nodesthat are within Ü -hop distancefrom
node R . By de�nition, the global channelset 3g`Ñ3™P

ß .
Theorem: Consideran arbitrarynode R in the network.At the
end of { rounds,where { is the diameterof the network,
node R is aware of 3äP

ß .
Proof u by induction} :
Basisstep u
6å`æ5!} : Considera node â that is a neighborof
node R . Let

C

ã

T

O
P

jgO
á . During Ü/°
± frame, node R is
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in receive mode on
C

ã except on the RÅ°
± timeslot (when it
transmits).As a result, node R will hear â 's transmissionon

C

ã in the â•°
± timeslot of Ü/°
± frame. Similarly, node R will
hear from all its neighborswith

C

ã in their availability set
during the Ü

°
± frame(of s timeslots).As < is themaximum
numberof channelsin O •-– P‘— , by the end of s@< timeslots,
node R would have heardfrom all its neighbors.Thus,at the
endof the �rst round,node R is aware of 3™P X .
InductionHypothesis: Assumetheresultis truefor some6

T

Z çWè�5Mé¿6xéÍ{ , i.e.at theendof 6

°
± round,nodeR is aware
of 3‡P‘ê .
Inductive Step: Considerthe u
6ëzæ5!}+ì�° round. Node R hears
from all its neighborsduring this round.By inductive hypoth-
esis,for any arbitrarynode â that is a neighborof R , R receives

3 á;ê during the u
6Šz�5;}~ìí° round.Considera node ¶ that is 6 -
hopsaway from node â andgreaterthan 6 -hopsaway from
node R . Theset 3äá;ê includestheinformationabouttheset OÂ¸ .
Thenode¶ cannow beat most 6@z=5 hopsaway from R . At the
endof u
6æzÑ5;}~ì�° round, R will be awareof OÂ¸ through 3‡á!ê .
This is true for any arbitrarynode ¶ that is in the u
6ˆzÎ5!} -hop
neighborhoodof node R . Thus, 3

P
îHê

ç

XKï
is availableat the end

of u
6ðzÍ5!} rounds.
Hence,at the end of { rounds,node R has 3

P
ß , which is

sameas the global channelset 3 . ñ

E. Complexity analysis

The diameter-awareauto-con�gurationprotocolrequires{

roundsfor completion.The �rst two rounds require a total
of 20<�s timeslots and remaining u
{�•æ20} rounds require

u
{n•%20}!wHs timeslots.Thus,thetimecomplexity of theprotocol
is u
20<hz¯u
{ð•g20}K}�w‡s timeslots. As each node transmits
informationrelatedonly to its channelset,the numberof bits
carriedper payloadis t[u
<�} .

For sÝ`æ_/: , <ò`Ú•y: , a linear chain topology with {�`

u
sÑ•Y5!} andtimeslotdurationof 5W698 [4], thediameter-aware
protocol terminateswithin •Ã8!‚;ƒ)„-…‡†ó8 . Note that the timeslot
duration of 5ˆ698 includes the time required for changing
channelfrequency, preamblerequiredto establishmessagebit
synchronization,and guard bandsfor synchronizationerror
andpropagationtime5.

Peleg's time-optimal leader election algorithm terminates
in A0†�z¯2 rounds,where †ˆÁÉ{hÁÉ20† . In worst case, †g`

{ . Thus, our diameter-unaware auto-con�guration protocol
requires 20<�s timeslots(for the �rst two rounds)and Ay{[s

timeslotsfor terminationdetection.Thus,the time complexity
of thediameter-unawareprotocolis u
2y<ôzˆA0{[}õw‰s timeslots.
This protocol requiresevery node to transmit channelset,
estimateof highest UID node and the estimateof longest
distancefrom the highestUID nodeto any other nodein the
network. Thus, it requires t[u
<özr‹
„)Œ÷sn} bits per message
payload.Onceagain,for sd`¯_/: , <˜`�•0: , {Ú`�sm•|5 and
timeslotdurationof say 5�6=8 , the diameter-unawareprotocol
terminateswithin 5;2[8!‚!ƒ�„-…‡†/8 .

IV. DISCUSSION

In this section,we introducesomespecialcasesanddiscuss
how the proposedcon�guration protocol behaves undersuch
circumstances.

654321
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Fig. 5. Illustrating algorithmexecutionwhenset ø is empty

A. Commentson emptyglobal channelset

In thesamplenetworkshown in Figure1, theglobalchannel
set, 3 , was non-empty. In that example, the following two
conditionswere true at eachnode R :

u‘O^PÆj[OU¸ù}Â¹ `�ºõb
V

¶

T

s@²�³�P (1)
O

P
j�u
j

¸-k-ÒEÓ™Õ×Ö
O

¸
}Â¹ `�º (2)

Condition uK5;} formally de�nes s@²�³%P asstatedin SectionIII-
A. It implies thatnode R hasat leastonecommonchannelwith
each neighbor. Condition u
2y} implies that node R hasat least
onecommonchannelwith all its neighbors. Note that u
20}×ú

uK5!} , but the converseneednot be true and this would lead to
an empty global channelset as illustratedin Figure 5. Here,
O^]•jEO

\
`�a

C

\
c and O7]÷jSOQûW`ra

C

û!c , but O7]•j�u‘O
\

jÊOQû;}¾`

º . As shown in Figure5, eachnodecorrectly determinesthe
set 3 to be empty after {Ú`¯¦ rounds.If the set 3 is empty,
nodescanalwaysrevert backto the last non-emptyset 3 that
was recordedat the end of a round. This can be done by
having nodesmaintainanadditionaldatastructuresuchas 3£Püã

de�ned in sectionIII-D. In this example, 3“X'Xý`ra

C

X;b

C

Z-b

C

\-c ,
3

XKZ
`€a

C

X
b

C

\
c , 3

X�\
`€a

C

\
c and 3

X
]@`�º . Thus, node 5

candeducethat channel
C

\ is commonto itself andall other
nodesthat are three hops away. Similarly, 3®þ)X^`�a

C

û
b

C

þ!c ,
3

þ'Z
`#a

C

û!c and 3
þ~\

`hº . Thus, node Ë can deducethat
channel

C

û is commonto itself and all other nodesthat are
two hopsaway. Thenodes5 , 2 , A and _ canform a clusterand
communicateamongthemselvesusingchannel

C

\ . Similarly,
nodes _ , ¦ and Ë can form anotherclusterand communicate
usingchannel

C

û . For inter-clustercommunication,node_ can
actasa gateway node,asnode _ cancommunicatewith nodes
in eithercluster.

5Detailson computationof timeslotdurationwereobtainedfrom personal
communicationwith Jeff Barton,Rockwell Collins Inc.
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B. Commentson auto-con�guration overheads

In Section II-C, we mention that the layer- 2 auto-
con�guration operation and normal operation are repeated
periodically every

­

time units. Alternating betweenlayer-
2 auto-con�gurationandnormaloperationrequirethe normal
operationto be stalledevery

­

time units. This may disrupt
ongoinghigher layer communication(for example,TCP con-
nections),which may be a high penaltyto pay, especiallyfor
networkswith low mobility. So,insteadof alternatingbetween
thesetwo modesof operation,it would be betterto interleave
theauto-con�gurationroundsbetweenthenormaloperationso
that con�guration processis continuouslyongoing.For this,

4 The normal operationmay also need to have a slotted
and framedstructure.This is to ensurethat the context
switching (which is more frequenthere) may be done
in a mannerthat is independentof the communication
protocolusedfor normaloperation.

4 Traf�c-bearing slots during normal operation may be
longer than the timeslot duration of the proposedauto-
con�guration protocol.One could possiblypack several
con�guration slots into “borrowed” traf�c slots.

C. Commentson changesto the global channelset, 3

Someof the factors that affect the integrity of the global
channel set 3 computed by the proposed layer- 2 auto-
con�guration protocolare:

4 Nodes may not turn on their radios at the sametime,
andhence,may invoketheauto-con�gurationprotocolat
different times.

4 Network topology changes.New nodesin the network
couldarrive or theexisting nodesfrom thenetworkcould
depart at any time. Thus, it is possible that a single
network could get partitioned and one or more such
partitionscould merge later to form a singlenetwork.

4 Changesto channelavailability set maintainedby indi-
vidual nodes(possiblydueto arrival of the primary user
of thegloballycommonchannel,

CWD+FHGíIKJ'F

) will alsotrigger
re-computationof the global channelset.

To addresschangesto the set 3 due to all the above
factors,we claim that the auto-con�gurationprotocol has to
be re-invoked. If the availability set of a newly arrived node
decreasesthe cardinality of the set 3 by at least one, then
we term it asa contributing node. Supposea run of the auto-
con�guration protocol resultedin the selectionof

C
D'FHG�IKJ'F

for
communicationamongexisting nodes.When a contributing
node (say ¶ ) arrives, it would not be able to communicate
with the existing nodesin the networkif

C
D'FHG�IKJ'F

È

T

O%¸ . Thus,
nodesin the neighborhoodof ¶ would remainunawareof ¶ 's
arrival. Due to this lack of knowledge, they would have to
scan through all the < channelsin O

•-–
P‘— . Also, the total

number of new nodesjoining the network is not known a
priori. Thus, a time-slottedmechanismwould be required,
whereby each node transmits in its pre-assignedtimeslot.
A total of sn< slots would be required to detecta newly
arrived node and learn about its availability set. After this,

t[u
{[} roundswould be requiredto propagatethis information
throughoutthe network.This is equivalent to re-invoking the
auto-con�gurationprotocol.Thus, in order to handlechanges
to globally commonchannel

CWD'FHG�IKJ'F

and/or the set 3 , every
nodein the networkre-invokesthe layer- 2 auto-con�guration
protocolevery

­

time units (seeFigure2), where
­

is much

larger than the time it requires for the auto-con�guration
protocol to terminate,say

­

`d2y:‡Ç time takenby the auto-
con�guration protocol.

V. CONCLUSION

In this paper, we addressedthe layer- 2 auto-con�guration
problem in a CR network and presenteddistributed algo-
rithm for �nding a global channelset wherein nodeshave
no prior knowledge of their neighborhood.Our algorithm
consistsof two phases.In the �rst phase,every nodelearnsits
neighborhoodinformationandselectsa preferredchannelfor
transmission.In the secondphase,nodesexchangemessages
on thechosenpreferredchannelto computetheglobalchannel
set. We showed that all nodesin the network determinethe
globalchannelsetin t[u
sŠw
u
<ðz^{[}~} timeslots.For reasonable
networkdeploymentscenarios,the time takenis of the order
of tensof seconds.The proposedsolutionalsoprovidesevery
node the set of channels that are common to itself and
all other nodes that are Ü -hops away. This information is
particularly useful when the global channelset is empty to
facilitate a communicationinfrastructureamong clustersof
nodesconnectedthroughgateways.
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