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Abstract—In a typical Wireless Mesh Network (WMN), the
interfering links can broadly be classified as coordinated ad
non-coordinated links, depending upon the geometric relaon-
ship. It is known that compared to coordinated interference
the non-coordinated interference result in significantly bwer
throughput and an unfair capacity distribution amongst the
links. However, identification of non-coordinated interference
relationships requires that each node is aware of the precis
location of its neighbours, which is impractical. In this paper, we

propose a novel two-phase Cluster-Based Channel Assigniten

Scheme (CCAS) that minimizes both non-coordinated as well
as coordinated interference without requiring the nodes tobe
aware of the location of its neighbours. CCAS logically paritions
the network into non-overlapping clusters. The links within each
cluster operate on a common channel which is orthogonal to tit
used in neighbouring clusters, thus eliminating non-coorahated
interference. The inter-cluster links are assigned chanrle such
that any non-coordinated interference that they introduce is
minimized. The second phase of CCAS minimizes the coordinadl
interference by exploiting the channel diversity to sub-diide each
cluster into multiple interference domains, thereby increasing
the capacity of individual links. Simulation-based evalugions
demonstrate that CCAS can achieve twice the aggregate netwo
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links induce the same level of interference on the targét lin
However, Garetto et al. [4] have shown that this assumption
is not true in practice. The authors have broadly classified
the interfering links as coordinated and non-coordinatied,
pending on the geometric relationship between the inteer
link and the target link. For a directional linki, j) — ¢ being
transmitter and is the receiver — the directional link(i’, j')
is a coordinated interfering link if the euclidean distance
d(i,i') is less than the carrier sensing rangBcg). On
the other hand, link’(i’, j) is a non-coordinated interfering
link if d(i,i') > Recs and {d(s,j") and/ord(i,j) and/or
d(j,7))} < Rcs. Garetto et al. [4] have shown thaon-
coordinated interference results in significantly higheants-
mission losses and unfair capacity distribution amongst th
links, as compared to coordinated interferenge the best of
our knowledge, this observation has not been used in making
channel assignment decisions.

In this paper, we first compare the coordinated and non-
coordinated interference under CSMA/CA protocol using an

goodput as compared to existing channel assignment schemes€mpirical example (Section I1). We highlight the fact that

while ensuring a fair distribution of capacity amongst the links.

I. INTRODUCTION

compared to coordinated interference, non-coordinati-in
ference has a severe impact on the channel utilization and
consequently on the network capacity. This leads us to ypot

In a typical Wireless Mesh Network (WMN), co-locatecksize that channel assignment scheme, which prioritizes the

links frequently interfere with each other, thus reducihg t minimization of non-coordinated interference over conaded
channel utilization. To improve the network capacity, WMNnterference can significantly improve the network capacit
nodes are equipped with multiple radios (NICs). This ermblé simple empirical example is presented to demonstrate the
interfering links to be active simultaneously, each opegadn merit of this approach. We formulate channel assignment as
an orthogonal frequency channel. However, given the lighitaa two phase minimization problem where the minimization
number of orthogonal channels in the radio spectrum (3 @f non-coordinated interference is prioritized over thercd
IEEE 802.11b and 12 in IEEE 802.11a/g), efficiemannel nated interference. We prove that this problem is NP Hard
assignment schemis required to minimize the interference(Section IIl). As a solution to the problem, we propose a
In order to identify the interfering links, existing chahmes- static distributed heuristic referred &uster-based Channel
signment schemes rely on one of the three popular interferessignment Scheme (CCASkgction V).
models:(i) Protocol model [1], (ii) Physical model [1] and)( CCAS logically partitions the network into non-overlapgin
Extended protocol model [2]. clusters, each comprising of nodes located within a carrier
It is well known that the behavior of CSMA/CA protocolsensing range. All nodes within the cluster can communicate
does not comply with both protocol and physical interfeeenavith each other over a common channel. Neighbouring claster
models [3]. The extended protocol model can correctly idense orthogonal channels thus minimizing non-coordinated i
tify all single-hop interfering links. The channel assigemh terference. The cluster-based approach of CCAS significant
schemes that rely on this model assume that all interferirgduces the complexity of minimizing non-coordinated iinte



ference as explained in Section IV-A. Inter-cluster coriwég A 0.99MbpsB 0.47Mbps ~ FH « 0.71Mbps
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Although cluster-based approach minimizes the non- Res - o—— >
coordinated interference, almost all links in WMN expeden (a) Coordinated links (b) non-coordinated links

high level of coordinated interference, which limits théiaw- .

. . L ig. 1. Impact of coordinated and non-coordinated interfee on goodput
able throughput of the links in WMN. To minimize the coor-
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to break the domain of interfering links encompassing th?c) 344k(1) 304k(1) 532k(1) 338k(2) 343k(2) 501k(2) 359Kk(1) 789K(

entire cluster into multiple sub-domains while ensuringtth b : * * e : > * c
this channel assignment does not introduce additional non-

coordinated interference. We evaluate CCAS by Comparing‘:iﬁ- 2. Example illustrating impact of prioritizing non@alinated interfer-

with existing channel assignment schemes through sinoulsiti ence.

(Section V). The evaluation results demonstrate that CC#6 Yresults excluded). The following observations can be made

achieve twice the aggregate goodput as compared to exisigh the results of the experiments. (i) Coordinated iretenfy
schemes and ensures fair capacity distribution amondet.lin jinks synchronise their transmissions when random-access

Il. MOTIVATION MAC protocols such as CSMA are employed. As a result,

In this section, we first present a simple empirical exanfacket collisions are reduced, resulting in near optimahciel
ple that demonstrates the impact of coordinated and nd#illization. The capacity of individual links exponential
coordinated interference on the link and network capacijecreases with the increase in number of interfering li(iKs.
The subsequent example demonstrates the effectivenesd\@p-coordinated links fail to coordinate their transnoss
assigning channels with the primary goal of minimizing norf4], resulting in sub-optimal channel utilization and unfair

coordinated interference. Qualnet simulator was useddor c distribution of channel capacitgmongst interfering links. The
ducting the experiments. links, which experience significantly lower goodput (i.ekl

AB in Figure 1(b)) are likely to form bottlenecks in the
) ] ) network, thus affecting the end-to-end throughput of raudtp
EXAMPLE 1:Consider three wireless linkdB,C'D and  fiows. The above example suggests that the network capacity

EF as shown in Figure 1(a). The nodes are equipped With pe improved if non-coordinated interference is minediz
IEEE802.11b radios, which transmit at a data raté1af/ bps. by channel assignment.

All radios are tuned to a common channel. The links arée ] )
directional with a CBR traffic source (packet size 512) tran- Channel Assignment and Non-coordinated Interference
mitting in saturation mode (i.e. transmitter always hasepaa ~ The existing channel assignment schemes use the following
to send) in the direction of the marked arrows. The links imetrics to quantify the impact of interference: the numbfer o
Figure 1(a) are placed in such a way that interference betweaeterfering links [2], [5], [6], the traffic load [6]-[9] orhe
them is coordinated. The value depicted against each linkcisannel utilization [9], [10]. However, these metrics dat no
the achievable goodput at network layer. In this scenahie, tnecessarily capture the impact of non-coordinated irneniee.
goodput of all links is equaké 1Mbps) with an aggregate ca- The following example demonstrates the effectiveness of as
pacity of 3Mbps. We conducted additional experiments whersigning channels with the goal of prioritizing the minimtize
the the number of coordinated interfering links was inceelas of non-coordinated interference over coordinated interfee.
We observed that the aggregate goodput remained the same
(3Mbps), while the capacity of the individual links decreased Example 2: Consider the chain topology in Figure 2a
exponentially (results excluded for brevity). Howevetliaks where all links are operating on a common channel. The
always received a fair share of the network capacity. aggregate goodput achieved 299Mbps. Now assume that
Next, we simulated a scenario where the same three lirtkgo channels are available. In Figure 2b we assign the chignne
were placed in such a way that they shared a non-coordinatsihg the metrics proposed in existing channel assignment
relationship with each other, as shown in Figure 1(b). The agchemes [2], [6]-[8]. Note that, in this particular example
gregate goodput in this case reduce@88M bps. Moreover, all of the aforementioned metrics result in identical chelnn
the three interfering links did not receive an equal share asignment. The aggregate goodput achieved in this case is
the network capacityAB = 0.47Mbps, CD = 1.2Mbps, 2.71Mbps. Figure 2c illustrates the goodput achieved when
EF = 0.71Mbps). We observed that increasing the numbahe channels are assigned such that the non-coordinaked lin
of non-coordinated interfering links within the interface do- operate on orthogonal channels. The aggregate goodpusin th
main, decreased the aggregate goodput. Further, theddilvi case is3.51 M bps, which is significantly higher than that in
links always received an unequal share of the network cgpadrigure 2b. Furthermore, it is evident that no link is sigrafidy
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A. Coordinated vs. Non-coordinated Interference



disadvantaged. This simple example demonstrates that Tre conditionn’(v) < n(v) ensures that channels assigned
notion of assigning channels with the aim of reducing none links incident on a node should not exceed the number of
coordinated interference has merit. interfaces available at that node.
. PROBLEM EORMULATION F_’hase 2:Vei_ € FE, let c(_ez-_) _be the channel assigngd to

. . ] ] . link e; after first phase. Minimize the number of coordinated
In this section, we first enlist the assumptions made f%terfering links ofe; tuned to channed(e;) while ensuring

channel assignment (Section 1ll-A). We then explain th@at any pair of non-coordinated interfering links tuned to
notations used throughout the rest of the paper (SectieB)Ill orthogonal channels after first phase maintains the channel
Subsequently, we formulate channel assignment as a twe ph@ﬁ

O R ) iversity. This is achieved as follows:
minimization problem where minimization of non-coordieet

interference is prioritized over coordinated interfererand minimize Y,cr|Neo(ei,c(e;))| s.t.
prove that this problem is NP Hard (Section IlI-C). c(e;) # cle;) if €j € Npeol(es) & €5 & Npeoles, cler))
A. Assumptions c(e;) € CVei € E

1) All nodes are equipped with multiple wireless interfaces Vo € V1! (v) < n(v)
(i.e., interfaces per node 3). Each node can have ’ -
different number of interfaces. Lei(v) be the number Theorem 1. The two phase problem defined above is NP-
of interfaces of node. Hard.

2) AllWMN links are assumed to _be operatl_ng n saturatgd We skip the proof here for the sake of brevity and refer the
mode. Therefore no data traffic constraints are consid-

ered for channel assignment. reader to [11]. In the following section, we propose a heigris

3) The transmission range?¢) and carrier sensing rangeSCheme as a solution to the problem defined above.

(Rcs) of WMN nodes is fixed and all nodes transmit IV. CHANNEL ASSIGNMENT SCHEME

with the same transmission power. We assume thatin this section, we first illustrate the rationale behind the

Res =2x* Rr. cluster based approach employed by CCAS (Section IV-A).
B. Notations We explain how clustering approach minimizes the non-

Let directed graphG(V, E) represent the WMNY being coordina_ted interference in WMN With a reduced Ieve_l of
the set of nodes an# being the set of edges where an edggPmplexity. Subsequently, we detail the CCAS algorithm
exists between two node&;,v;} € V if d(vi,v;) < Rr. (Section IV-B).

Note that every wireless link is represented bydirected A cluster-based Non-coordinated Interference Mininiizat

edges. As stated in assumptions, két;) be the number of . :
g P beb;) It is well known that a greedy approach often results in

interfaces of node; andn(v;) > 2. Let C = {1,2,3,....k - . .
be the set of available orghggonal channels{. We assurie tm’ﬁ best heuristic. A greedy solution to the first phase of the
problem (i.e., minimizing non-coordinated interferena@uld

k > 3. Note that, IEEE 802.11b h&k orthogonal channels ! D . . I
while 11a/g havel2. For all e; € E, let c(e;) € C be involve considering one link at a time and assigning a chianne

the channel used by the link represented by the edge to the link such that this channel is used by the least number

Let n/(v;),v: € V be the number of different channels tha?f non-coordinated interfering links of this link. In ordey
are usezdvb;/ the edges incident on vertex or a feasible identify the set of non-coordinated links, the end nodesache

channel assignmenty(v;) < n(v),¥Yvo; € V. VYe; € E link would need to know the precise location coordinates of

let Nyoo(e:) C E andJlV (_e}) CZ > k;e the .setsf of non- he three hop neighbouring nodes, which is impractical s@en

coordinated and coordinated interfering links of the link quently, minimizing the non-coo_rdmatedmter_ferencedmes

respectivelye; € E,c; € C, let Nooo(€s¢;) C Noooles) a challenging task. In the following, we explain that cluistg
V&g »©g ’ nco\“y &y nco\“1

and N (e;, ¢;) C Neo(e;) be the sets of non-coordinated an(?::e mesh n%tlwo[kdls lar: eﬁic_:tlve .fkt]ratigy fo_r. deterrg;jnlng
coordinated interfering links respectively, of the linktuned € non-coordinated refationships without requiring ae

to the channet;. It is obvious that for any linke; € E, if kngw ofdthe k:/(\:/a':/tliﬁndm Iits neigr}boprsl.l itioned i
Npeo(€s, c(€2)) = & (OF Nuo(es, c(es)) = ), then the linke; onsider a eployment logically partitioned into non-

does not experience any non-coordinated (coordinatetdzcr:espoverlapp'ng tangential circular clusters, with diametseach

tively) interference. We now formulate channel assignnaent ](C:Iuste(rj equal to tﬁarrlerd senlsmgt rdangter;_ Notel thtat th.ﬁ r:lnks
a minimization problem. ormed between the nodes, located within a cluster will have

C. Problem Definition coordinated interference relationship with each otheis T
’ o . because the transmitters of all such links will be locateithiwi
~ Phase 1ve; € F, minimize the number of non-coordinategne carrier sensing range of each other. If all such links are
interfering links ofe; tuned to channet(e;). i.e., tuned to a common channel, no non-coordinated interference
minimize Se,ep|Nnco(ei, cle;))]  s.t. is introduced between these links. Further note that all non
coordinated interfering links of the links within a clustexist
c(e;) e CVe;, € E ) . oy
, in the clusters located (completely or partially) withineth
Yo e V,n'(v) < n(v) distance of carrier sensing range outside the cluster oynd



- N Py to be partitioned into logical hexagonal grid. Further note

YA Jcmsterg\ that CCAS server only assigns the default channels to the
as®., ocners /O c3 0 ’j clusters whiI_e the cluster heads a_ssi_gns the channels to the
o o/ ?\[ Lo /S non-default interfaces of nodes within each cluster. CCAS
[ CIusterlK s aijste:r\lo algorithm (Algorithm 1) consists of three phases: Clusigri
/ Clust:r A ?C;D/ E A% [ non-coordinated interference minimization and cooraidat
Lo c g A e c@ < / interference minimization. The three phases are explaimed
ST CgUS%EfZ : the sections below. We use the example WMN deployment in
S0 0 o © Ny ) Figure 3 to explain the operation of CCAS.
Cluster6 c3 Y C4  cl not possibl
€4} cluster7 | ~Cluster8 !ysecs -
© O o /{;f‘a'\ o 5 Algorithm 1 CCAS
U Gircler T ] L Cluster()

2: MinNonCo()

Fig. 3. lustrati f clusteri h aimed at mirmimé 3t for all e(v;,v;) € E such thate is not an inter-cluster linido
I%rdln ted |u?err?e|?;cz clustering approach aimed at miramg non 4. LIST = C\ {c|c € C and channelc is used within two hop
Considerclustert i Figure 3 wherecirclel circumscribes neighbourhood of the nodes andv; }.

if LIST # ¢ and an interface exists in nodeg and v; which has

the nodes within the distance of carrier sensing rangejdmuts not yet been assigned a chantien

clusterl. As cluster—9 are located (completely or partially) e: Assign a channet € LIST to link e.
within circlel, if all nodes within these clusters operate on/: end if

channels other than the channels used by nodesuisterl, 8. end for

the links between nodes withiflusterl will not experience
any non-coordinated interference. In general, if nodefiwit
each cluster operate on a channel that is not used by
cluster within the distance of carrier sensing range, the-n
coordinated interference will be eliminated from the netwo

As one can readily observe, the complexity of minimizin
non-coordinated interference is greatly reduced by adgpti
this approach in assigning channels.

Note that given the imperfect channel conditions, it is prac
cally impossible to logically partition the network into nbect
tangential circular clusters. In Section IV-B, cluster tiea
selection is based on realistic assumptions. AlgorithmtBes

1) Clustering: First phase of CCAS partitions the nodes
in WMN into logical clusters using procedure listed in Al-

ithm 2. The process begins when all cluster head nodes
%roadcast theCH_HELLO message which is received by
the nodes within the transmission range of the cluster head.
%he nodes respond to the cluster head JOIN_REQUEST
messages. The cluster head adds the node into its cluster upo
receiving theJOIN_REQUESTmessage and acknowledges the
node with aJOIN_ ACCEPTmessage.

Algorithm 2 Cluster()

1: All interfaces of all nodes operate on a pre-configured reom channel

executed at cluster heads to logically partition the nekviraio

clusters, each containing nodes that are approximatettddc 2:
within a carrier sensing range. Such a clustering, followgd 3
channel assignment as explained above is not able to ebienind”
non-coordinated interference. However, simulation tssinl  5:

Section V show that significant reduction of non-coordidate

at the time of start up.

for all cluster headslo
BroadcasiCH_HELLO message with cluster head ID.
A node receivingCH_HELLO message send¥OIN_REQUESTmes-
sage with its ID to cluster head sending the message.
Cluster head, upon receivilPIN_REQUESTadds node to cluster and
sendsJOIN_ACCEPTmessage to node.

end for

. L . 6:
'nterf.er_ence results in |-mpr0ved network capacity, corepar 7: A node that is unable to join a cluster 6}, units of times, broadcasts
to existing channel assignment schemes.

JOIN_REQUESTmessage to two hop neighbours.
8: The cluster head receiving this message s&l@HN ACCEPTmessage
to node.

B. Channel Assignment Algorithm
Node sendsAC' K message in response to fiB®DIN_ ACCEPTmessage
CCAS is a static and centralized scheme, which is executedrecelved 9 P 9

when the WMN is initialized. The central entity that exe®ute10: Cluster head upon receiving thC' K message adds the node to cluster.
CCAS (Referred as CCAS Server) can be co-located with any

of the gateway nodes. One interface of each node is des@jnateNote that certain nodes may be deployed outside the trans-
as thedefault interfacewhile the remaining interfaces aremission range of all cluster heads. Such nodes will not vecei
referred to asnon-default interfacesThe default interface any CH_HELLO message even after waiting féf,;. units of

of all nodes within a cluster is tuned to a common channgine (74 is a design parameter). Such nodes follow Steps 7-
(referred to as default channel). CCAS assumes that certahby initiating theJOIN_REQUESTbroadcast message to two
WMN nodes have been designated @dsster head These hop neighbours. Multiple cluster heads receive this meassag
nodes are selected at the time of WMN deployment as followand reply withJOIN_ACCEPTmessage, however, the node is
The entire WMN area is logically partitioned into hexagonalot added into cluster at this stage. The node replies the firs
grid with the length of the sides of the hexagons equal HDIN_ ACCEPTmessage received, withC' K message, ignor-
carrier sensing range. The node located closest to therceiig the remaining messages. The cluster head that recéiges t
of each hexagon is designated as cluster head. Note that &K message, adds the node to its cluster. Consequently, all
physical deployment of WMN need not be regular, in orderodes in the WMN are clustered into non-overlapping clgster




each comprising of the nodes approximately located withinAgorithm 3 MinNonCo()
carrier sensing range. The second phase of CCAS assigns ﬂq@rdanhtclLstt}egr heado {get list of cluster heads with which this cluster
. f noaes interter
Qefault chanpel to ea(_:h cI_us.te.r, ensuring that non-coatelih 2. Broadcast CHIDREQUEST message to 3-hop neighbours
interference in WMN is minimized. 3:  All receiving nodes reply with their cluster head ID.
2) Non-coordinated Interference Minimizatioithe second 4: Cluster head constructs the list of distinct CHIDs andvémds to list
phase of CCAS (Step 2 of Algorithm 1) aims at minimizing the;. enté’ fggé‘:’rvs;r\éi;cutes following steps
non-coordinated interference in WMN. Algorithm 3 detallet 6. ¢y_L1ST = {Cluster head ligt
procedureMinNonCo(). In Steps 1-5 of Algorithm 3, each 7: ?U/Jilmli‘:tab,hEmdr;tjy FIFO Queue.
. g . Tor cluster nea (0]
cluster head identifies the C|USter_ head IDs (_MAC _Add_ress_) Cg' N¢p (i) = {Cluster head IDs of clusters that interfere with nodes in
nodes that can have non-coordinated relationship withslink  clusteri}
formed between its own nodes. A list of such cluster headsl& g(fi) = C, whereC'is set of available channels.
~ena tor
constructed by gach cluster head and sent to CCAS Serverﬂ_nWhile CH_LIST has an elemendo
Step 18 of Algorithm 3, CCAS server assigns a default channgl  select a cluster headrandomly fromCH_LIST
to a selected cluster headrom list of available channels. Thel4: CH_LIST = CH_LIST \ {1}

selected channel is removed from lists of available cha;nnég Qﬂﬁ; gUQEUUEEU@S an elemertdo

for all cluster heads in the sé¥.,(v). This ensures that the 17: Remove first element from QUEUE
channel used by nodes with cluster heads not used by 18 Assign first channet from setC/(v) to v
any of the nodes within the distance of carrier sensing ran@e for Al we Nep(v) do

. : C(u) = C(u) \ {c}
outside the cluster of. The elements of the séY.,(v) are 21 Nep(u) = Ngp(u) \ {v}
added to FIFO queue to prioritize their channel assignmegsi:t dAOflduto QUEUE

.. . enda for

over remaining cluster heads. oa CH_LIST = CH_LIST \ {v}

In Figure 3, default channels have been assigned to clustggs end while
using Algorithm 3. Note that only four channets (cs, c3 and  26: end while

. . . Server informs cluster heads of default channel. Qluséads inform
04) are used as the default channels for a 2-dimensional WNR‘ nodes in cluster about default channel. The nodes assiguldehannel

as the network becomes planer map, known td{oelorable of their cluster to their default interface.
[12]. Note how the channet;, used byClusterl, can be 28:for all e(vi,v;) € E such thate is an inter-cluster link (i.ev; and v,

belong to separate clusterdd
reused b)ClusterlO but not byClu‘StWS becauselusters 29:  Assign default channel of transmitter node (i.e., node) to link e.

is partially located within the distance of carrier sensiagge {Check if this assignment introduces non-coordinated fietence}
from Cluster1. If only 3 channels are available as in the cased: if cis being used by any interface of a node in the cluster of vecei

of IEEE 802.11b, then CCAS may relax the channel reuge. "°%° &) i”dcm\or{ecF{f”es'rglz:gpcﬁgfgegﬁtzggd by two hop

condition, such that only the adjacent clusters are asdigne neighbourhood of the nodes and v, }.

orthogonal channels. For example 3ithannels are available 32: it LIST # ¢ then _

?n_Figure 3_’ Cluster8 can be assigned channel bepause 2431 engsi?‘l{gl]fn:bgC:nPFei;tgteLnigri tI(S) l:er:(l;gﬂted and returns false, then
it is not adjacent toClusterl. Clearly, such an assignment at least one non-coordinated link pair will operate on commo
cannot ensure the elimination of non-coordinated interfee channel}

even under perfect channel conditions. o enznf%r'f

CCAS server informs all cluster heads of their default
channel. This default channel is assigned to the default in-
terface of each member node. The links with transmitter and
receiver located within a cluster can then operate on theultef operating on channel, only an inter-cluster link, of cluster
channel, using default interface. However, after this ,step of v; or the inter-cluster link of cluster of, can be a non-
inter-cluster communication is possible using defaultiftces coordinated interfering link. Furthermore, must operate on
of the nodes. This is because the default interfaces of tHe erhannelc; in order to interfere with the link;. This is only
nodes of inter-cluster links operate on different chanrétge possible when one of the interfaces of the receiver of link
that non-default interfaces of all nodes are still tuned®-p e, is tuned to operate on channel to be usedebyAs an
configured common channel and can be used for inter-clusiéstrative example, consider the link§D, DC, FG,GF in
communication. Figure 3. LinkC' D can be assigned channglwhile links F'G

Steps 28-36 of the Algorithm 3 assign the channels to intextnd DC' can both be assigned chanmelwithout introducing
cluster links. The non-default interfaces of the nodes asxlu non-coordinated interference in the network. Howeverk lin
for this purpose. The inter-cluster links are arranged i thiGF cannot be assigned channrglbecause it would result in
order of increasing transmitter ID (MAC address). The regei GF forming a Far Hidden non-coordinated relationship with
ID is used to arrange the links that have a common transmitt€tD. Note that this non-coordinated interference relatigmshi
Individual inter-cluster links are visited sequentiallpdaas- will be detected by searching for the nodes Gfluster2
signed the default channel of the transmitter node. Ste tthaving an interface tuned to channgl and are more than
verifies if this assignment introduces a non-coordinatéglin one hop away from nodé’. Further note that no geometric
fering link pair. Note that for any inter-cluster lindg (v1,v2) location information of any node is required to detect such



non-coordinated relationships. control messages, broadcast and multicast communications
In case the verification step (Step 3) finds that non- V. EVALUATION

coordinated interference is introduced because of thgrmassi , ) ) ,

ment in Step 3, the algorithm searches for an alternate ehann N this section, we present a thorough simulation-based

assignment for the particular link. A channel is selectedtie €valuation of CCAS using Qualnet. We compare the perfor-

link such that this channel is not being used by any interédce Mance of CCAS with the the following two channel assign-

the nodes that are located within the two hop neighbourhoBiNt schemes: (i) Breadth-First Search Channel Assignment
of the edge nodes of the link. Note that the interfering links (BFS-CA) [10] and (i) Hyacinth [7]. BFS-CA uses channel

alink e(v;, v;) € E must have their transmitter or receiver (of'lllization and number of interfering links while Hyacintises
both) located within the carrier sensing range (alteredtiv traffic load as metric to quantify the impact of interference
two hop neighbourhood) of one of the edge nodesof v;) The comparison of CCAS with these schemes demostrates
Selecting a channel other than the ones used by the noH-ées effectiveness of prioritizing the minimization of non-

within two hop neighbourhood will ensure that no coordinate“°0rdinated interference against exsiting interferencngfi-
or non-coordinated interference is introduced. In caséngf | Cation metrics. We conduct four sets of experiments. In the

GF in Figure 3, channeks is such a channel. Therefore, TABLE |
this channel is assigned to linkF. Note that because of SIMULATION PARAMETERS
limited channels, such a channel may not exist and a non-
coordinated interfering link pair, tuned to a common channle Simufation time 1500 sec.
will be introduced in the network. $Um'?erD9f '”ter_faceizb - %’g%de e —
. . errain bimensions (b,a) radiq X m-, X m
N_ote that, at mos® interfaces are required per qodg 1ONode Placement Uniform Random
realize the second phase of CCAS. The only exception is th&adio Propagation model Two ray
limited number of nodes having inter-cluster links incitlen Propagation shadowing model| Constant (mean=4.0)
from two different neighbouring clusters. Such nodes wijl Basic rate (b, a) radio 2Mbps, 6Mbps
. hi . is in li ith Data rate (b, a) radio 11Mbps, 54 Mbps
need at mo§8 interfaces. This requirement is in line With—zppfication traffic Poisson Traffic Gen. (App. Layer)
our assumption about the required number of interfaces [p&¥acket inter-arrival mean (b, d] 1.6msec, 0.33msec
node in Section Ill-A. Although the first phase minimizes thg Packet size (fixed) 512 Bytes

number of non-coordinated interfering link pairs tuned to first set of experiments, we compare the average link goodput
common channel, significant part of coordinated interfgrirand the fairness (using Jain’s fairness index [13]) achieve
link pairs (i.e., all links within a cluster) are still tundd a by the three schemes for a network of single-hop flows using
common channel, limiting the throughput of individual I;k both IEEE 802.11 a & b radios. In the second set, we explore
Third phase of CCAS aims at minimizing the coordinatethe impact of increasing the level of coordinated and non-
interference within each cluster, consequently maxingizime coordinated interference on the three schemes. The third se
throughput of links and the aggregate throughput of WMN. of experiments explores the impact of increasing the number
3) Coordinated Interference MinimizationSteps 3-8 of of channels on the aggregate goodput. In the last part, we
Algorithm 1 comprise of the third phase of CCAS. This phadavestigate the performance achieved by end-to-end rhafi-
aims at minimizing coordinated interference by exploitinffows. Table | summarizes the simulation parameters that are
channel diversity. The algorithm follows a greedy approtch used in all the experiments, unless stated otherwise.
minimize the coordinated interference. All links are exaeu (i) Goodput and Fairness for Single Hop Flowm this
sequentially (sequence decided based on the ID of tramsmittet of experiments, we use a 36 node WMN and simuléte
and receiver nodes) and a channel is selected for the linkrdhdom single-hop flows (each node transmits to a randomly
none of its coordinated and non-coordinated interferingdi chosen neighbor). We first use IEEE 802.11b radios with
are using the channel. Such a channel exists only if theyeorthogonal channels and compare the per link goodput
is a channel in seC (set of orthogonal channels) which isdistribution and fairness for the three schemes. This allow
not being used by any interface of any node within two hoys to study if the limited number of channebsi@ this case)
neighbourhood of the transmitter and the receiver of thie lihave an adverse impact on the performance of CCAS. The
under consideration. If such a channel is found, this chlanmer-flow goodput for the three schemes from one run of the
is assigned to the non-default interfaces of the nodes faymisimulation are shown in Figure 4(a). One can readily observe
the link, only if an unassigned interface exists at both sodehat most flows experience higher goodput with CCAS. The
Consider link AB in Figure 3. AB can be assigned channebhggregate goodput across all flows3&22M bps, 17.3Mbps
¢5 because no coordinated or non-coordinated interferirlg limnd 14.17 for CCAS, BFS-CA and Hyacinth, respectively.
of AB is tuned to channel;. Thus, this step also ensures thaClearly, CCAS achieves better channel utilization and im-
the resulting assignments do not introduce non-coordihateroved network capacity. Further, the limited availabilif
interference in the network. Note that unassigned nontdtefachannels does not appear to have a major impact on the
interfaces are used to realize this channel assignment. Tegformance of CCAS.
default interfaces of both nodes forming the particulak lin We use Jain’s fairness index to evaluate if the schemes can
are still tuned to the default channel to provide the supfoort achieve fair capacity distribution amongst the interfeffiows.
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Fig. 4. Evaluation Results

This metric takes on a value from 0 to 1, with 1 implying equajoodput. This shows that for both the limited channel cask an
allocation to all flows. The values of the index for CCAS, BFSetherwise, CCAS achieves fairer distribution of capacityl a
CA and Hyacinth ar®.9137, 0.4361 and0.4307 respectively, greater aggregate goodput.

!mplylng that CC.AS is_significantly more egalitarian when (ii) Impact of Coordinated and Non-coordinated Interfer-
it comes to sharing the channel capacity. Even though, t

results presented above are from a single simulation run ce:We now observe the impact of increased level of coor-
P - gie . UM YRated and non-coordinated interference on the perfocman
have observed a similar trend across multiple simulatiors ru

luded f f brevit of CCAS. To achieve this, we increase the number of nodes
(excluded for reasons of brevity). in the WMN while maintaining the same physical dimensions.
: in (i), single-hop flows are used. We simulated networks
We now repeat the above experiment for IEEE 802.1102;? in (i), sing . .
radios. We study the impact of increasing the number th 36,50, 64, 81 and 100 flows. IEEE 802.11a radios \.N'm
; ; géthogonal channels were used. We repeated experin@énts
mes and averaged the results with 94% confidence interval
Cl). Figure 4(c) shows the aggregate goodput achieved by
before, each node transmits to a randomly chosen neighﬁ fee schemes. Qbserve that in the case of CCAS’ the ag-
Unlike, the previous scenario, which only allowed the use egate goodput is not affected by the increasing number of
' ! épéerfering flows. Recall that, sub-optimal channel utition

3 channels, with IEEE 802.11a, 12 orthogonal channels lel f dinated interf c
available. However9 channels are sufficient for our scenari¢> SO'€Y @ consequence ot non-coordinated interterence.
rdinated inteference does not adversely affect the channe

due to the limited number of links in the network. Figure 4(bz pacity. This means that with channels in use, CCAS

shows the average goodput achieved by the flows for t . L . ;
three schemes as a function of the number of interferifs ectively eliminates the non-coordinated interfereri@e the
ntrary, the aggregate goodput of BFS-CA and Hyacinth

flows. In addition, the maximum and minimum values of th th b £l This hiahliahts the fatt th
goodput achieved by individual flows are also plotted. Q¥ear ecreases as the number of Tows. This highlights the Ta a
tWese schemes are not effective in reducing non-coordinate

CCAS consistently outperforms both BFS-CA and Hyacin

by a factor of two. Further, observe that, both BFS-CA ar{aterference.

Hyacinth have a very high maximum and a very low minimum We repeat the above experiments by increasing the number
value. This implies that these schemes do not achieve a fairnodes, while maintaining the same node density. In other

distribution of the network capacity amongst the flows. Om thwords, the physical dimensions of the WMN are increased

contrary, for CCAS, no flow is disadvantaged or achieves higis a function of the number of nodes. Single-hop flows are

the number of nodes it the network while maintaining th
same physical dimensions (i.e. increase the node denAsy).



employed as in the previous experiments. This results in an V1. RELATED WORK

increased level of non-coordinated interference. Howeber A number of channel assignment algorithms have been
coordinated interference does not vary significantly. Tisis nroposed in recent years [2], [5]-[10], [14], [15]. Alicher
because the number of nodes in the carrier sensing range @f &y. [8] proposed a centralized load-aware channel assign
particular node remain practically unchanged (recall that ment and routing scheme. The scheme uses traffic load to
number of coordinated links are a function of the number gheasure interference. Ramachandran et al. [10] have pedpos
nodes in the carrier sense range). We repeated experimgigentralized channel assignment algorithm where channel
20 times and averaged the results with 91% ClI. Figure 4(gjjization and channel quality are used to quantify the in-
shows the average goodput of the flows achieved by the thiggerence. Marina et al. [6] have proposed a static canécl
schemes. We observe CCAS achieves almost constant googpyifsistic channel assignment algorithm that uses the numbe
with the increasing number of flows. With the coordinategfimerfering radios to measure interference. Howevenenof
interference not varying significantly, CCAS is effective i {hese metrics effectively capture the impact of non-cowatid
eliminating the non-coordinated interference from thevaek, |inks. On the contrary, in this paper, we show the effectiagan
independent of the network size. On the contrary, we obselyeassigning the channels by prioritizing the non-coortéda

a decreasing trend in the average goodput with the BFgerference over the coordinated interference.
CA and Hyacinth. The results, further reinforce the fact tha

these schemes are ineffective in dealing with non-cootdiha _ )
interference. In this paper, we formulated the channel assignment prob-

(iii) Impact of Number of Channels on Aggregate Goodputem for MR-MC WMN, prioritizing the minimization of non-
We now observe the impact of increasing the number gpordinated interference over coordinated interference a
available orthogonal channels on the aggregate goodpist. TRFoved that the problem is NP-Hard. We proposed a novel
gives us insight into the channel utilization achieved bg trfistributedCluster-based Channel Assignment Scheme (CCAS)
three schemes. We use a 36 node network (similar to tif @ solution to the problem. The cluster-based approach
used in (i)) with36 random single-hop flows. We use IEEEBMPloyed by CCAS does not require geometric location of
802.11a radios due to the large number of orthogonal chanrfépdes in order to identify and minimize non-coordinated
available. We repeated experimedtstimes and averaged theinterference, thereby significantly reducing the complexi
results with 90% CI. Figure 4(e) shows the aggregate good it Minimizing the non-coordinated interference. Simulati
of 36 single-hop flows as a function of the number of channel@@sed experiments showed that CCAS outperforms existing
CCAS consistently outperforms BFS-CA and Hyacinth by ghannel assignment schemes by a factor of at 2aBwvalu-
minimum factor of2. Note that, fol9 channels, with CCAS the ation results of CCAS show that the approach of prioritizing
network capacity is nearly saturated and any further irsedh® minimization of non-coordinated interference has meri
in the number _of cha}nr?els does not significantly improve the REFERENCES
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