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Abstract—We consider the channel assignment problem in  Deploying mesh networks as a simple multihop extension
a multi-radio wireless mesh network that involves assigning of 802.11 wireless LANs can lead to significant performance
channels to radio interfaces for achieving efficient channel problems due to inefficient utilization of available speatr in

utilization. We propose the notion of a traffic-independentbase . , .
channel assignment to ease coordination and enable dynamic, turn degrading end-user throughput. Access points in 802.1

efficient and flexible channel assignment. We present a novel LANS typically have a single half-duplex radio and the MAC
formulation of the base channel assignment as a topology control protocol in the 802.11 standard [3] is designed to use aeingl
problem, and show that the resulting optimization problem is channel. Neither of these prevent wireless LANs from using
NP-complete. We then develop a new greedy heuristic channel o ayjlable channels (3 non-overlapping channels WitEEE
assignment algorithm (termed CLICA) for finding connected, 802.11b/ tandards in 2.4GHz band: 12 | .
low interference topologies by utilizing multiple channels. Our ) 9 .San .a'j SIn 2 Z band; n_on-overapplng
extensive simulation studies show that the proposed CLICA channels with original IEEE 802.11a standard in 5GHz band)
algorithm can provide large reduction in interference (even with because neighboring access points can be configured to use
a small number of radios per node), which in turn leads to different channels without the risk of losing connectivitjth
significant gains in both link layer and multihop performance in - gach other. In contrast, the use of one half-duplex 802.dib ra
802.11-based multi-radio mesh networks. . . L .
per nodé for multihop wireless communication in a mesh
|. INTRODUCTION forces all nodes to use the same channel to maintain comnecti

. As a result, this mode of operation poorly utilizes dable

Wireless mesh networking is emerging as a promismg%ectrum and suffers from the well-known capacity scalin
technology for low-cost, ubiquitous broadband Internetesas o . ) pactly 9
problem with single-channel multihop wireless networld,([

via reduced dependence on the wired infrastructure. In[éb arising from the need to share the same channel amon
wireless mesh network, a collection wireless access routers =%’ ng - . . 9
provide connectivity to mobile clients akin to access minpaghponng transmissions even those at neighboring hbps o
in a traditional wireless LAN; but access routers commd mu.lt|hop p‘f’“h' : . .

nicate with each other wirelessly, potentially over mugip . Usmg multiple 802.11 channe'ls with a single radio per node
hops; a small fraction of those access routers are wired 'b?op (Izgsflio(ri.r?{(')rﬁ]ﬁe[ﬂg sg:;g;stsg:éos?ghlgiz dﬁgrgflll\j\gonsi
the Internet and serve as Internet gateways for the rest ' . . 9 )
the network. Mesh networks based on commodity SOZ.Hr eaph 'f‘°de .to dypammglly switch between channelsz wh|le
hardware and employing self-configuring ad hoc networkincoord'nat'ng with neighboring nodes to ensure commuroaati

: ; . r a common channel for some period. Such coordination,
techniques can offer wider coverage with less expense aglda P

deployment ease. Furthermore, inherent redundancy in QVEVer, requires tight time synchronization among nod_es.
o low switching between channels can reduce synchroniza-

mesh topology enhances reliability. Consequently, mesh n

works enable a number of new application scenarios, inatudi

tion requirements and overheads, but increases end-to-end
community wireless networking to provide affordable Inietr delays [8]. Besides, these solutions cannot be applied &hme
access especially beneficial for low-income neighborhamds

networks based on commodity 802.11 hardware as they require
scarcely populated areas. Refer to two recent survey esticMAC or hardware modifications.

on mesh networks [1], [2] for a detailed discussion on severa We therefore consider a mesh networking architecture with

application scenarios, and various community and commiercu!tiple radios interfaces per node for effective use okgiv

mesh network deployment efforts spectrum [9], [10], [11]. This architecture can not only
' leverage inexpensive commodity 802.11 hardware, but also

This work was partially supported by an NSF grant (award nuridéi-
0308631). IWe will use the terms “node” and “access router” synonymously.



overcome deficiencies of single radio solutions. For instan allowed to use different default channels for even distrisu
the use of multiple network interfaces per node allows sif load across channels. Also base channel assignment can
multaneous transmission and reception on different iate$ exploit the usually static nature of access routers in a nesh
tuned to different channels, which can substantially inapro update the assignment at relatively large timescales.
multihop throughput. The base channel assignment can facilitate different adap-
A key issue to be addressed in a multi-radio mesh netwaidtion modes depending on the channel switching delays and
architecture is thehannel assignmergroblem that involves relative number of available channels and radio interfaegss
assigning (mapping) channels to radio interfaces to aehiawode. When channel switching delays are large, as is the case
efficient utilization of available channels. A simple apgeb with current 802.11 hardware, base assignment itself can be
to address this issue is common channel assignment (CGsed for all communications with proper support from higher
assumed in [9], where radio interfaces at each node dagers in the form of an adaptive, multipath routing protoco
assigned to the same set of channels. Clearly, CCA leadsWile this mode of operation is practical and more along the
inefficient channel utilization in the typical case wheremner lines of the traditional layered protocol architecturendy not
of interfaces per node are fewer relative to the number bé the most efficient (as illustrated in an analogous sinati
channels. in [12]). However, channel switching delays are expected to
Generally speaking, the “goodness” of a channel assignmeaduce in the future thereby making highly dynamic channel
rests on two factors: connectivity and interference (ddpah assignment feasible. Base channel assignment can asdist su
on load). With multiple radio interfaces operating on diéiet small-timescale dynamic assignment (e.g., in the order of
channels, two nodes can communicate only if each of them Hisv arrival times) in two ways: (i) once the base assignment
an interface assigned to a common channel. Assigning masyavailable, nodes can use their default channel for subse-
interfaces to a few channels can provide richer connegtiviguent coordination when reassigning channels to intesface
but has the undesirable effect of increasing interferenoeng in response to various dynamics (e.g., load variations) as
transmissions on those channels. Thus, the channel assignnwvell as to register the new assignment with each other to
has to balance between minimizing interference (on anyngivpermit future communication; (ii) alternatively, when rmsd
channel) and maintaining sufficient connectivity. In thésise, have sufficient number of radio interfaces (but still mucésle
the channel assignment in a multihop wireless network c#tman available channels), few interfaces at a node can be
be viewed as @opology controlproblem (similar to transmit devoted for base assignment (long-term) and the rest can be
power control, for example). dynamically assigned by coordination via interfaces usimg
Channel assignment becomes much more challenging itbase assignment. This latter approach leads to a hybrichehan
dynamic network environment because of low overhead int&ssignment somewhat similar in spirit to the one proposed in
nodal coordination required to quickly to adapt the channfd].
assignment in response to time-varying traffic demands andn this paper, we focus on the aforementioned base channel
efficiently support a wide range of traffic patterns. It may nassignment problem; we leave the detailed specification of
be feasible to predict the traffic demand profiepriori as dynamic techniques that leverage the base assignment and
in [10]. On the other hand, optimizing the channel assignmesvaluation of their relative effectiveness for a separatpep
for a specific communication pattern to ease coordinatidh [1This paper makes two main contributions. First, we fornaulat
may lead to inefficient channel utilization in some caseg.(e.the base channel assignment as a topology control optirizat
peer-to-peer traffic). Updating the channel assignmentsis aproblem that has the goal of minimizing a network-wide
needed to adjust to spatio-temporal variations in number wieasure of interference under the connectivity constraim
available channels (e.g., due to presence of external uncahow that it is NP-complete (Section Il). Second, we preaent
dinated interference sources in unlicensed bands such-as gneedy heuristic for base channel assignment (termed CLICA
crowave ovens, or opportunistic use of idle licensed spagtr to find connected and low interference topologies (Sectijn |
and to handle device failures/movement. As noted in [1H, thve then evaluate the performance of this heuristic using an
main challenge for dynamic and adaptive channel assignmertensive set of simulations (Section IV). In the rest of the
is the multihop coordination requirement that arises bseauaper, unless explicitly mentioned otherwise, we referaseb
of channel dependency among nodes. Such coordination ggtannel assignment as channel assignment for brevity.
more complex when efficient and flexible support for différen
communication patterns is desired. I[l. SYSTEM MODEL AND PROBLEM FORMULATION
We propose the notion of hase channel assignmetu Consider a wireless mesh network with access routers arbi-
ease coordination and enable dynamic, efficient and flexilitarily distributed on a plane. Each access router is egaipp
channel assignment in multi-radio mesh networks. Main ideawith one or more radio interfaces. We assume that all ra-
to assign channels to radio interfaces to obtain an initiall- dio interfaces across the network are half-duplex, use omni
connected topology in &affic-independenmanner such that directional antennas and have identical transmissionesng
a pair of neighboring nodes have a comndefault channel (denoted byR). We model the connectivity between access
to communicate with each other, which we refer to as threuters by an undirected graph (henceforth referred to @s th
base channel assignment. Note that different pairs of na@es connectivity graph A pair of nodes have a link between



q distanceR’ from j transmits at the same time. For reliable
O unicast transmission (e.g., in 802.11 RTS/CTS/DATA/ACK
> exchange) transmissions in both directions must be suctess
Interference range Thus, it is additionally required that all nodes locatedhivit

R from i refrain from transmitting as well. Thus, the conflict
Iij graph for this model contains an edge between two vertigﬁs (
andl,,) if either nodesi or j are located within distanc&
|. | from p or q. In the base case, all edges have unit weight. How-

P Pd ever, it can be further refined as described below. Fig. 1 show
Fig. 1. A four node network (above) and the correspondingfimorgraph  @n €xample illustrating this model. With multiple channels
(below). The edge weights in the conflict graph are unity ia tiase case. need to consider inter-channel interference as well. Aigfo

it is straightforward to extend our model to accommodate

interference between channels, due to space constraiets, w
them in the connectivity graph, if they are located withickea wjl| [imit our attention to multiple non-interfering chaets in
other’s transmission range. this paper.

Suppose that there afé distinct wireless channels denoted Channel Assignment ProblenThe channel assignment
by c1,ca,...,ckx. Let RI; denote the number of radio inter-problem involves obtaining a mapping between radios and
faces at node, wherel < RI; < K. Note that different channels. We formulate this problem as a topology control
nodes may have different number of radio interfaces. Tlggoblem. Unlike a wired network, links in a wireless network
assignment of channels to radios inducesttévork topology  are flexible entities which can be configured or tuned [13].
The network topology and the connectivity graph, in generathere are a wide variety of tunable link parameters inclgdin
may not be identical. This can happen because of two reasapgnsmission power, bit rate, frequency band/channel aacb
First, a link in the connectivity graph may be absent in thgirection (if directional antennas are used). In a broadsen
network topology graph if the nodes at the end points of thigpology control is a way to exploit such link controllabjli
link do not have any radios aSSigned to the same Chanﬁ@l.obtain a desired t0p0|ogy_ Typ|Ca||y' topo|ogy contrel i
Second, it may have several corresponding links in the m&twQargeted towards reducing interference, or improving gner
topology if the nodes at the end points have more than ogfliciency. Our focus here is on the former. While much
radio each with common channels. of the topology control work is aimed at transmit power

Because of the broadcast nature of the wireless medium, Hitrol [14], [15], we will look at channel assignment as
success of a transmission is greatly influenced by the amoyat another way to do topology control. Our main goal is to
of multiple access interference. We represent such imtemée facilitate effective utilization of available channelshieh is
using aweighted conflict graptj4]. Corresponding to every equivalent to reducing the interference on any given chianne
link ¢ — j in the network topology between nodésand j, py distributing it across as many channels as possible.
the conflict graph contains a vertex (denoted B)). We  with the above view, channel assignment becomes an opti-
place an eddgebetween two nodes (saj; andl,,) in the mization problem, where “some interference measure” défine
conflict graph if the corresponding links ¢ j andp — ¢) over the whole network according to a given interference
in the network interfere; the weight of the edge indicates thnodel is optimized, with the constraint that “some notion of
extent of interference between those links. The existence Q:onnectivity" is preser\/ed_ Now, there are three sets oa.par
extent of interference between a pair of links in the netwsrk meters that need to be instantiated to define the problem more
determined by amterference modelThere are two commonly concretely, and they all serve as inputs to the problemhé) t
used models for this purpose [5]: (i) Protocol Model; (iijnterference model. We will use the Protocol Model (destib
Physical Model. Because of space limitation, we only discugarlier) in this paper for ease of exposition. However, our
the Protocol Model in this paper. We refer the reader to [4]gorithm is general enough to account for other interfegen
for the Physical Model and a method to find edge weights fafodels including the Physical Model [5], by virtue of using
conflict graph with that model. conflict graphs [4] to represent interference. Interfeeeis

Protocol Model.This model defines interference within themodeled by thdink conflict weight which is simply the sum
same channel (i.e., co-channel or intra-channel interf&k It of weights of the edges incident to the vertex in the conflict
associates an interference range for each node (typit@tfer graph corresponding to a network link. For the link- j
than the transmission range) and defines a range up to whigligned to channel the link conflict weight is denoted by
a transmitter may interfere with the reception in the amthW(lc) (i) the measure of interference that serves as the
receiver. Suppose that all nodes have identical 'merfﬂerbbjectlve function. In this work, we choose to minimize the
ranges (denoted bi" > R). A transmission from nodé to  maximum interference (i.e., link conflict weight) at anyKin
node; is successful provided no other node located within Aternatively, we can also minimize the average interfeeen

on . — o over all links. (iii) The connectivity constraint serves the

As in_ [4], we associate the terms ‘mode” and link” with the wetk ;g parameter of the problem. One reasonable choice for th
topology and the connectivity graph, and use the terms “xegad “edge
for conflict graph. constraint is to require that all links in the connectivitsagh
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are still “preserved” in the network topology after the cheh (cl)

assignment is complete. This ensures that the shortest path 1
length (in number of hops) between any two network nodes 1 C/
does not increase because the network topology becomes (cl)

\\
different from the original connectivity graph due to chahn @ e (c2)
assignment. AR
We refer to the decision problem equivalent of the above ' c2

optimization problem a€onnectivity-preserving Interference- (c2)
bounded Channel Assignmerithe decision version can be
stated as follows. Fig. 2. Example illustrating how the connectivity consttdimits coloring

INSTANCE: Connectivity graphG = (V, E); K distinct choices.
channels;RI; radio interfaces at nodg Interference model;
non-negative integed .

QUESTION: Is there a connectivity-preserving assignmeff channels,K* = 3. So, the difficulty does not arise from
of channels to radios such that the maximum (or, averagie) liRaving more channels. Also, the problem is strongly NP-
conflict weight in the resultant network topology M ? complete.

Analysis of ComplexityMost of the traditional channel
assignment problems for wireless networks are known to
be difficult and have close relationship with graph coloring In this section, we develop a polynomial-time heuristic
problems [16], [17]. Even though at first sight, there doezalled Connected Low Interference Channel Assignment
not seem to be any connection between these problems &4dCA for assigning channels to radios. Based on our dis-
the above channel assignment problem, a closer look daetssion in the previous section about the close relatipnshi
reveal that our problem is in fact a generalized version ofletween channel assignment and graph coloring, from this
well-known graph edge coloring problem. Unlike these othgoint on we sometimes use the term “color” in place of
problems which either seek proper coloring or conflict-fretehannel” for ease of exposition.
channel assignment, we attempt to minimize a measure oBefore we present our algorithm, let us first look at the
conflict. Except for the extreme and trivial cases wheredliger pitfall of arbitrarily coloring radios and links using a gite
one radio per node or as many radios as number of channelample. Fig. 2 shows a 4 node connectivity graph with one
the optimal solution is intractable. Below, we show that mtadio per node. Suppose we are given 2 colersand c,. If
belongs to the class of NP-complete problems. we first color the linka — b with ¢; (by assigning channel to

Theorem 1:The connectivity-preserving interference-the radios at andb) and later color the linke — d with cs in
bounded channel assignmeptoblem as stated above isa similar fashion, then we end up with a partitioned network

I1l. CHANNEL ASSIGNMENTALGORITHM

NP-complete. where nodes andb are disconnected from nodeandd. This
Proof: The problem is clearly in NP since an assignmersimple example shows that a coloring decision constraies th
can be verified in polynomial time. flexibility for future coloring decisions if we want to prese

The rest of the proof is by restriction [18]. We showthe network connectivity. For example, nodesand d are
that the above channel assignment problem contains a kngevacluded from using coloe, because of an earlier choice
NP-complete problenminimum edge coloringalso called to use colore; for link a — b. However, adding more radio
minimum chromatic indgxX19] as a special case. For clarityinterfaces to nodes will provide more flexibility in cologn
minimum edge colorings restated below from [18](OPENS5). The central idea in the CLICA algorithm is to use that

INSTANCE: GraphG = (V, E) and a positive integek’.  degree of flexibility as a guide in determining tloeder of

QUESTION: DoesG have a chromatic index K, i.e., future coloring decisions. Specifically, each node is dssed
can E be partitioned into disjoint set&1, Fs, .., E; (each set with a priority, and coloring decisions are made on a node-
denoting a particular color, or in our case, channel), with by-node basis in the order of this priority. The set of caigri
K, such that, forl < i < k, no two edges ink; share a decisions at a nodé include choosing colors for radios at
common end point iG? and its adjacent nodes in order to color all links incident to

Now we note that a specific instance of tbennectivity- in the connectivity graph. At the beginning of the algorithm
preserving interference-bounded channel assignrpesiblem each node is given a priority based on some criterion. These
is identical to theminimum edge coloringoroblem. The priorities determine the default order for making coloriher
following conditions hold for this instance: ()’ = maximum cisions. However, the algorithm, in the midst of its exeonti
node degree irtr; (i) RI; = degree of nodé; (iii) a simple may override that order by setting priority of a subset ofesd
one-hop interference model holds, where two edgesFin to a value greater than the maximum priority (over all nodes)
interfere only if they have the same color (i.e., assigned to reflect the lack of flexibility for coloring radios at nodes
the same channel) and share a common end poi;ifiv) that subset. This characteristic of the CLICA algorithm Itera
M =0. B a node’s priority during the course of its execution makes it

The problem remains NP-complete even when the numtseradaptive priority algorithm[20]. Here, we present CLICA



ALGORITHM CLICA
Input: (1) Connectivity graptG = (V, E),
(2) K distinct channels< ci,¢a, .., cx >,
(3) Vi € V, RIi(1 < RI; < K) radio interfaces< r{,r5,..,rk;, >,
(4) Interference model. '
Output: Assignment of channels to radio interfaces at each node that peesie connectivity specified by.
This assignment determines the actual network topology.

> Phase 1: color all links ir.
1 Assign a priority to each node i@ based orsomecriterion
2 Order nodes in non-increasing order of their priorities
3 for each nodev in this order
4 do CLICA-VisIT-NODE(v, 0, NIL )

PROCEDURECLICA-VISIT-NODE(v, NodeSet, ¢')

1 for each uncolored linkk v,w > in G
2 do if each of the nodes andw have a radio with a common color™
3 then color the link < v, w > with ¢
4 update conflict graph
5 if NodeSet # () andc’ # NIL
6 then while 3 an uncolored path from to a nodex in NodeSet via a neighborw
such that each intermediate node on the path has only one uncolored radio
7 do assignc’ to the uncolored radio av
8 color the link< v, w > with ¢/
9 update conflict graph
10 CLICA-VisiT-NoDE(w, NodeSet U {v},c’)
11 while v has an uncolored incident link v,w > in G
12 do pick a color ‘¢" greedilybased on objective function evaluated on the conflict graph
> If all radios atv are already colored, thenis chosen from among currently assigned colors.
> Otherwise, it is chosen from among unused colors.
13 if not all radios atw are colored
14 then assignc to an uncolored radio at
15 assigne to an uncolored radio ab
16 color the link< v, w > with ¢
17 update conflict graph
18 if all radios atw are colored
19 then
> This recursive step indicates implicit increase in priority of nede
20 if all radios atv are colored
21 then CLICA-VISIT-NODE(w, {v}, c)
22 else CLICA-VisIT-NODE(w, , NIL)

> Phase 2 (optional): color any remaining uncolored radios from phase 1

Fig. 3. Pseudo-code of the CLICA Algorithm. The algorithmiteighe nodes in the connectivity graph and chooses a cof@n(eel) for each radio on the
nodes such the original connectivity is preserved. Therdlgn maintains the conflict graph on the side, which is usethtalel interference and guide the
greedy heuristic choice of colors.

in a generic form. Depending on the specific criteria used &alditionally bumpsb’'s priority to the highest. Moreover, it
determine the initial node priorities, specific heuristies be recursively starts coloring dt to retain links on other paths
realized. connectinga andb (only one path in this examplé: — ¢ —
Going back to the example in Fig. 2, suppose that initial— a), which results in nodé reusing colore; for link b — c.
order of priorities isa, d, ¢ andb. So, CLICA starts at to Same procedure as above (i.e., priority increase followed b
color its incident links. Suppose it chooses to color the recursive color reuse) repeats itself at nedercing link c—d
link a — b. As a result, bothw and b lose further flexibility to usec;, which in turn increases the priority df At d, since
in choosing colors for their other incident links. So, CLICAhere is already a common colot;J with node a, the link
a — d is colored withe;. At this point, CLICA comes out
Swe eépﬂm!emed with VafiQUS_P_CtJ_STib"igeS’ _bu_tf f;;ﬂ Sim@atirezlm_s of recursion and terminates. Now suppose that nadasd d
presenled 1 s paper we asson It node prioisiotons, & node . have two radios and the algorithm starts like beforesdy
lower priorities determined by the order in which they arecdigred during coloring link @ — b with ¢;. Even in this case, the algorithm
a depth-first search of the connectivity graph starting fthenhighest priority goes through recursion to colérand ¢ ahead ofd; however

node — a nodé is assigned a higher priority than a noflé 7 is discovered . . . . .
earlier thanj. unlike in previous case the algorithm colors the link- d



] \ the link < u,v >. In the second sub-case,colors the link
, < u,v >. This could happen in the following scenario. Node
u colors its own last uncolored radio and that of a neighboring
nodew (see lines 20-21). This in turn may trigger further reuse
/ y of that color recursively among a set of nodes (including
starting fromw to preserve links on all paths between those
. nodes (see Fig. 4 and lines 5-10). Because of the recursive
A color reuse, node ends up coloring the link u, v > with
A\ # a color common to both, andv (see lines 1-4 in CLICA-
VISIT-NODE).
Alternatively, v can be visited prior ta:. This can happen
because of a recursive call to CLICA-VISIT-NODE in lines
10, 21-22. Similar arguments as above apply in this case with

with ¢, by using the additional radios. The above two caségles ofu andv interchanged. u

are distinguished by lines 21 and 22 in the CLICA pseudocodePuring the first phase, it is possible that radios at two
shown in Fig. 3. Note that CLICA is naturalkgcursiveand neighboring nodes share more than one common color. We
follows a chain of the least flexible nodes to maintain nekworepPresent this by adding multiple links in the network tay
connectivity. Also note that it is ane-passalgorithm in that Petween such nodes. This augmented graph represents the

coloring decisions once made are not reversed later in tigsultant network topology (denoted @) after phase 1.
algorithm execution. At the end of first phase, there may still remain some nodes

Each coloring decision is made ingreedyfashion: node with uncolored radios because each of those nodes have more

i, when faced with a decision to pick a color for an inciderf2dios than their respective degree. There are severabjoss
link i — j, makes a locally optimal choice from among th&vays to assign channels to uncolored radios and use them.
feasible set of colors: the color that minimizes the maximuf Straightforward method is outlined below. Each uncolored
link conflict weight over all links that can interfere witheh radio at a node is paired with another uncolored radio at a
link i — j including itself (GreedyMax). Alternatively, we cann€ighboring node, if available; otherwise, it is pairedhein
pick the color that minimizes the link conflict weight for the2lréady colored radio at a neighboring node. In either case,
link i — j (GreedyAvgf. a new link gets added t@. A color for this link and the
The algorithm described so far forms the first phase of t¥@"responding uncolored radio is chosen in a greedy manner
algorithm (see Fig. 3). The goal in this phase is to color &S in phase 1. This procedure is repeated as long as there are
links in the connectivity graph to lower overall interfecen uncolored radios remaining. An altgrnatlve and a potdutial
while satisfying the connectivity constraint (see Sectin better way of handling this case is to assign channels to
Now we show that first phase of the algorithm preservégmaining set of uncolored radios dynamically based officraf

Fig. 4. lllustration helpful for proving the connectivityrgservation aspect
of the CLICA algorithm. See description in text.

connectivity. load. This is similar to hybrid channel assignment mentibne
Theorem 2:CLICA (Phase 1) algorithm yields a connec&t the outset. In fact, we can explicitly control the number
tivity preserving color assignment. of radios available at each node for dynamic assignment by

Proof: Recall that a connectivity preserving assignmerutting a limit on the number of radios that are allowed to
implies that for every link in the connectivity graph, raslio Participate in the first phase of the CLICA algorithm.

at the end nodes are assigned at least one common channEi9- 5 graphically illustrates the benefit of CLICA algorith
(color). for reducing interference with an example network scenario

Let us consider an arbitrary link u,v >. Without loss of @nd the resulting topology after applying the algorithm.
generality, suppose that nodeis assigned a higher priority Although our description of the algorithm assumes a cen-
than nodev at the start of the algorithm. tralized setting, it is possible to easily implement a sfieci

Consider the case whenis visited beforey (via a call to the inStance of the algorithm in a distributed manner (albeit
procedure CLICA-VISIT-NODE in line 4 of ALGORITHM with limited scalability). Specifically, the first phase diet

CLICA). There are two sub-cases within this case. In trfdlgorithm in that implementation explores the connegtivit
first sub-casey colors the link< w,v >. Here we claim graph via distributed depth-first search like procedunmmi(ar

that v has at least one uncolored radio (see line 15 HR [21]) with token-passing starting from a designated node
CLICA-VISIT-NODE). Otherwise, if all radios at are already (€9, @ gateway node wired to Internet). Once first phase is
colored (because of previous calls to CLICA-VISIT-NODEEOMPpleted, the second phase can be implemented (if needed)
and execution of lines 7, 15) thenwould have been visited IN @ purely local fashion as there is no risk of breaking
prior to u via a call to CLICA-VISIT-NODE (see lines 10, connectivity by a color choice. Also note that in such an
21-22), a contradiction. Thus, bothandv have will end up implementation each node makes coloring decisions based

having a radio with a common color that matches the color 87 its own “view” of the conflict graph which could lead to
coloring somewhat worse than a centralized solution. Weelea

4Simulation results in this paper use the former method (i.eee@Max). further investigation of this issue for future.



(a) Network topology (single chan- (b) Network topology (3 channels, 2
nel) radios per node)

(c) Conflict graph (single channel) (d) Conflict graph (3 channels, 2 ra-
dios per node)

Fig. 5. Example showing the ability of the CLICA algorithm tergerate connected and low interference topologies. Thisas®d corresponds to 25 randomly
distributed nodes with 150m transmission range in a 500mx5f@oh protocol interference model with identical transmossand interference ranges, and
non-interfering channels. Note that the interference (marn link conflict weight) for the multi-channel case in this eyae is reduced by a factor of 3
relative to the single channel with only 2 radios.

IV. SIMULATION RESULTS multi-radio mesh network using the standard performande me
rics of aggregate throughput and average delay. Througheut
In this section, we study the average-case performancecghsider networks of 50 randomly placed nodes with 250m
the CLICA algorithm using simulations. The single channgtansmission range in a 1006ra000m field. Note that these
case serves as a baseline in all our comparisons. We ais@ameters are chosen based on the analysis in [23] to obtain
consider the common channel assignment (CCA) algorithdparse and connected topologies. Such topologies can be see
used in [9], which is the only other traffic-independent snke 35 the result of applying transmit power control to reduce
in our knowledge. As mentioned earlier, CCA assigns changlerall interference in a single channel network. Consetiyie
to radio interfaces at all nodes identically. More pregiselthey are a good basis to evaluate additional interferersecre
using the notation from our model, CCA assigns 1€ tion possible via intelligent channel assignment. We assum
interface at a node (1 < j < RI;) to the ;' channel. non-interfering channels. For interference within a cledyuwe
Our evaluation uses a combination of graph-based simulgsume the Protocol Model [5] with 550m interference range.
tions and ns-2 simulations. Graph-based simulations cempa )
interference and capacity properties of topologies geedra”- Topology Properties
by different channel assignment algorithms independent ofTo study topology properties, we generate a large number of
protocol overheads and interactions — no protocol is matleleandom multihop wireless network topologies (over a thadsa
in these simulations. As a measure of network-wide interfefior each data point) with varying number of channels and
ence, we use the maximum link conflict weight metric disaumber of radios per node, and apply different channel assig
cussed earlier. Additionally, we use the maximum number ofent algorithms on them. All nodes have the same number
concurrent transmissions (calculated by computing mamimwf radios (varied from 1 to the total number of channels).
independent set in the conflict graph) as a measure of thie tdta. 6 shows the results. Note that we present two variations
one-hop capacity. Since maximum independent set probléon CLICA — one with Phase 1 alone and the other which
is itself NP-complete, we use a greed)(1) approximation includes both phases. Recall that Phase 1 stops when the all
algorithm mentioned in [22]. Later, we conduct detailed?nsdinks in the original connectivity graph have been assigned
simulations to evaluate CLICA performance in a 802.11-Basehannels; however, at the end of Phase 1, some radios may be
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Fig. 6. Topologies properties for CLICA and CCA algorithmstérference in left column and capacity in right column) witlrying number of radios per
node and channels.

left unassigned. CLICA algorithm (Fig. 6 (c, d)) to explain the initial super-
CCA interference (maximum link conflict weight) perfor-linear increase and marginal improvement thereafter. kate
mance (Fig. 6 (a, b)) is unaffected by the number of channéfe minimum interference value obtained with CLICA Phase 1
and radios per node, whereas its capacity (maximum numlséene matches its two phase variant. This shows that opting t
of concurrent transmissions) performance (Fig. 6 (c, dash color all available radios can be harmful from the interfere
a linear growth with increase in radios. Both these trends gverspective. Interestingly, even Phase 1 tends to haveased
expected given the way CCA assigns channels to radios. Redatlerference with more radios after a point even though ésdo
that CCA does identical channel assignment at all nodes. Agt attempt to color all radios. This is due to the underlying
a result, the number of radios in the network assigned togeeedy nature of the channel selection mechanism that can
channel is same as in the single channel case regardless oftlake poor choices, in turn forcing channel reuse to preserve
number of radios available per node, which means potentésinnectivity. Also note that the point at which interferenc
interference remains identical to the single channel samnareaches a minimum does not match that of maximum capacity.
However, each additional radio at a node allows CCA to use &ar example, with 12 channels and 3 radios per node, CLICA
additional channel, hence proportional increase in thacifp has about 25% lower capacity than the maximum (occurs when
Note that with as many radios per node as the number mimber of radios equals 12, the number of channels). We
channels, CCA capacity is optimal. believe this is a consequence of the heuristic nature of the
CLICA performance is markedly different from CCA. WithCLICA algorithm. Besides, the two phase CLICA achieves
CLICA, the interference (Fig. 6 (a, b)) reaches a minimurore capacity than with Phase 1 alone, as more operational
value for a small number of radios per node regardless igdios always make more concurrent transmissions possible
number of channels, but the absolute value for the minimumOverall the results in Fig. 6 show that CLICA can generate
is smaller with more channels. The initial decrease in fater topologies with low interference with a small number of cadi
ence is expected because of the added flexibility in choosipgr node, while coming close to achieving optimal capacity.
diverse channels with more radios. But the increase beyondfae exact number of radios required, however, depends on
certain point needs some explanation. Observe that netwdie number of channels and node density. This issue requires
connectivity and interference are inter-related and bath durther study.
determined by the channel assignment. To obtain a low inter- . . )
ference topology, network (and the conflict graph) has to i 802.11-based Multi-Radio Mesh: Single Hop Performance
sparse. However, use of more radios to choose diverse dsanneWe now use ns-2 simulations to evaluate the link layer per-
acts against this goal after a point through the reuse ofr@dan formance of CLICA in a 802.11-based multi-radio mesh net-
and consequent addition of new links into the topology. &imi work, in terms of aggregate one-hop throughput and average
reasoning can be applied for the capacity performance Wwéh tdelay (Fig. 7). We present data for 3 and 12 non-overlapping



(and non-interfering) channels to study performance mare striping ability with CLICA in fairness to single channelsma
tative of 802.11b and 802.11a networks, respectively. @heand to isolate the benefit of using channel diverse paths. We
simulations use a commonly used 802.11 physical layer modsle 802.11 MAC as before.
in ns-2 that operates at a fixed data rate of 2Mbps. Even thouglFig. 8 shows the results for the Internet access and peer-
higher data rates are available with 802.11b and 802.1#%a, th-peer traffic patterns, with data averaged across samples
issue of physical layer data rate is orthogonal to our isteravith same path length. As expected, all cases have similar
here — we are interested in relative performance improvénerperformance for one-hop transfers. With longer paths and
The traffic model consists of unicast data with identicahore number of channels and radios, CLICA provides larger
poisson packet arrivals between every pair of neighboritigroughput improvements over single channel case (up to a
nodes in the network. Mean packet arrival rate is varied factor of five).
obtain different offered loads, while keeping the packetsi
fixed (1KB). RTS/CTS mechanism is enabled. With CCA and
CLICA, when a node can communicate with its neighbor In this paper, we have considered the channel assignment
via multiple radio interfaces tuned to different channelg, (radio-channel mapping) problem in multi-radio wirelesssim
randomly stripe data across those interfaces (like one ef thetworks. We have argued that a traffic-independent channel
schemes in [9]). Each point in the plots is an average of figsignment that provides a connected and low interference
runs with different randomly generated node locations. ~ topology can serve as a basis for dynamic, efficient and
As seen from F|g 7 (a, b), CLICA pro\/ides a SignificanﬂGXib'G utilization of available channels and radios; ilnca
improvement in throughput with multiple radios and chasneflso be readily used to work with current commodity 802.11
compared to the single channel case — up to a factor of 3 witgrdware with large switching delays to improve utilizatio
3 channels and 2 radios, and a factor of 9 with 12 channels #@#fcavailable spectrum. We have formulated this base channel
3 radios. For a comparable improvement, CCA needs as ma@§gignment as a topology control optimization problem wher
radios as the number of channels. CCA throughput is muk¢ have sought to minimize an overall measure of interferenc
lower relative to CLICA with fewer radios per node becaus#hile preserving network connectivity, and showed it to be
the number of channels it can use is limited by the number JfP-complete. We have then developed a greedy heuristic
radios. channel assignment algorithm called CLICA to find connected
The improvement in de|ay (F|g 7(0),(d)) over Sing|e Channénd low interference tOpOIOgieS. Extensive set of simoieti
case is often dramatic with CLICA going up to a factor oflemonstrate the effectiveness of the CLICA algorithm in
100 or more (not easily obvious due to scale of delay plot€Xploiting channel diversity for reducing interferencettwa
for low to moderate traffic loads. This improvement factor i§mall number of radios per node, and resulting significant pe
much more than the additional resources (radios and Chignnéq)rmance benefits in a 802.11-based multi-radio mesh n&twor
used, which go up to only a factor of 12 in these experimentith single hop as well as multihop workloads.
The primary reason behind this huge reduction in delay isOur future work will focus on more comprehensive eval-
due to the reduced interference (contention) and collision uation of the CLICA algorithm, including theoretical perfo
turn leading to lesser channel access delays (including-bafance characterization and real-world performance in amul

offs and retransmission) in the 802.11 MAC and consequentgdio mesh testbed. We will also develop scalable and dynami
lesser queueing delays. channel assignment techniques that build on the notion s ba

channel assignment outlined in this paper.
C. 802.11-based Multi-Radio Mesh: Multihop Performance
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