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Abstract—We consider channel allocation to mitigate many proposed colouring-based algorithms for channel
interference between wireless LANs. The channel alloca- allocation is unclear in a multi-graph context.
tion task is often formulated in the literature as finding Our second main contribution in this paper is to
a proper colouring of a single graph. In this paper we ggtaplish that a recently proposed decentralized colgurin
demonstrate that this formulation may be unrealistic. —g104iihm does indeed generalise to the multi-graph
Specifically, we show that the interference between WLANs . ;
can be channel dependent in which case a different sgttlng. We also.present a rlew, extended versmq of
conflict graph is associated with each channel. Channel tNiS a@lgorithm suited to a wide range of multi-radio
allocation then corresponds to a multi-graph colouring architectures.
problem. This potentially has profound implications as the
behaviour of many proposed colouring-based algorithms !l. CHANNEL ALLOCATION AND GRAPH COLOURING
for channel allocation is unclear in a multi-graph context. The channel allocation task is usually formulated
We are, however, able to show that a recently proposed a5 g standard graph colouring problem. For example,
decentralized colouring algorithm does generalise to the g6 1 shows four interfering WLANS. Transmissions
multi-graph setting. within the AP1 and AP2 WLANSs can interfere, with
the interference range of each WLAN indicated by the
. INTRODUCTION dashed circles in Figure 1. The level of interference
between any particular pair of transmissions depends

In this paper we consider how a group of accessh the physical locations of the communicating stations.

pomts/basg—.stgtlorj'scan configure their channel ChOICerhis can easily lead to complex hidden/exposed terminal
S0 as to minimise interference between one another. This

. pr?blems. For example, if AP2 transmits data to client 1
problem has recently been the subject of an UPSUI9E Rlhe right-hand edge of the figure at the same time as
interest in the WLAN literature, e.g. see [3], [4], [5], [6] 9 9 9

'the client 2 station located at the left-hand edge of the
[71, [8], [9], [10], [11], .[12]' [13].’ [14]. . figure sends data to AP1, then reception by AP1 may be
The channel allocation task is often formulated in t

. - ) ) ocked by AP2’s transmission while AP2’s transmission
literature as finding a proper colouring of a single grap

IS successfully received at the right-hand station as this

That is, a conflict graph is constructed by associatingisa beyond the interference range of AP1. This is, of

graph vertex with each WLAN and inserting edges b%burse, an example of hidden terminal behaviour, known

tween WLANS that interfere. A non-interfering channeto have the potential to induce gross unfaimess and

allocation then corresponds to a proper colouring of thr'%duced network utilisation. Since AP3 and AP4 are

conflict graph. In this baper we demp _nstrate that thI'oscated within communication distance of both AP1 and
formulation may be unrealistic. Specifically, we sho

. 2, their transmissions can similarly interfere creating
that the interference between WLANSs can be Chanr}ﬁfther potential for four-way hidden/exposed terminal

dependent in which case a different conflict graph |s :
ehaviour.

associated with each channel. Channel allocation then]_he underlying channel selection problem in this
corresponds to amulti-grgph _col(_Juring problem. This example is equivalent to graph colouring. To see this
potentially has profound implications as the behaviour gﬁéfine the interference graph by associating a node with

!In this paper we use the term access point or AP to denote tﬁ@Ch_WLAN (¢.g. with each BSS in an 802.11 n_etwork)
co-ordinating station in a WLAN that is responsible for chan and inserting an edge between nodes that interfere.
selection. There is no intention to restrict consideratmm specific For example, Figure 2 shows the interference graph

WLAN technology and the AP here might equally be the accest po ; ; ; ;
in an 802.11 infrastructure WLAN, the base station in an 862. corresponding to the wireless network in Figure 1. A

network, etc. Each AP has associatedwireless client sgatind we colouring of the_graph assigns colours to each node, and
refer to the collection of clients plus AP as a WLAN. a proper colouring is an assignment of colours to each



“Interferénee,

e Importantly, we note that since channel characteristics

are dependent on the frequency used, we can expect the
the shape of the interference regions will bleannel
dependent.

To investigate this question, we took measurements
on an experimental testbed. The testbed consists of 1C
PC-based embedded Linux boxes based on the Soekri
net4801, 5 boxes configured as APs in infrastructure
mode and 5 as client stations. We also use 5 PCs actinc
as monitoring stations to collect measurements — this
R is to ensure that there is ample disk space, RAM and

CPU resources available so that collection of statistics
Fig. 1. Example of interfering 802.11 WLANSs. Dashed circlesloes not impact on the transmission of packets. These
indi.cate interference radius, shaded circles indicatenconication machines are setup as five WLANS (denoted WLAN A -
radius. WLAN E) located in a university office space as shown
in Figure 3. All systems are equipped with an Atheros

" client2

ent |

AP1 WLAN AP2 WLAN 802.11a/b/g mini-PCI card with an external antenna. All
nodes use a Linux 2.6.16.20 kernel and the MADWiFi
o/ T A wireless driver. All of the systems are also equipped with
T a 100Mbps wired Ethernet port, which is used for control
AP4 WLAN of the testbed from a PC. Specific vendor features on the
wireless card, such as turbo mode and channel scanning
Fig. 2. Interference graph of Figure 1. are disabled.

node such that no adjacent nodes share the same colour.
A non-interfering channel allocation is then equivalent to

a proper colouring of the interference graph associated
with a wireless network.

While the example in Figure 1 considers a single-hop
single-radio scenario, very similar considerations also
apply in multi-hop multi-radio situations. For example,
suppose that AP4 is the only access point with a wired
backhaul link. Internet traffic to/from clients of access
points AP1 and AP2 is passed via intermediate relay
station AP3 to the backhaul station AP4 and thereby
to the wired internet. Suppose that relay station AP3 ,
is equipped with a 3-channel radio (leaving all other —_—
nodes with single channel radios as before). It then
becomes possible for the AP1, AP2 and AP4 WLANSs
all to operate on different channels yet still communi:-ig
cate with the relay station AP3. An appropriate non-
interfering channel allocation can then be used to avoid
hidden/exposed terminal problems and simplify netwo
administration.
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. 3. Plan showing wireless node locations.

The testbed hardware supports operation both in the
2.11a 5GHz band and in the 802.11b 2.4GHz band.
While spectrum analyzer measurements revealed little
external interference in the 5GHz band (a noise floor
of around -80dB being typical), significant external in-
It is important to stress here that the use of circldésrference was observed in the 2.4GHz band which is
to denote interference regions in Figure 1 is an idealisattributed to bluetooth devices .
tion. In general, obstacles, channel variations and so orFocussing on the 5GHz band, our measurements indi-
mean that interference regions can be highly compleate that the level of interference between WLANs can

[1l. CHANNEL DEPENDENT INTERFERENCE



Figure 5 shows the conflict graphs associated with
] channels 1,2 and 3 in a network of 6 interfering WLANs
and also shows a successful channel allocation using 3
channels. Although for each channel there is only one
pair of nodes which do not interfere, the arrangement
is such that only three channels are necessary to avoic
interference, rather than the six which would be required
if every node interfered with every other on every
channel. This example demonstrates that the problem of
multi-graph colouring is dramatically different to normal
Fig. 4. Measured interference induced error rate versusngha graph colouring.
num_ber in 5GHz band. Here WLANs B and C both transmit CBR Tq gur knowledge, no analytic results are available
traffic on the same channel. Plot shows measured packet raeor . . .
at WLAN C as the channel number used for transmission is dari@" the performance of colouring algorithms on multi-
(with WLANs B and C always sharing the same channel). graphs. Existing convergence proofs for distributed al-
gorithms such as those in [9], [11], [14] relate to colour-
ing of a single graph. Centralised channel allocation
ealgorithms based on single graph colouring may exhibit
ngxpected behaviour in a multi-graph context.

be strongly channel dependent. For example, Figur
shows the measured interference level between WLA
B and C as the channel number is varied (with WLANs
B and C always sharing the same channel).
This behaviour is perhaps unsurprising as we can
expect path propagation characteristics to be frequency
dependent. Nevertheless, it has profound implications
for channel allocation algorithms. In particular, it is Channel 1 Channel 2
in general not sufficient to confine consideration to a
single conflict graph as shown for example in Figure 2ig. 6. Multi-graph example 2. Individual channel conflicghs
but rather a different conflict graph may be associatéave chromatic number 2 yet multi-graph proper colouringuies
with each available frequency channel. An immediaft '€ast 3 colours.
consequence is that the channel allocation problem is
not necessarily equivalent to the standard colouring task-or example, standard centralised algorithms for
on a single graph, but rather may involve a more generalouring bipartite graphs can fail to yield a non-
multi-graph colouring task. interfering channel allocation, and indeed may fail to
converge. To see this consider the example in Figure 6
which shows the conflict graphs associated with channel
1 and channel 2 in a network of 4 interfering WLANS.
The individual channel conflict graphs are bipartite and
The multi-graph colouring problem is fundamentallgo each can be coloured using at most 2 colours. How-
different from the single graph colouring problem. Fogver, the multi-graph colouring problem requires at least
example, the chromatic number (minimum number & colours for a proper solution.
colours for a proper colouring) of the multi-graph prob- Channel dependent interference also has direct im-
lem is only weakly related to the constituent indiVidU%Hca_tionS for frequency hopping approaches to channel
graphs. We illustrate this by example. allocation such as that in [6] and elsewhere. The perfor-
mance of heuristic algorithms is unclear.

IV. IMPLICATIONS FOR CHANNEL ALLOCATION
ALGORITHMS

V. COMMUNICATION-FREE COLOURING ALGORITHM

In this section we briefly review the decentralized
channel allocation algorithm introduced in [14], before
Channel 1 Channel 2 Channel 3 presenting our main analytic result.

Let ¢ denote the number of available channels and
let each access point with responsibility for channel
selection maintain a element state vectop. Let p;

Fig. 5. Multi-graph example 1. Individual channel conflichghs
shown with proper colouring requiring only 3 colours.



denote theth element of with Y ; p; = 1. Consider the that such schemes suffer from a similar problem to
following class of decentralized algorithms for updatingentralised solutions when interfering networks lie in

p. different administrative domains; namely, firewalls and
Communication-Free Learning (CFL) Algorithm other security devices may hinder explicit communica-
1) Initialise p = [1/c,1/c,...,1/c] tion, while packet sniffing on the radio channel runs into

2) Toss a weighted coin to select a channel, withe difficulty that the distance over which packets are
p; the probability of selecting channél Sense readable is typically much less than the distance over
the channel quality. Any interference measure cavhich network transmissions interfere (thus interfering
be used that yields a “success” when interfefccess points may well not be able to sniff each others
ence/channel noise is within acceptable levels af@ckets).

“failure” otherwise. Thus, we might, for example, Moreover, most of the proposed distributed schemes
use an aggregate measure derived from multiple the literature are heuristic in nature and come with
packet transmissions or from direct measuremeiew performance guarantees (partly due to the NP-hard
of the channel SINR — see [15], [16]. nature of the channel allocation problem, although NP-
3) On a successful choice of chaniglpdatep as hardness only relates to the computational complexity
L of the problem). In [14] we establish that the CFL
pi = Lp;j=0Vj#i () aigorithm converges with probability one to a non-
i.e. on a successful choice we use the same chaninégrfering channel allocation provided one exists and
for the next round. This creates a degree of “stickd [17] a bound on the convergence rate is established.
iness” which ensures that any channel allocatiokhese results are derived, however, by formulating the
that removes interference between all WLANs ishannel allocation task as being equivalent to finding a
an absorbing state (a state is absorbing when thgper colouring of a single graph.
algorithm cannot leave that state once it enters it). Recently, we have also carried out experimental testing

4) On failure on channel, updatep as to evaluate the CFL algorithm for channel allocation, see
[16]. It is this testing which highlighted the potential

pi = (1-0b)pi, (@) multi-graph nature of the channel allocation task in real

p;i = (1—"b)p;+ c—bl Vi £ (3) networks and which motivates the main analytic result in

the present paper. Namely, in this paper we establish tha
i.e. on a failure multiplicatively decrease the probthe CFL algorithm is not only convergent for colouring
ability of using that channel, redistributing thesingle graphs but also possesses the much stronger proy
probability evenly across the other channéls a erty that the algorithm converges with probability one to
design parametef) < b < 1; the selection of the g non-interfering channel allocation when interference
value ofb is considered in detail below. may be channel dependent i.e. that the CFL algorithm

5) Return to 2. solves the multi-graph colouring problem, provided of

A notable feature of this CFL algorithm, in addition tacourse that a solution exists.
its evident simplicity, is that it does not require any mes-
sage passing (either direct or by sniffing packet headers) VI
between interfering stations. We note that this commu-
nication free property is also shared by the algorithm Let G(i) = (V, E(i)) denote the interference graph
recently proposed in the unpublished work of Kaufmarféesociated with use of channiein a wireless network.
et al [9], although the latter makes use of a simulatddat is, the vertices” of G(i) are the network WLANSs
annealing approach whereas the CFL algorithm is bag¥ifl the edge séf(i) contains an edge between vertices
on a learning strategy. (u,v) when WLAN « and v interfere on channel.

It is important to emphasise here that while a gredfe interference environment is then characterised by
many distributed schemes have been proposed in the family of graphs{G(i),i € [1,2,..,c[}. A non-
literature (e.g. see [1], [2], [5], [4], [8], [6], [7], [10], interfering channel allocation is one where each WLAN
[11], [12], [13] and references therein), almost all aréses a channethat is different from all of its neighbours
distributed in the sense that they require only local corfit G(i). Note that in the special case whefgi) =
munication between access points that directly interfef’¢ then the interference graph is the same on every
with one another albeit perhaps implemented via sniffifgiannel and we recover a standard single graph colouring
of packets rather than by dedicated transmissions, é§eblem.
see [6]. The requirement for message passing means

. MAIN RESULT



Theorem 1 Suppose each vertex in V' operates the CFL T~
algorithm. Assume that the channel allocation problem
is feasible (i.e. a non-interfering channel allocation does
indeed exist). Then the CFL algorithm converges, with
probability one, to a non-interfering channel allocation.

0.1

Mean prob failure

The proof of this result is given the next section. Our .
proof also provides a partial answer to a further question, N
namely how quickly the algorithm converges to a non-
interfering allocation. The stopping time is the time taken 001
for the algorithm to converge. We have the following ’ ’ eraton ® °

property.

Fig. 7. Mean failure probability vs number of iterationsndamly
selected 15 node disk graph, number of chanmets x, mean is

Corollary 1 Let T denote the stopping time of the CFL  © ", 559 runsh = 0.1)

algorithm. Then prob[r > k] < ae 7%, for positive
constants «, .

10000 — ;
#channels=chi —

That is, the stopping time probability decays exponen- fohamels=Lin L
tially. Our argument does not yield a tight estimate of the Fehanneis=1,Son :
exponenty, which determines the precise convergence
rate of the algorithm, but given that the underlying
colouring problem is NP-hard this is unsurprising. Ob-
taining a tight bound ow is the subject of current work —

1000

100

mean # iterations

following a similar approach to that used in [17] to obtain 10

an analytic bound for a single (channel independent)

conflict graph. In the present paper, we employ numerical 2

simulations to gain insight into the convergence rate T et %

behaviour for multi-graph problems. We note that [14] 8 M ber of iterati N
. . . . . . 1g. o. ean number of iterations to converge to an optimal

pre_sents extensive numerical simulations IIIUStra_tlr@ t Il%cation vs number of nodes in interfere?]ce grapr? and redlan

rapid convergence, on average, of the CFL algorithm fgfoyisioning relative to chromatic numbgr

colouring of single graphs and so we focus here on multi-

graph colouring performance.

number of channels provided is alwayswhich is found
VIl. CONVERGENCERATE by numerical search,

Figure 7 illustrates the exponential convergence naturewe investigate the mean convergence time in more
of the CFL algorithm. In this example network interdetail by varying the number of WLANS, see Figure 8.
ference on each channel is modeled as a random digko in this figure we show the impact of the number
graph. That is, APs are uniformly randomly located iBf available channels. We plot the mean convergence
a unit square and the WLANSs associated with two ARBne versus the level of channel over-provisioning over
interfere on channel when the APs are located withinand abovey (which is again found numerically). As
a radiusR; of each other. The interference radili§ expected, we can see that the convergence time decreast
for channeli is randomly selected in the interval [0.25as the level of over-provisioning is increased. However,
0.75]. In the channel independent case the chromafifat is perhaps most significant is that it can also be
number of the graph is defined to be the minimueen that the impact of even a relatively small amount of
number of channels in any successful channel allocatigiver-provisioning can be very considerable. For example,
In the channel dependent case we must first assup® additional channels over and above the minimum
that the interference graphs are specified. Now we casuired for a feasible solution yields more than an order
define the chromatic number to be the smallest numhgirmagnitude reduction in convergence time, while 50%
of channelsy such that there is a successful channgjelds nearly two orders of magnitude reduction.
allocation using the firsi channel8 In Figure 7 the  There is a related algorithm which assigns a constant

2in general the chromatic number is defined as the smallesbaumumform prObablhty to each Chanr.]el aﬂe.r afailure and re-
of channelsy such there is a successful channel allocation using afjains settled after a success. Simulations (not presente:
x channels. However thig is exceptionally hard to compute here) have verified that this non learning algorithm



performs significantly worse than the learning algorithnselection probabilities lower thaifl —b)/(c—1) at one
We can gain some analytic insight into the very grear more colliding nodes, then there is a positive lower-
impact of even small amounts of over-provisioning asunded probability that it will return in two steps to
follows. How many colourings are there when+ § our standard stats.
channels are available? We find that the number of opti-Lemma 1. From any configuration of the system, if
mal channel allocations increases at least exponentialyer two steps the system has not converged, the systen
with the number of extra channels provided. Suppogein stateS with some probabilityprs > 0.
we havey + ¢ channels. We must assume the worst Proof of Lemma 1. After any stegl} there was either
case, i.e. that thé additional channels interfere withglobal success (and convergence) or at least two node:s
everybody. We can thus choogenodes in (g) ways suffered a collision. Starting at timé&, we allow the
and give each chosen node a new channel!iways. system to evolve fo2 more steps and lower bound the
Applying Stirling’s approximation and assuming is probability of the system being in staf: We ignore
small relative ton gives the expected exponential lowenodes who succeed and then collide as their channel
bound s selection probabilities are clearly at ledst(c — 1) >
T() > (ﬁ) . b(1 — b)/(c — 1). We ignore nodes which collide on
€ one channel and then another as their channel selectior
probabilities are also at leastl — b)/(c — 1). Consider
any just collided node and say the collision has occurred
We will show that in a determined finite amount oby choosing channei;. From (3), the node now has
steps the system has some minimum positive probabilgiyobability pr; > b/(c — 1) of choosing some specific
of convergence. We show that starting from any configother channel, and so probabilityrs > (c—1)pry = b
ration the system can reach some standard state after df#@hoosing any channel other than So the probability
steps. From this standard state we show that the systeintwo repeated collisions on the same channel at a
can then potentially reach a state where every node gpecific node igrs < 1 — pry. In the whole system the
periences a failure simultaneously, allowing convergenpeobability of some node having two consecutive same
without issues of dependence between nodes. Hencedheannel collisions igry < nprs — (5)(prs)* +--- < 1.
network always has positive probability of global succestence with some probabilityrs > 1 — pry > 0
and so will almost surely converge. the system has no node with consecutive same channe
In the sequel we refer to two nodes choosing the samegllisions. Thus after these two steps with probabiity
channel as a “collision”. We say that the st&teonsists all channel selection probabilities of nodes which have
of the set of all possible configurations where (i) thgust collided are strictly greater tha1 —b)/(c—1) and
channel selections of at least two nodes interfere ath system is in statg. n
(i) at all colliding nodes the selection probability for A key issue is that transitioning to a non-interfering
every channel is bounded away from zero (in fact, wehannel allocation can require non-local changes in the
will consider the case where they are strictly greater thande channel allocations. That is, it may happen that a
b(cl__lb)). We define the master graph: an edge is in tmn-interfering channel allocation cannot be found by
master graph if it is in any of the individual channethanging only the channels used by currently colliding
graphsG(i),i € [1,2,..,¢|. Denote the maximum nodenodes while leaving the converged nodes unchanged. We
degree of the master graph byl and the diameter of the are therefore interested in the ability of a colliding node
master graph (length of the longest shortest path betweerforce its neighbours to change colour, and for these
two nodes) byD. neighbours in turn to propagate changes throughput the
Consider a colliding node. Observe from (2) and (3)etwork if necessary. That is, we need to consider the
that a node colliding on one colour and then on @ppropriate connectedness.
different colour ensures that its selection probabilities We proceed by defining the directed grapli which
for all channels are strictly greater thafi —b)/(c—1). is dependent on the current channel selection by the
Similarly if a node succeeds and then collides. Howeveretwork nodes. There is an edge G from nodeu
it can be seen from (2) that repeated collisions do nodev if an edge exists betweenandwv in the graph
the same channel can result in the channel selecti@fi,) wherei, is the channel currently chosen by node
probability becoming arbitrarily small. Thus, the system. We sayv is a DG-neighbour ofu. The edges directed
may avoid stateéS by some node undergoing repeateihto a nodev are determined by the channel selection
same channel collisions. We show in Lemma 1 that if thef that node together with the conflict grapli§ but
system has reached a configuration with some chanae unaffected by the channel selections of other nodes

PROOF OFTHEOREM 1




Existence of a directed path in graghG from nodeu
to nodev indicates that the node can potentially force
a collision at node (by first generating a collision with

° : . —_ @O—0
its immediate neighbour, which in turn can generate a

collision with its neighbour, and so on until nodeis

+
O—0O
reached). \ DG
DG-graphs associated with an example network are

illustrated in Figure VII. Consider the lower left node.

Edges involving this node only exist on channel R. o Illustating definition of DG he U how nod

; . ‘i Fig. 9. lllustrating definition of DG-graphs. Upper graphew node
Hence_, this node can pof[entlally create collisions wi annel selections and the channel-dependence of edgadidated
its neighbours by selecting channel R. However, by abels. Lower graphs show corresponding DG-graphs. &€ &
selecting channel B, the lower left node can alwayslicated by nodes in bold.

avoid interference from any of the other nodes regardless
of their channel selection. This asymmetric nature of
the relationship between the lower left node and i}s

neighbours is indicated by the directional arrows on th'(%St non visited DG-neighbour (if any, potentlgl_lyc;),
DG-graph links. also) at steB also. We say that such nodes afdted

Note also that once it chooses channel B, the lower Iéal{l{ _step3. _Inductlyely SUppose now that a node once
g . visited collides with all its nonvisitedG-neighbours in
node in Figure VIl is unreachable from the other nodes. : o ) o
nsecutive steps. This is possible because a visited nod

. .o .. . C
Since it is unreachable, no collisions can occur, choice o? o . )
having just collided can potentially choose any channel.

channel B will yield a “success” in the CFL algorith . o )
y g mNote that a node being visited simultaneously (along two

and the node will remain on channel B thereafter i.e. ;
: ifferent equal length paths frofy and k, say) is also
the node will be converged and permanently unreac (i_)ssible

able. That is, the CFL algorithm therefore ensures tha ) . )
Auppose that once a node has collided with all its

unreachable nodes remain permanently unreachable. isited neiahb it th dlv ch h
second example illustrating this behaviour is also givalPnVIsited neighbours it then repeatedly chooses channe

in the right-hand graphs in Figure VII. These examplésu_ntII S}ﬁg_Tl - _TﬁJT?’JFmd?(D'dVI\)/e note tﬁst as anode
illustrate the general point that as the CFL algorithr "; cofliding \kI)VIt Its no_n\_/lsgef G-nerl]g ou(;s s%m;—)
proceeds connectivity can change and, in particular, CQF—t em”_;nay _ ﬁcqme visite ror;: ot Er ng es belore
tain nodes may become permanently unreachable and{#&Y ©° ;] € V(‘j”t ks; we suppose then thay, does not
need to take account of this when analyzing convergen?fbs.'t such nodes. . o .

We define the set of nodeN to be all nodes which  €oncurrently with this visiting procedure starting at
are unreachable from any node which just collided. W8€ nodesk; and k, we can suppose that the same
note that any nodev € C'N must have just been suc-visiting procedure starts at all nodesJd’, and traverses

cessful. In addition, no matter what colour choices othif}e 9raph as before. Again as a ndgés colliding with
nodes make in the futurep will never subsequently |t§ _nonV|S|tedDG-ne|ghbours some of them may become
undergo a collision (since is unreachable). Hence anyisited from other nodes, and we again suppose Apat
nodes iNC'N are converged and can be ignored for tH#0€S not visit such nodes.
remainder of the proof. Note that the grapit; changes When all the visited nodes have visited all their
as the algorithm proceeds, and nodes can {®iN but neighbours, every node notdN has been visited and is
will never leave. In Figure VIl we see two stages ofhoosing channdl. Some nodes which are now choosing
the algorithm, the correspondingG, and the seC' N channell may of course have entered the seV and
illustrated by nodes in bold. are ignored. Hence every node notitV is colliding. At
Lemma 2. Suppose that the system is in stiteThere the next time step we suppose that every node choose:
exists a specific evolutioR of the system which results@ colour so that no collisions occur. u
in all nodes not iInC'N colliding. Lemma 3. Suppose that there exists a choice of
Proof of Lemma 2. Consider one of the collisions.channels that yields a non-interfering allocation. There
Two nodesk; and k,, say, have just experienced as a strictly positive lower boungrg on the probability
collision. By way of notational convenience we say thesd the evolutionE occurring from any configuration in
two nodes werevisited at step2. Suppose now that; StatesS.
collides with its first non visitedDG-neighbourks (if Proof of Lemma 3. Given the initial colour selection
any) at step3. Suppose also thakt, collides with its probabilities and the sefC, the evolutionE is well




defined. The duration di is at mostmd x D timesteps. IX. MULTIPLE RADIOS
HenceE has some positive (computable) probability,  The use of wireless access points equipped with mul-
of occurring since the system is finite. tiple radios has been the subject of much recent interest

By assumption the system begins in sta@nd so the ag noted previously, the CFL algorithm can be applied
initial colour selection probabilites of just collided rex yithout change to multi-radio access points by running a
are lower bounded; therefore there is some probabilggparate copy of the CFL algorithm for each radio. This
pr7 > 0 such thatpr > prr irrespective of the initial | yield a non-interfering channel allocation for every
colour selection probabilities. o radio. In this section we illustrate that the CFL algorithm

The set/C is one of finitely many possibilities and¢an pe further generalised to take explicit account of bit
so again there is some probabiliprs > 0 such that i requirements in a multi-radio setting.
pr7 > prs irrespective of the initial choice of C. B gpecifically, we consider the following task. Suppose

Proof of Theorem 1. Defining pro = prsprs giVeS e have a set of interfering WLANSs (possibly with
the probability that the system is in st&lefter the first channel-dependent interference) and aCsef available
two steps and then follows evolutidh Hence everg+ channels. Leth; denote the bit rate associated with
md x D steps the system will converge with probabilityhanneli. At access poinj we require to select a non-
at leastprg. Hence afterj(2 + md x D) steps we have interfering set of channet§ C C such thatZiec b; > B
converged with probability at least— (1 —pry)” which - ang with cardinality|C| < r, wherer is the number of
converges td as;j — oo. B | adios at the access point. Note that the channel bit rate
b;, the target bit rateB, number of radios: and set of
available channel¢ may be different for each access

We make the following brief observations. point.

(i) Multiple Radios. WLANs where stations are capa- The change here over our previous discussion is the
ble of making simultaneous use of multiple channels catlusion of the bit rate constraift, ., b; > B. Such
be accommodated by running a copy of the CFL alg@-pit rate requirement arises, for example, when striping
rithm for each channel required. We consider multiplgata across multiple radios. One advantage over simply
radios in more detail below. allocating a channel to every available radio is that it may

(if) Clock Synchronisation/Sotted time. Of key prac- pe that fewer radios are sufficient to provide the required
tical importance, we note that Theorem 1 carries ovgandwidth, thereby reducing the load on the spectrum in
without change to the situation where channel updaigsnse WLAN deployments. This formulation also allows
at nodes are not synchronised. That is, there is Q1o take explicit account of the different quality of each
requirement for global synchronisation of clocks acroghannel — this can be important in multi-radio settings
interfering WLANS. where radios are heterogeneous e.g. some radios migh

converges to a proper channel allocation in the prese 802.11 based and others 802.16 based. We note the
ence of hidden nodes or legacy/uncooperative nodgse pit-rate constrained channel allocation problem is
although a non-interfering allocation may require a larggfso relevant to dynamic spectrum management in wired
number of channels than when such nodes are m9%| |ines (where cross-talk across wiring bundles is a
present. significant source of interference) [18].

(v) CSMAICA. Although both are stochastic al- \we introduce the following generalised version of
gorithms, the proposed CFL algorithm differs fromne CFL algorithm to solve the multiple radio bit-rate
CSMA/CA type algorithms in many fundamental rezgnstrained channel allocation problem.
spects. For example, for a given network of WLANS | ot . denote the number of available channels at an
the CFL algorithm converges to a static allocation withecess point and the access point maintainedement
no collisions, whereas the CSMA/CA algorithm incurgiate vectorp with elementp; corresponding to the
a persistent collision overhead. probability of transmitting on theth channel. Since

(vi) No need for stopping/restarting. The CFL al- \ye allow use of multiple radios, note that we do not
gorithm is a genuinely convergent one, with no ne&dquire thep;’s to sum to one. Consider the following

for heuristic stopping criteria. One consequence is thg&centralized algorithm for updating
the CFL algorithm can safely be left running at all

times, supporting automatic adaptation to changes in
the network topology. This is of importance in practice
as stopping/restarting in a distributed context seems
problematic without message-passing.

VIIl. COMMENTS
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, ) ) , , I the set of inactive channels. Updateas
Fig. 10. Five AP example of multiple radios. Each graph gitres

interference for a particular channel. pi = 1Vies,
pe = (1—b)py Vk € F.
Generalised CFL Algorithm The lower bound on these probabilities after the
1) Initialise p = [r/c,r/c,. .. ,7/d node fails is much more important than the exact
2) Pick a random ordering of the channels. In that  choice of parameters.
order, toss coins to activate chanrielith prob- ~ 7) Returnto 2.

ability p;. Stop immediately once the AP's target This algorithm maintains the three key properties of
bit rate is met. This results in a sét of active the original CFL algorithm, namely (i) that if every
channels. WLAN is successful the system remains in this success-

3) If Y,ccbi < B, multiply every probability by ful configuration henceforth; (ii) after a collision any
1+ b, setC = 0, and repedtstep 2. We note feasible channel allocation is possible; and (iii) if one
that the random selection process at step 2 abddd-AN is failing the failure can propagate to neighbour-
together with the redistribution of probability ining WLANs and force them (with some probability) to
step 6 below, ensures that there is a positive lowedange their channel allocation. Hence by a similar proof
bound on the probability of any feasible allocatioto that for Theorem 1 the generalized CFL algorithm will
after a collision. converge with probability 1 to a non-interfering channel

4) Sense the quality of the channels in g&t We allocation satisfying the specified bit rate requirements,
obtain “success” on channele C if this does provided one exists.
not interfere with any neighbouring WLAN and In Figure 10 we present an example of the multiple

otherwise have a “failure”. radio problem. Suppose that every AP has bit rate
5) If we have success on all active channels, upd&temand 3 units; suppose that channel 2 has bit rate
p as units and that all other channels have bit rate 1 unit.

Figure 11 illustrates a feasible channel allocation which

‘ _ is a result of the algorithm. Figure 12 shows the time

pi = 1ViceCp;=0vj¢C (4) history of the channel choices made by the leftmost node
in Figure 10 as the algorithm proceeded.

i.e. on a successful choice we use the same set of
channels for the next round. This ensures that any X. CONCLUSIONS
channel allocation that satisfies the target bit rate In this paper we consider channel allocation to miti-
and also removes interference between all WLANgate interference between wireless LANs. The channel
is an absorbing state. allocation task is often formulated in the literature as
6) Otherwise letS denote the set of channels whicHinding a proper colouring of a single graph In this
were successfull’ the set of failed channels andpaper we demonstrate that this formulation may be
unrealistic. Specifically, we show that the interference
The prec _ _ _ between WLANSs can be chanr_wel depe_ndent in which
precise procedure here is not important. The feasilileeac -5e 5 different conflict graph is associated with each
set may be found in any reasonable fashion provided any ehann . .
with nonzerop; might be active and that channels with largerare channel. Channel allocation then corresponds to a multi-
more likely. graph colouring problem. This potentially has profound
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