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Adaptive Channel Assignment to Support QoS andLoad Balan
ing for Wireless Mesh NetworksSadeq Ali Makram, Mesut Güne³, Martin Wenig, Alexander ZimmermannLehrstuhl für Informatik 4RWTH Aa
hen, GermanyEmail: {makram,guenes,wenig,zimmermann}�
s.rwth-aa
hen.deAbstra
t. One of the most promising wireless te
hnologies are Wireless MeshNetworks (WMN). The aggregate 
apa
ity of wireless mesh networks 
an be im-proved signi�
antly by equipping ea
h node with several Wireless Network In-terfa
es (WNICs) and by using multiple 
hannels in order to minimize the in-terferen
e and to provide high performan
e in su
h networks. However, multipleWNICs in ea
h node requires a 
hannel assignment planning. The 
hannels haveto be assigned in su
h a way, that interferen
e is de
reased and performan
e isin
reased at the same time. Sin
e the number of available 
hannels is limited, itis desired to allo
ate and reallo
ate 
hannels dynami
ally on-demand.In this paper, a dynami
 
hannel assignment, is proposed to the aforementionedproblem whi
h is adaptive to the load in the wireless mesh network. The algorithmadd or sele
t a 
hannel for heavy loaded nodes, based on the lo
al informationof the neighbor nodes. The sele
ted or added 
hannel minimizes the interferen
eand insures the network 
onne
tivity.1 Introdu
tionThe next generation of networks will be build by the integration of wired andwireless networks. Wireless Mesh Networks (WMN), Mobile Ad-ho
 Networks(MANET), Wireless Sensor Networks (WSN), Cellular Networks, and existing�xed networks will be integrated and they will be based on IP to �nally meltin the Internet of Things [2, 3℄. This environment will provide the user withthe 
apability to 
ommuni
ate at any time, anywhere, and with anything. Insu
h an internetworked environment original new appli
ations will be 
reated andapplied. These appli
ations demand for high data rates and low laten
y. At thesame time, the number of users whi
h gain a

ess to the network will in
rease,too. An important requirement of these future appli
ations is the demand forquality of servi
e (QoS) guarantees, e.g., for real time multimedia appli
ationsand Internet 
onne
tions. However, 
urrent available wireless te
hnologies haveseveral limitations in this respe
t.Re
ently, wireless mesh networks are in the fo
us of a
ademia and industryresear
h. The reason is that WMNs have several favorable 
hara
teristi
s, su
has self-organization, self-
on�guration, reliable servi
e, and Internet 
onne
tiv-ity. A WMN is a multihop wireless network whi
h 
onsists of mesh gateways,mesh routers and mesh 
lients. Mesh routers have minimal mobility and formthe ba
kbone for the mesh 
lients whi
h 
an be either stationary or mobile. Inthe wireless ba
kbone, the radio 
hannel be
omes a bottlene
k due to the highusage of su
h a 
hannel. Furthermore, nodes 
annot re
eive and forward dataat the same time using a single 
hannel. To over
ome these limitations multiple
hannels and multiple network interfa
es 
an be equipped for ea
h router.



The wireless standards spe
i�
ations of the IEEE 802.11 family provide sev-eral non-overlapping 
hannels, e.g., IEEE 802.11b/g provides 3 and IEEE 802.11aprovides 12 non-overlapping 
hannels, respe
tively. The standards provide also ahigher number of partial overlapping 
hannels. These 
hannels 
an be used totransmit data in parallel. This is also the 
ase with a node with several networkinterfa
es in whi
h ea
h network interfa
e is bound to a di�erent 
hannel. How-ever, the binding of network interfa
es to 
hannels has to be done in su
h a waythat 
onne
tivity of the network is ensured and the performan
e does not su�er.Eventually, the 
hannel assignment of the ba
kbone of the mesh routers be
omesa 
hallenge in large installations, sin
e the state of the wireless ba
kbone may
hange over time depending on the number of �ows and user a
tivity.1.1 Motivation and ContributionToday, there are new developments of physi
al and MAC layers in wireless net-works sin
e IEEE 802.11x standards provide multiple 
hannels, whi
h 
ould beused simultaneously. For this the mesh-router 
an use multiple 
hannels to 
om-muni
ate with its neighbors. Re
ently, routing algorithms do not take into a

ountthe quality of the wireless link, 
hannel usage, 
hannel diversity, and other met-ri
s. Therefore, su
h information from MAC layer 
ould be used to 
hoose theappropriate route. Sin
e the routing proto
ol not only needs to sele
t the shortestpath between di�erent nodes, it also has to sele
t an appropriate 
hannel or radioon the path whi
h satis�es the QoS requirements. Furthermore, it has to take intoa

ount interferen
es between 
hannels and how many 
hannels are assigned tothe node whi
h 
an enable the node to transmit via multiple paths. In addition,one important problem that still fa
es wireless networks is the 
apa
ity redu
tiondue to the interferen
e of neighboring nodes using the same 
hannel. For this, anew me
hanism is required to assign 
hannels based on the expe
ted tra�
 loadand minimize the interferen
e.As a 
onsequen
e, an adaptive 
hannel assignment me
hanism should be de-signed in relation of routing and aware of the properties of WMNs. We summarizethe 
onsideration of 
hannel assignment [5, 7℄:� The number of distin
t 
hannels that 
an be assigned to a node must be lessor equal to the number of Wireless Network Interfa
es (WNIC) of that node.� The 
hannels should be sele
ted based only on lo
ally available information.� The assignment of the 
hannel should be based on the physi
al stru
ture ofthe network rather than on the dynami
 network 
ondition.� The 
hange in 
hannel assignment should not frequently alter the 
onne
tivitybetween nodes, rather providing a stable 
hannel environment for the end-to-end routing me
hanism.Our 
ontributions are to develop an adaptive 
hannel assignment, where anode sele
ts a 
hannel that minimizes the interferen
e and maximizes the through-put using lo
al information. We provide a pra
ti
al 
hannel assignment solutionwhere the nodes are equipped with limited number of WNICs, it is desired toallo
ate and reallo
ate 
hannels dynami
ally. In addition, our solution provides agood balan
e between two 
on�i
ting goals of 
hannel assignment, network 
on-ne
tivity, and 
hannel diversity. Furthermore, it balan
es the load and utilizesthe 
hannels e�
iently. 4



1.2 Stru
ture of the paperThe remainder of the paper is organized as follows. In Se
tion 2, we des
ribe thear
hite
ture of wireless mesh networks (WMNs) and introdu
e the terminologyused throughout the paper. Subsequently, Se
tion 3 reviews the related work.Se
tion 4 presents the adaptive 
hannel assignment approa
h 
alled NeighborhoodNodes Collaboration to support QoS (NNCQ) in detail. Se
tion 5 evaluates theperforman
e of NNCQ. Finally, Se
tion 6 
on
ludes the paper and dis
usses futurework.2 SYSTEM MODEL AND PROBLEM FORMULATION2.1 Wireless Mesh Network Ar
hite
tureIn [13℄ an ar
hite
ture for Wireless Mesh Networks is introdu
ed whi
h we aregoing to refer to in this paper, see Figure 1. A

ording to this ar
hite
ture a WMN
onsists of mesh gateways, mesh routers and mesh 
lients. Some of the meshgateways are 
onne
ted to the Internet by wire, whi
h is indi
ated by solid lines.They provide Internet a

ess to the ba
kbone of mesh routers. Mesh gateways
an use WiMAX IEEE 802.16, sin
e WiMAX has potential to provide high datarate with a large transmission range (50km in rural areas). Mesh routers providea

ess to the mesh 
lients and both of them 
an use WiFi IEEE 802.11(a, b andg).

Fig. 1: The 
onsidered Wireless Mesh Network ar
hite
tureTo illustrate the problem 
onsidered in this work we refer to Figure 2. Themesh routers v1, . . . , v7 build the wireless ba
kbone of the 
onsidered wirelessmesh network. The router v6 is 
onne
ted to the Internet and mobile 
lients
an 
onne
t to every router to gain a

ess to the Internet. The �gure shows an5



example of unbalan
ed load sin
e the router v1 has heavy load where the router
v5 has less load. We assume that ea
h mesh router has multiple wireless interfa
e
ards (WNIC). Ea
h WNIC is assigned to one 
hannel and 
ommuni
ates withat least one of the neighbors on a 
ommon 
hannel. One of the node's WNICsis used to 
ommuni
ate with the 
lient nodes in its servi
e range on a spe
i�ed
hannel. The rest of the WNICs are used to 
ommuni
ate with its neighbors ondiverse 
hannels. Our algorithm will only operate on the latter ones, the WNICfor the 
lients is not part of the algorithm. Furthermore, the mesh routers whi
h
onstitute the wireless ba
kbone are stati
 and do not move. However, there issome dynami
 in the WMN due to spatial and temporal diversities.

Fig. 2: Model of a Wireless Mesh Network with multiple wireless network interfa
esIn single-radio mesh network, ea
h mesh-node has only one interfa
e 
ard(NIC) and all nodes 
an 
ommuni
ate by using one radio 
hannel. The motivationof using multi-radio, multi-
hannel per mesh router in WMNs, 
an be obviousshown in Figure 3. The throughput is redu
ed by every hop when using a single
hannel. By using dual-
hannel, the throughput is in
reased and mu
h in
reasedwith multi-
hannel 
omparing with single-radio mesh network.2.2 Network ModelThe 
onsidered wireless mesh network (WMN) 
onstitutes a graph G(V,E,C),where V = {v1, v2, . . . , vn} is the set of nodes, C = {c1, c2, . . . , ck} the set ofavailable 
hannels, and E = {(vi, vj , cr)|vi, vj ∈ V ∧ cr ∈ C} the set of virtualwireless links between the nodes vi and vj on 
hannel cr. For the sake of simpli
ity6



Fig. 3: Multi-
hannel performan
ewe will denote lai,j = (vi, vj, a) ∈ E as the wireless link between node vi and vjon 
hannel a ∈ C. The set Li = {lai,j} des
ribes all wireless links of the node i.A node vi with mi wireless network interfa
es may allo
ate up to mi di�erent
hannels, if available. The set of assigned 
hannels to node vi is denoted as Ci =
{ci1 , ci2 , . . . , ciu}, u ≤ mi. Furthermore, Na

i denotes the one step neighbors ofnode vi on 
hannel a and all neighbors are given by Ni =
⋃

a∈Ci
Na

i . Based onthe previous terms the 
hannels of all neighbors of node vi are given by CNi
=

⋃

j∈Ni
Cj .2.3 Tra�
 Load EstimationOur approa
h requires the information about the 
urrent load on a wireless link

lai,j and the quality of the link.The approa
h we deploy is based on the pa
ket loss probability. For this,ea
h mesh router vi 
ounts all sent pa
kets s(lai,j, t) and a
knowledgment pa
ketsre
eived r(lai,j, t) for the sent pa
kets on the link lai,j, where the 
hannel is a,during a spe
i�ed time interval t. The pa
ket loss probability on link lai,j from thepoint view of node vi is given by:
P (loss on lai,j) = 1 −

(

r(lai,j, t)

s(lai,j , t)

) (1)There are many reasons for pa
ket loss. These reasons in
lude the high usageof the 
hannel, hidden terminal problem, and interferen
e from nearby nodes.The node vi shares this information with its neighbors vj . Noti
e, that allthese 
al
ulations are done lo
ally on ea
h node and only represent the view ofthe network from the point of view of node vi, sin
e wireless links show strongasymmetry. 7



3 Related Work3.1 Joined Routing and Channel Assignment Approa
hesVarious approa
hes have dis
ussed routing and 
hannel assignment for WMN inprevious years. In this se
tion we will dis
uss some of these approa
hes.So et al. [11℄ propose a load balan
ing routing proto
ol where ea
h nodeis equipped with only one network interfa
e. They propose a routing proto
olthat �nds routes to balan
e load among 
hannels while maintaining 
onne
tivity.They assume that neighboring APs are assigned di�erent 
hannels, and ea
h nodesele
ts the less load route to an a

ess point. The drawba
k is that they do not
onsider the varying 
hannel 
onditions and it happens that neighboring APs usethe same 
hannel due to the limited number of 
hannels. Bahl et al. [4℄ propose thedynami
 swit
hing of 
hannels in su
h a way that the neighbors meet periodi
allyon a 
ommon 
hannel to 
ommuni
ate. The advantage of the approa
h is thatit neither requires the modi�
ation of the MAC proto
ol nor multiple networkinterfa
es. The drawba
k is the syn
hronization of the nodes, whi
h is di�
ultto a
hieve. So et al. [10℄ propose that the nodes whi
h have pa
kets to transmitnegotiate with the destination who sends in a spe
i�
 time window. This approa
hassumes also that all nodes are syn
hronized. Wu et al. [12℄ suggest to divide theoverall bandwidth in n + 1 
hannels, one 
hannel for 
ontrol information and theother n to transmit data pa
kets.All the approa
hes dis
ussed until now operate with one network interfa
eper node. There are also approa
hes whi
h assume multiple interfa
es per node.Raniwala et al. [8℄ propose a distributed 
hannel assignment joined with rout-ing. They represent a WMN as multiple spanning trees, and assume that a node
an join multiple spanning trees to distribute the load among the trees. In their
hannel assignment approa
h nodes positioned higher in the tree hierar
hy geta higher priority, sin
e they are 
onne
ted to the Internet. The nodes lower po-sitioned in the tree hierar
hy get lower priority in 
hoosing 
hannels and thatmay result in dis
riminating these nodes whi
h 
an a�e
t their 
ommuni
ationperforman
e negatively.3.2 Channel Assignment Approa
hesSeveral resear
h approa
hes dis
uss 
hannel assignment for WMNs. The main fo-
us of these approa
hes is to enhan
e the overall network performan
e by redu
inginterferen
e and maximizing the 
apa
ity.Rama
handran et al. [6℄ propose a 
entralized 
hannel assignment algorithmwhi
h is performed by a 
entral server that periodi
ally 
olle
ts dynami
ally
hanging 
hannel interferen
e information. Shin et al. [9℄ show that optimal 
han-nel assignment is NP-hard, and propose to assign as many distin
t 
hannels aspossible to a node to improve the performan
e while satisfying the 
onstraints oflimited NICs and available 
hannels. The 
hannel sele
tion to parti
ular networkinterfa
es is done randomly. Ko et al. [5℄ assume that a node 
an transmit on asingle 
hannel but 
an listen to all available 
hannels within its lo
al domain atthe same time. In this approa
h, the nodes sele
t the 
hannel whi
h minimizesthe interferen
e 
ost from the set of nodes within their interferen
e range.8



4 Neighborhood Nodes Collaboration to support QoS4.1 Approa
h AssumptionsIn the beginning we assume that the initial 
hannel assignment is already doneand all routers have a 
onne
tivity matrix of the network. This matrix is stati
.Our approa
h never invalidates old links or be
omes aware of newly 
reated links.Hen
e there is no need to update this matrix during runtime. Based on the matrixall routing within the wireless ba
kbone is done. For the routing, a router 
reatesa set of link-disjoint paths to its destination. Initially, the shortest path is used.Regardless of the 
hannel swit
hing, the routing is always valid, hen
e there isno routing overhead in
urred in a 
hannel swit
h.After this initialization phase, ea
h router periodi
ally estimates the load ofall its 
ommuni
ation links and ex
hanges this information with its neighbors. Wehave mentioned earlier that we will rely on the measurement of the probability ofloss of a link to estimate the 
urrent load. There are two methods to ex
hange theinformation of the link status and 
hannel usage. Either the router periodi
allysends out broad
ast messages to its neighbors or it sends this information ondemand as soon as one of its neighbors announ
es a 
hannel swit
h. The �rstsolution is more reliable and saves the overhead of the data 
olle
tion prior to a
hannel swit
h but it 
reates a relatively high network overhead. We 
hose these
ond possibility sin
e 
hannel swit
hes are not assumed to happen frequently.Algorithm 1 NNCQ Channel sele
tion1: if `

(|Ci| < mi) ∧ (∃j ∈ Ni, |Cj | < mj)
´ then2: {/*Both partners have an unused WNIC*/}3: cx ∈ C \ (Ci ∪ CNi

)4: Allo
ate 
hannel cx to vi and vj5: else if (|Ci| < mi) ∧ ( 6 ∃j ∈ Ni, |Cj | < mj) then6: {/*Only router i has a free WNIC*/}7: cx = min {CNi
}8: Allo
ate 
hannel cx to vi9: else10: {/*No unused WNICs are available*/}11: cx = min{Ci ∩ CNi

}12: Send swit
h-request to neighbor who o�ers cx13: end if4.2 NNCQBased on the above assumptions and using the terminology de�ned in Se
tion 2.2,we des
ribe our algorithm 
alled Neighborhood Nodes Collaboration to supportQoS (NNCQ) in detail. Generally the algorithm has two phases: the monitoringphase and the 
hannel swit
hing phase. During the monitoring phase the NNCQinstan
e on ea
h router monitors the links to all its neighbors and re
ords theprobability of loss P (loss on lai,j) for ea
h of its links.If the router i experien
es a loss rate P (loss on lai,j) ≥ σ on a 
urrently usedlink lai,j, it pro
eeds to the 
hannel swit
hing phase. During this phase the routertries to lo
ally modify the 
hannel assignment to minimize the experien
ed lossrate and thereby maximize the overall performan
e. The 
hannel swit
hing phaseis des
ribed in the following. 9



Based on the 
onne
tivity matrix, the router 
al
ulates all node disjoint pathsto its destination. If it dis
overs an additional unused path using neighbor k 6= j,it 
he
ks its lo
al assignment table to �nd the 
hannel b so that lbi,k ∈ Li. If
a 6= b the router simply a
tivates the newly found path in its routing table andstarts using the multiple paths a

ording to the route sele
tion algorithm (seeSe
tion 4.3).If there are additional paths but none of them uses a di�erent 
hannel, therouter 
ompiles a CH REQUEST message and sends it to the possible next hopsto its destination. The CH REQUEST message 
ontains the 
hannels Ci 
ur-rently used by router i and their loss values. The message also indi
ates whetheran unused WNIC is available on i. The destinations of this message �rst 
he
kwhether they 
an reply. A router k 
an reply with a CH REPLY message, if ithas an unused WNIC, the free WNIC �ag of the request is set, or Ci ∩Ck 6= {b},if b denotes the 
hannel 
urrently used to 
ommuni
ate. The router then 
ompilesthe CH REPLY message adding his list of 
hannels from Ck with their respe
tiveloss values. Equivalent to the CH REQUEST message it also indi
ates whetherit still has an unused WNIC.After gathering the CH REPLY messages of its neighbors router i startsthe 
hannel sele
tion algorithm as depi
ted in Algorithm 1. In the algorithm itis assumed that 
hannels are never double assigned, meaning two WNICs neveroperate on the same 
hannel inside a router. It follows that |Ci| = mi meansthat all WNICs on the 
urrent router are used. Throughout the algorithm theexpression min{< set of 
hannels >} denotes the 
hannel with the minimal lossprobability. Lines 1 to 4 des
ribe the 
ase in whi
h the requester and at leastone neighbor have unused WNICs available. In 
ase that a previously unused
hannel is sele
ted and assigned to the unused WNICs. If only the requesterhas a free WNIC (lines 5 to 8), then the sele
ted 
hannel is the one with thelowest loss probability within the neighborhood. The sele
ted 
hannel is assignedto the unused WNIC at the requester. Probably the most 
ommon 
ase that noadditional WNICs are available is handled in lines 10-12. The set of availablepaths is 
onstru
ted as an interse
tion of the 
hannels Ci and CNi

, meaningthe 
hannels the router i and its neighbors use. From this set the 
hannel withthe lowest loss probability is sele
ted. The 
onstru
tion of the 
hannel sele
tionalgorithm guarantees that existing network links are never invalidated.After the algorithm sele
ted a suitable 
hannel and neighbor, it informs theneighbor of the 
hannel swit
h using a CH SWITCH message and exe
utes the
hannel swit
h. It then awaits a CH ACK message from the neighbor a
knowl-edging the swit
h.As a last step of the 
hannel swit
hing phase the router updates its routingtables. Sin
e it now has multiple paths to its destination the router has to performa route sele
tion algorithm. This is detailed in the following se
tion. It has to bementioned that sin
e the routing is sour
e routing based on the lo
ally available
onne
tivity matrix no network overhead is generated by route sear
hes or thea
tivation of routes.4.3 Route Sele
tionIn our approa
h we 
onsidered two possible me
hanisms for the route sele
tion:round robin and single path. Round robin uses ea
h of the multiple paths one10



(a) Before using NNCQ
(b) After using NNCQFig. 4: Example network s
enario to illustrate NNCQafter the other. The routes vary from pa
ket to pa
ket thereby possibly 
reatingmany out of order events on the higher network layers (e.g. TCP). Neverthelessit might be useful to distribute the load over several paths.Single path uses only one path to the destination. Dire
tly after a 
hannelswit
h the newly 
reated path is preferred. After a 
ertain damping time twait =

10s another path might be 
hosen a

ording to the loss rate of the �rst links,the path length or any weighted 
ombination of both. The waiting time twait isintrodu
ed to prevent alternating 
hannel assignments and route 
hanges.4.4 ExampleThe approa
h is demonstrated in the s
enario in Figure 4. There are 8 nodes(mesh routers) A,B, . . . ,H and ea
h router has three WNICs. In this examplethere are 5 available 
hannels and the initial assignment is shown in Figure 4a.We assume that routers A and B are used by a su�
iently large number ofusers to overutilize the 
onne
tion between B and C. At some point the prob-ability of pa
ket loss P (loss onl2B,C) will ex
eed the threshold σ and the NNCQinstan
e on router B will swit
h from the monitoring phase to the 
hannel swit
hphase.As its �rst step it will 
al
ulate the node disjoint paths to D and dis
over theadditional path E−F −D. Sin
e this path uses the same 
hannel on its �rst hoplike the 
urrently used one it 
annot be used dire
tly. Therefore B sends a CHREQUEST message to E. It will 
ontain the information about the 
urrently used
hannels CB = {2} and the loss probability P (loss on l2B,C). Sin
e we assumedthat every node has more than one WNIC, it will also �ag that an unused WNICis still available. 11



A

ording to our approa
h router E will answer with a CH REPLY message.The reply message 
ontains the 
hannels in use by node E and their respe
tiveloss values. Then the 
hannel sele
tion algorithm is started on B. A

ording toAlgorithm 1 one of the 
hannels {2, 4, 5} has to be sele
ted. For our example wewill assume that 
hannel 5 is the one with the lowest loss rate. Consequently, Bsends a CH SWITCH to E and waits for the CH ACK . After the su

essfulre
eption of the CH ACK the new route is available for routing and will be useda

ording to the route sele
tion algorithm.5 PERFORMANCE EVALUATION

Fig. 5: Probability of pa
ket loss versus links

Fig. 6: An e�
ient utilization of 
hannels using NNCQ12



(a) Round-robin multiple paths

(b) Single path routingFig. 7: NNCQ performan
eWe have performed simulations using ns-2 simulator [1℄ to evaluate the per-forman
e of the proposed approa
h. A simulation area of 1000×1000m is dividedinto twelve quadrants. The routers are pla
ed at the 
enter of ea
h quadrant. Toillustrate the simulation we refer to Figure 4. The physi
al and MAC layers ofns-2 are set up to simulate 802.11b with a maximum bitrate of 11Mbps.To demonstrate our approa
h, 
lients are atta
hed to routers A, B, G and
E generating a tra�
 load of 2Mbps, 3Mbps, 1Mbps, and 1.1Mbps respe
tively.The destination of all �ows is router D ex
ept the sour
e E where the destinationis F . In this 
ase, router B has to transmit the tra�
 from its 
lients and also toforward the tra�
 from A to the destination. In this s
enario high load o

urson router B, sin
e it use only one 
hannel where the other routers has less load.This will eventually result in an in
reased pa
ket loss rate on router B, sin
e ithas only one 
hannel to forward the tra�
 to the next hop C for the shortest13



Fig. 8: End to End Delaypath C −D. We set the duration of the simulation to 300 se
onds, and after 100sour approa
h is enabled.Using this s
enario, we 
ompare the throughput and the tra�
 load with andwithout NNCQ. Figure 5 shows the bottlene
k on link BC (See Figure 4a. Dueto the high usage of 
hannel 2, the pa
ket loss on this link is very high where thepa
ket loss on other links are low. After NNCQ is enabled at t = 100s, the new
hannel 5 is added to the router B. The new 
hannel (5) is assigned to the link
BE where the old 
hannel 2 is 
an
eled. Now, after using NNCQ, nearly there isno pa
ket loss on link BC where the loss is in
reased a little bit on other links.In Figure 6, we measure the average of aggregate throughput of all �ows in thenetwork. It is obvious that the total throughput with NNCQ is in
reased withapproximately 70%. We also measure the total tra�
 load on ea
h 
hannel andit shows after using NNCQ the high tra�
 load is distributed over the 
hannels.Figure 7 shows the throughput measured at the destination D. It is 
lear, thatafter NNCQ is enabled the throughput improves substantially.We also 
onsider the route sele
tion algorithm used and its impa
t on thethroughput. The 
omparison of Figure 7a and Figure 7b shows the importan
eof 
hoosing the right route sele
tion algorithm. Using a round-robin approa
h inwhi
h all paths are used in turn in
reases the throughput by more than 70%.Using a single path in
reases the bandwidth even more so that in the long runboth routers 
an transport the o�ered load 
ompletely. We 
on
lude that theoriginally overloaded link l2B,C remains the bottlene
k if round-robin routing isused. The reordering of pa
kets was not 
onsidered here but 
ould also lead tode
reased performan
e when using round-robin routing.The end-to-end delay is shown in Figure 8. It is 
lear that after NNCQ isenabled at t = 100s, the average of end-to-end delay for all �ows is mu
h lowerthan before.As a bottom line, NNCQ a
hieves signi�
antly higher throughput than anetwork without dynami
 
hannel assignment.14



6 Con
lusions and Future WorkIn this paper, we have presented a novel approa
h for dynami
 
hannel assign-ment whi
h is adaptive to the tra�
 load. The simulation results show that ourapproa
h 
an su

essfully improve the throughput. NNCQ is an e�
ient lo
aloptimization strategy for wireless mesh networks and does not require 
hanges inthe MAC layer, sin
e it 
an be 
ompletely realized in the appli
ation layer.Channel swit
hing in general and NNCQ in parti
ular always in
urs somedrawba
ks. During the 
hannel swit
h the link 
annot be used. With NNCQthis time is minimized be
ause no existing links will be invalidated and hen
eno routing overhead is generated. The 
ontrol messages generate only minimalnetwork overhead sin
e they are only send on-demand, no periodi
 broad
astingof information is needed. Sin
e NNCQ always uses lo
al information it is notguaranteed to �nd a globally optimal solution. If 
lients move fast, the 
hannelassignment adapts too slowly, be
ause of the 
on
entration of 
hannels at theprevious tra�
 hot-spot.As future work we plan to build a hybrid 
entral/lo
al assignment strategy toover
ome these 
hallenges. We also plan to implement it in our testbed presentedin Se
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