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Abstract—In this paper, we present a routing and channel as- T T T T
signment protocol for multi-channel multi-hop wireless networks. / /\/\/\ Y
We consider a multi-hop network, where a mobile host may con- / 1) P (6) N
nect to an access point using multi-hop wireless routes, via other | P |
mobile hosts or wireless routers. Also, we consider a multi-channel \ Vo) !
network where multiple non-overlapping (orthogonal) channels ,/’L\:“\\ //*\;’\\ 7T T
are available, and each host or router can dynamically select a a RN e N
channel to improve performance. In this environment, we propose / © ATy AT A
a multi-channel routing protocol that works with nodes (mobile / Do o )
hosts or wireless routers) equipped with a single NIC (network '\ L) Vo) )

interface card). Supporting single NIC devices is beneficial be- \ \ N/ /
cause having multiple network interface can be costly for small N P P e
and cheap devices. S~ - S~ e ~~ -
Using the proposed protocol, nodes discover multiple routes to ) )
multiple access points possibly operating on different channels. Fig- 1. An example deployment of access points. Numbers in parentheses
Based on the traffic load information, each node selects the “best” ndicate operating channels.
route to an access point, and stays on the channel where the ac-
cess point is on. With this behavior, the protocol balances load

across the channels, thus removing hot spots and improving chan-  To reduce interference, neighboring APs are usually config-
nel utilization. The channel assignment does not cause network |, to operate on different frequency channels. For example,

partitions, assuring that if a path exists from a node to an access . .
point, the node finds a route to an access point, where all the in- IEEE 802.11b standard for wireless LANs [1] provides three

termediate nodes and the destination are operating on the same NON-overlapping channels (1, 6 and 11), where communication
channel. can take place simultaneously without interfering each other.

Our simulation results that the proposed protocol successfully In Figure 1, APs are assigned channels so that neighboring APs
adapts to changing traffic conditions and improves performance operate on different channels.

over a single-channel protocol and a protocol with random channel S . .
assignment. There are several limitations to the single-hop infrastructure

network architecture. First, it cannot handle unbalanced traffic
load efficiently. In typical scenarios such as airports, traffic load
is not balanced among cells. Places near gates can bdwme
spotswhen people wait for the plane to start boarding. Second,
Wireless networks that are widely deployed for commercifr & large area, it can be expensive to deploy a large number of
use today are mostly single-hop infrastructure networks (wireackbone-connected APs to cover the entire region.
less LANS). To access the Internet, a mobile host must be di-Recently, researchers have proposed ideas to overcome these
rectly within range of an access point (AP) typically connectedo limitations using multi-hop networking. For example, in
to the wired backbone network. Since the range of a single &2}, a mobile host in a hot-spot area can connect to an AP in the
cess point is limited, multiple APs are deployed to cover a largeighboring cell through another mobile host acting as a relay.
area, as in Figure 1. Similarly, wireless mesh networks use wireless routers to cover
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a large service area without providing wired connectivity to b Section IV, we report the results from simulations performed
large number of APs [3]. to evaluate the effectiveness of our proposed protocol. In Sec-
In the multi-hop architectures, a node may find multipléon V, we review previous work that is relevant to our work
routes to different access points, potentially operating on dift this paper. Finally, we conclude with directions for future

ferent channels. Thus each node must select the “best” rotgeearch in Section VI.
where it can achieve the best service quality. Since routes are on

different channels, selecting a route also means selecting which
channel the node should stay on. We assume that all accdss M ULT!I-CHANNEL MULTI-HOP WIRELESSNETWORKS

points, wireless routers and mobile hosts are equipped with 3\ multi-channel multi-hop wireless network of interest in
single network interface card (NIC). With a single NIC, a nodgis paper can be considered an extension to infrastructure net-
can only operate on one channel at a time. A node can switgBrks, allowing nodes to connect with an access point via mul-
its operating channel, but at the costbinnel switching delay tiple hops. An example network is illustrated in Figure 2. In the
The minimum channel switching delay reported is/80[4],  figure, solid lines indicate links on channel 1, and dashed lines
which implies that per-packet channel switching is expensiyigdicate links on channel 2. The dotted line indicates that there
and thus not suggested. So in this paper, we consider a routgsaspotential link between C and D, if their channels match each
valid only if all nodes in the path are on the same channel. gther.

To maximize channel utilization, the channels should be as-
signed so that traffic load is equally balanced among channels. wired network
However, the channel assignment problem is not trivial due to
the following issues. First, the traffic load varies over time and

is not known a priori. Second, the traffic load for a certain node P2
depends on the number of hops from the node to its associated / \ o
access point, because it determines how many times a packet is (&) \
transmitted in order to achieve end-to-end throughput. Finally, e - @ - @
channels should be assigned with the constraint that every node ’Q .

should have at least one route to an access point. @

Estimating the traffic load accurately is critical in achieving
Chan,nel load balancmg and t_hus hlgh channel utilization. ;'—I?g. 2. An illustration of a multi-channel multi-hop wireless network. Solid
Section II, we argue that traffic load observed locally by eaghes are links on channel 1, and dashed lines are links on channel 2. The dotted
node does not accurately reflect the actual load, and thus cariiheindicates a potential link, if node C and D were on the same channel.
be used as a base for selecting routes. Instead, load information
should also be obtained from the APs. Also, when the load isin this example, nodes A, B, C, and D are associated with
measured at the AP, number of hops to the destination shopld1 on channel 1, and nodes E and F are associated with AP2
be considered. Finally, when a node selects its primary rout¢sy channel 2. Nodes C and D cannot reach an access point
local load information must be used to avoid route oscillatiogirectly, but they are connected via multiple wireless hops.
We propose a new method for estimating the traffic load andNote that a “node” can be a mobile host or a wireless router.
selecting the best route according to the load information.  Mobile hosts are end-user devices, and wireless routers are sim-

The routing and channel assignment protocol proposed gfe routers with only wireless interfaces, and they act as inter-

this paper addresses the issues mentioned above and achigigfiate nodes to relay packets. Wireless routers are always
channel load balancing by dynamically assigning channels agiling to relay packets, whereas mobile hosts may or may not
cording to the current traffic condition. Channel assignmentyglunteer to relay packets of other mobile hosts. In the pro-
done in a distributed manner, as each node selects its operagisged protocol described in Section 1ll, mobile hosts that are
channel according to its observed load information. Simulatigibt willing to relay packets of other hosts do not participate in
results show that our proposed protocol successfully adaptste protocol to send HELLO messages or reply to SCAN mes-
the changing traffic conditions and balances load among chaages (details explained later).

nels to achieve high channel utilization. Thus, the contributions Coming back to Figure 2, consider node D. It is currently on
of this paper are the followings: channel 1, and is associated with AP1. However, if D switches

« A metric for estimating the current traffic load and ats channel to channel 2, it can associate with AP2 via node E.
method for selecting the best route based on the load Dnce D associates with AP2, node B and C can also connect to
formation. AP2viaD and E.

« A routing and channel assignment protocol to achieve Since node D has two potential routes it can use, it must
high performance in multi-channel multi-hop wireless nethoose the route where it can achieve a better quality of ser-
works with nodes equipped with single NIC. vice. The quality of service at a node including current traffic

The rest of this paper is organized as follows. In Section Ihad on the channel and the quality of links on the route affected

we explain the multi-channel multi-hop network architecturby environmental factors. In this paper we mainly focus on the
and discuss methods for estimating traffic load and selectitrgffic load when selecting routes. Considering link quality as a
routes in this environment. After that, we describe our prdactor in load metric can improve the accuracy of the metric. It
posed routing and channel assignment protocol in Section H.outside the scope of this paper and left as a future work.



Node D chooses the route with less traffic load. In order tmas forwarded 1Mbps of traffic. If D obtains this information,
do that, D must know the load on its current channel as well Bsknows that AP2 has a lighter load than AP1.
other channels. Thus, we discuss how to estimate traffic load irHowever, the AP-measured load is still not an accurate mea-

the following subsection. sure that can be used in selecting routes. Consider the scenario
in Figure 3. Currently, D is associated with AP1 on channel
A. Estimating traffic load 1, via node B. Suppose AP1 has 2Mbps of traffic destined for

Before discussing how to estimate traffic load, we state oipde A, and AP2 has 1Mbps of traffic destined for node F. If
assumptions. First, although a node may have multiple rouftde D obtains this information, does this suggest that node D
to the access point, only one route is used at any given time, &i@uld switch to channel 2 and connect to AP2? The answer
other routes are maintained for backup so that they can be ul§e@0- Since each packet needs to be transmitted three times to
when the primary route fails or becomes congested. For exaigach node F, the actual load on the route tree is 3Mbps instead
ple, in Figure 2, node D only uses the route through node B ¢h LMbps (recall that due to small depth of the tree, two trans-
connect to the wired network (this route is called franary missions in the same route tree interfere with each other). So it
route. The primary routes of nodes associated with the sarifedetter for D to stay on channel 1.

AP form aroute treg rooted at the AP. Second, we assume that

most of the traffic is downlink traffic (e.g. accessing web data),

sent from AP to mobile hosts. The proposed protocol supports
uplink traffic, but the load estimation is based on the downlink AP 1 AP 2
traffic. Third, we assume that APs are placed dense enough that

most routes are short in terms of number of hops, such as 3 or 4 ch 1 s en2
hops, although there is no limit on the number of hops the proto- o G @:

wired network

col supports. With this assumption, we do not need to consider

simultaneous transmission within the route tree due to spatial

reuse. Similar assumptions are made in other works [5], [6]. Fi- @

nally, we assume that as in single-hop infrastructure networks, /

neighboring APs are typically assigned different channels. So @

it is unlikely that a node finds short routes to two different APs

that are on the same channel. With this assumption, balanchig 3. An example network scenario. This example indicates that number

load among route trees leads to balancing load across chan fops must be considered in measuring the load. The solid lines are links on
. .. . . annel 1, and the dashed lines are links on channel 2.

In Section VI, we revisit these assumptions and discuss prob-

lems that arise if these assumptions do not hold, and suggestys example indicates that the load should be weighted ac-
ways g.) addref]s the ISSUES. fic load f . cording to the number of hops to the destination. We call this
5 To .'SClé:SS OV\ll to e;‘tlrga_te traffic oad, WiFr,el er to F('jgurl‘?ew metric theweighted-loadmetric, we use this metric for
again. Currently node D is connected to via node ng measurement in this paper. The specific details of how the
P

Node D has another route to AP2 via node C'.bUt it_is not USEfhd is measured at the AP and how the load information is dis-
presently. Suppose each node exchanges their traffic load in é

i 4 . . triputed is explained in Section Ill. Next we discuss how a node

mation via contro_l messages (the protocol details are explai uld select routes based on this load information.
later). So D obtains load information from B, C, and E. What
would be the metric that nodes should use to communicate the ] ] o
load information? First, each node can measure the numbeBof Selecting the route with minimum load
bytes it has received or forwarded during a recent time window.Suppose a node obtains load information on all its potential
For example, during last 10 seconds, the average traffic lomdites to destinations. When does a node decide to switch chan-
that node B has received or forwarded traffic is 500 Kbps, anéls and join another route tree? This subsection discusses this
the average traffic load that node E has received or forwardedue. A node cannot freely switch channels because it might
is 100 Kbps. Does this information suggest that node D shouidve child nodes in the route tree. Consider the scenario in Fig-
switch to channel 2 and join AP2 route tree? The answer is nog 4. Initially node D is associated with AP1, and so is node
because E does not know if it is receiving 100 Kbps becau§e Suppose AP1 has 1Mbps of traffic for node A, 1Mbps for
that is the total load on the channel, or it is only receiving 10@de D and 1Mbps for node G. Also, AP2 has 1Mbps for node
Kbps of traffic because AP is busy forwarding traffic to othdf. If node D obtains this information, should node D switch to
nodes. So locally measured load cannot be used as basiscfoannel 2?
selecting routes. Using the weighted load metric, the load of AP1-tree (the

The other metric we can use is the load measured at the ABute tree rooted at AP1) is 6 Mbps (1 Mbps for A, 2 Mbps
Since all the traffic destined to the nodes associated with thee D, and 3 Mbps for G), and the load of AP2-tree is 1Mbps.
AP goes through the AP, it can accurately measure the lo&anly node D can switch to channel 2, the load of AP1-tree
on its route tree. We assume that the bandwidth of the wiradll become 4 Mbps, and the load of AP2-tree will become 4
backbone that the APs are connected to is much larger than kiteps (1 Mbps for G and 3 Mbps for D). So this suggests that
bandwidth of wireless links. Suppose AP1 observes that duriBgshould switch to channel 2. However, it will lead to node G
last 10 seconds, it has forwarded 2Mbps of traffic. Also, ARZeing disconnected from the network. So when D decides to



wired network scanning” on all channelsConsider the scenario in Figure 5.
There are two APs, operating on channel 1 and channel 2, re-
spectively. Before node B joins the network, node A is already
in the network, associated with AP1 on channel 1 (as shown in

/ \ ch2 Figure 5(a). Now node B joins the network as in Figure 5(b).

\ Initially, node B selects a random channel, and starts scanning

@ @ by broadcasting a SCAN message on the channel. The SCAN
- message contains the address of the sender. After sending the

@ Mbps SCAN message, node B waits on the channel for some time to
e collect responses and then moves on to the next channel and
© 1Mbps eventually scans all channels in a round-robin manner.

AP 2

1Mbps ch1 ch1 ch2

. . . N AP1 o AP2
Fig. 4. An example network scenario. This example indicates that subtree
load must be considered when selecting the best route. (a) before

switch channels, all its descendants in the route tree must also

switch channels. But if D and G switches together, load of AP2- o o o
tree becomes 8Mbps, and thus D may decide to stay on channel AP B ® APz
1 (b) after

This example indicates that a node D decides to move from
AP1-tree to AP2-tree only when the current load of APl-tré:ég' 5. A simple network scenario with two access points and two nodes.
is larger than the current load of AP2-tree plus the load of the
subtree rooted at node D weighted according to the number ofAccess points, and nodes that are already associated with an
hops in the AP2-tree. If the current load and the load after &cess point can reply to the SCAN message by unicasting a
moves is equal, tie is broken using number of hops from D BEPLY message back to the sender, node B in our example.
the AP, The REPLY message contains the address of the replier, the ad-
A node may decide to switch its primary route within thelress of the AP that the replier is associate with, and the num-
tree (i.e. without switching channels or associating with atver of hops to the AP. In the above scenario, node A replies to
other AP). This happens when the primary route has larger hdgSAN on channel 1, and AP2 replies on channel 2. Since there
from the AP than the alternative route. Then the weighted loadn be multiple neighbors replying on a channel, nodes wait for
after the node switches its primary route will be smaller thaamrandom delay before sending the REPLY message.
the current load. So the weighted load metric prefers routesAfter scanning all channels, node B selectspitienary route
with smaller hops. Formal descriptions of how a node selediy choosing one of its neighbor as jiarentnode. Among all
its primary route is presented in Section Ill. the routes received, B selects the route with the minimum load
according to the weighted-load metric explained in Section II.
I1l. PROPOSEDROUTING AND CHANNEL ASSIGNMENT If there is a tie, the one with the minimum number of hops is
PrOTOCOL chosen. In the above example, B selects AP2 as its parent node.

In this section, we describe our routing and channel assi n-%ncis nodetsebll_ecr;ts(;ts _;I)_;:mary route, t:\r:afpath IaomAtget n?ﬁe
ment protocol in detail. As mentioned earlier, we assume that e 'f’ gls ?] &S ed. 1 et' reverse pa N r(()ij € q 0 the
all nodes in the network communicate via access points, a e is established byssocia lonprocess. Node b sends an

SOCIATION message along its primary route to its associ-

not with each other directly. Whenever two mobile nodes ne 4 AP. and all int diat d d the AP set tht
to communicate, they can use their routes through APs. So s » and allintermediate nodes and the seétup apathto

enough that each node maintains at least one route to an ac R B. The scanning and association process is illustrated in

point, and routes to all the descendant nodes in the route t egure 6, where node B is estabhshmg a 'rout.e W'th. AP1.
The AP must maintain routes to all the nodes associated he route table that each node maintains is similar to that of

wi . .
the AP }}E)DV [7], with some changes in the route entry. An example
I . : route table is shown in Figure 7.
The routing protocol must answer the following questions: In the topology shown ign Figure 7(a), node B has two routes
. ished? ’
ﬂow are :Ee rou:es estgk?[l|§heé:i. d updated? to AP1, and a route to node C. Between the two routes to the
* HOW are the routes main alnz ?tn f“F’I a e’). AP, node B has chosen the route via node A as its primary route.
 Howare _e routes re_covere arter a' ures: The fields in the route entries that are not in the route entries
In the following subsections, we describe how the proposgd Aopyv are type, channel, load and path. The type indicates

protocol addresses these issues. the node type of the destination: whether it is an AP, or a mobile
) node. Among routes to APs, one route is selected as primary
A. Route establishment route, which has “PRIM” under the type field. The channel

When a node is turned on, it must first discover a route tndicates which channel the route uses. The load field will be
an access point. For this purpose, the node perfdatsve explained later. Finally, instead of sequence numbers used in



il asT. The packets counted as traffic are the ones that are from

ch1
AP1 ® ® wired network to a node in the route tree rooted at the AP. Since

ScAN the AP knows the destination, it records the amount of traffic
SCAN-REPLY per destination.
(a) scanning For example, let us consider Figure 7(a) again. Suppose dur-

ing lastT" seconds, AP1 has received 100Kbps of load for node
D, and 200 Kbps of load for node B. The AP1 records this in-

ch cht formation in its route table as in Figure 8.
()
AP1 A B
| < < O Route Table of AP1
ASSOCIATION ASSOCIATION
(b) association dst | nexthop | hops | type | chan | load path
. . . . . A A 1 MH 1 0
Fig. 6. An illustration of scanning and association process.
B A 2 MH 1 200
Q C A 3 MH 1 0
D D 1 MH 1 100

AP1 e e
®)

(a) Network topology

Fig. 8. Route table of AP 1 in the scenario shown in 7(a).

The weighted load metric indicates that the load for each des-
tination should be weighted by the number of hops from AP to
the destination node. So the weighted load of the routelifee

Route Table of B is computed as follows.
dst | nexthop | hops | type | chan | load path
Ly=>Y (hi x1) (1)
AP1 A 2 |PRIM| 1 500 | A AP1 .
K3
AP1 D 2 AP 1 500 | D AP1 . .
wherei is a node in the route tree rooted at the ARs the

c c ! MH ! 0 number of hops, from AP to the node, ahis the amount of

(b) The route table of node B traffic destined for the node. So in the above example, the total

_ _ _ load of AP1-route tree is 500Kbps.
Fig. 7. An example route table and its corresponding network topology. Node

B has two routes to AP1, and a route to node C. Between the two routes to AP12) D'St”bu“ng and CO”eCt'ng load information: How a

the route via node A is selected as the primary route. node makes decision on which route tree to stay on was ex-
plained in Section Il. To make the decision, a node should ob-
tain load information on its own route tree, other route trees and
AODV, the entire path information is recorded in the route ente amount of traffic destined for the node itself and its subtree.

to prevent route loops when nodes update their routes. To allow each node to obtain the load information of its sub-
tree, the AP piggybacks the load information in the data packet.
B. Route management and updates For example, in scenario shown in Figure 7(a), AP1 observes

Managing and updating routes is the most important part éfat 200Kbps of traffic has been received to be delivered to node
our proposed protocol. Once the primary route has been 8sduring lastT” seconds. Then AP1 sends 200 Kbps with the
tablished, each node collects load information for its own rouéta packet along the route. The intermediate node and the des-
tree and other route trees. Based on this information, the nddtion node records the information on their route table. So in
switches to the route tree with minimum load so that it can obe example, node A records 200 Kbps in the route entry that
tain the highest quality of service possible. First, we descrilh@s node B as destination, and node B records 200 Kbps as a
how the load is measured at APs. Next, we explain how tiseparate variable name “LOAD" in its route table.
load information is collected by the nodes. Finally, we presentNow a node has to obtain information on route trees. Since a
the process of route update. node with a single-NIC can only listen on one channel at a time,

1) Measuring load: In Section I, we have discussed what node cannot monitor other channels to find the traffic condi-
metric to use for load information. We concluded that th&on on other channels. To exchange routes and load informa-
weighted loadwas suitable measure. Here we present thion, HELLO messages are used. Periodically, each AP trans-
detailed description of how the load information is collectethits a HELLO message which includes the load information
and distributed. Note that the protocol performs load balanmeasured using weighted-load metric. As the scanning process
ing based on the downlink traffic, because we assume that giveviously explained, HELLO messages are sent on all chan-
downlink traffic is much more dominant than uplink traffic. Al-nels, one at a time. When the nodes receive the HELLO mes-
though not considered in estimating load, the protocol suppos&ge, they update their route table according to the information
uplink traffic as well as downlink traffic. given in the message (as explained later). After that, only if the

Each AP remembers the amount of traffic it has received dgender of the HELLO message is thext hopnode in its pri-
ing pastl’ seconds. In the simulations, we have used 10 secomary route, the node forwards the HELLO message. Otherwise



the packet is discarded. To avoid collision among nodes tH4ELLO process. Node B receives the HELLO message and
transmit HELLO messages at the same time, each node waéisroadcasts it on all channels. When B transmits the HELLO
for a short random delay before sending its HELLO messagmcket on channel 2, node D receives the packet. Now D finds
In this manner, the HELLO messages are initiated by the ABat that B is associated with AP1, and is 1 hop away from AP1.
and forwarded along the route tree. So D obtains a backup route to AP1 on channel 2, through B.
A node switches its channels while sending HELLO meg$n the HELLO message, B includes the load of its route tree,
sages, becoming deaf to the transmissions on its original charich is 300Kbps. So after receiving the HELLO packet and
nel. However, the duration of sending HELLO messages apdating its route table, the route table of node D looks like
all channels is small, around a few milliseconds per chann€igure 10.
When node finishes sending HELLO messages, it waits for a

short delay before resuming to transmit data packets, so that its Route Table of D Load: 100

child nodes can finish sending HELLO messages and return to| dst | nexthop | hops | type | chan | load path

their original channel. AP2 E 2 |PRIM| 2 | 1500 | E AP2
We call the period for sending HELLO messagks.;.- c c 1 MH 2 100

Pheno must not be long enough to reduce overhead on the net-[~,5; B 5 AP 1 300 | B AP1

work. In the simulations, we have used 3 seconds a$itbg,.

To avoid synchronized HELLO period among APs, each AFlg. 10. Route table of node D in the scenario shown in 9.

randomly picks the next HELLO time between the range [1.5-

4.5]. Using this information, node D can now decide if it should
The HELLO message is used for two purposes: update logglitch to the other route tree.

information and discover backup routes to other APs on other3) Switching route trees for load balancingdnce the nec-

channels. When a node sends a HELLO message, it incluggsary load information is obtained, nodes can decide whether

the following information. to switch to other route trees. In the example shown in Figure
« The address of AP that the node is currently associatédnode D can switch its channel to channel 2 and re-associate
with with AP1, because it has a lower load.
« Number of hops to the AP When making the decision, the node compares the current
« Load of the node’s route tree load of its route tree and the load of the other indeen the node

Since the HELLO messages are sent on all channels, a néiBs the tree In the above example, node D has to compare the
can receive HELLO from all the neighbors including those oftrrent load of AP2-tree and the load of AP1-tree considering
other route trees. When a node receives a HELLO messagdt l0ad when node D joins AP1-tree. _ _
first checks whether the HELLO message carries a new route to>iNc€ node D has children in the route tree, it cannot just
an AP through the sender. If so, then the new route is record®tch channels to join other trees, because the child nodes will
in the node’s route table. Then the node updates load infornf@s€ connections with the AP. Instead, if D decides to switch
tion for the route tree that the sender is on. For ease of undepannels, it should tell all its children to switch channels as

standing, consider the following scenario in Figure 9. well. Effectively, the whole subtree moves to the new route tree.
So the load information should be computed correspondingly.
Tree Load: 300 Tree Load: 1500 For example, in Figure 9, suppose node D wants to decide
if it should move to AP1. The current load of AP2-tree is
cht ch2 1500Kbps. Now the load of the other tree should be computed
7 as:
/
) (B) ®/ Lapr = Lap1 + Z(hmm x 1;) (2)
. 4 N 7
/! AN whereL 4 py/ is the load of AP1-tree after node D joins the
G @ @ tree,L 4 p1 is the load of AP1-tree before node D joins the triee,
load: 100 > is the node in the subtree rooted at nodé.D,r; is the number
AN of hops from nodé to AP1, and; is the load destined for node
rc) i. In the above example, the load of AP1-tree after the subtree
load: 100 of D joins the tree is computed as:
Fig. 9. An example network scenario to illustrate the process of obtaining Lapy = 300 + (100 % 2+ 100 x 3) — 800 (3)

route information and selecting primary route based on load information.

Since itis still smaller than the current load of AP2-tree, node

In Figure 9, node D is initially associated with AP2 on chanb can decide to switch channels so that it can join AP1.

nel 2. AP2 has observed that 100 Kbps of load is for node DEven if node D observes that AP1 has less traffic load than
and 100 Kbps of load is for node C. As the data packet is fokP2, it does not immediately move to AP1, because the de-
warded, D obtains load information of itself and node C. Whetision can be based on out-of-date information. Also, react-
AP2 broadcasts a HELLO message, D learns that the load ofiitg immediately can cause route oscillations, because multi-
route tree is 1500 Kbps. Now at some point of time AP1 stangde nodes can switch back and forth causing the traffic load



to oscillate between two route trees. Instead, if node D ob-In Figure 11(b), AP2 is the sender of a data packet, and node
serves that AP1 has lower load for sufficiently long time, I is the destination. After the link between B and C breaks,
decides to switch channel with confidence that it will balanc&P2 is informed that the route is broken. Since APs do not
the load among APs. The duration of time a node waits betaintain multiple routes, AP2 broadcasts the QUERY message
fore it switches route trees is a tunable parameter. We denoteits route tree to look for node D. If node D receives the query
it as Tswiter, @and we usdly,;ic, = 10 Seconds in the simula- message, it selects primary route (as discussed before in route
tions. Ts.:¢cn parameter should be longer than #,.;;,, SO  establishment process) and sends an ASSOCIATION message
that nodes can make decisions based on up-to-date informataong the route. If the AP cannot find the destination node in its
Also, to avoid route oscillation due to multiple nodes switchingwn route tree, it asks neighbor APs through the wired link to
at the same time, each node chooses a random duration lalgek for node D. In this case AP1 finds node D. Then AP1 tells
thanTy.,;:.;, before switching. AP2 that it has found node D, and have node D associate with
Once node D decides to switch channels, it first sendsA®1.
SWITCH message to all its child nodes, and the SWITCH mes-
sage includes the new AP, number of hops from node D to the

h IV. PERFORMANCEEVALUATION
AP, and the new channel. The SWITCH packet is forwarded h ‘ d simulati | h f
down the tree, and all children of node D switches their chan. 'Y€ Nave performed simulations to evaluate the performance

nels and update their route entry for the primary route. Af)-f the proposed protocol. In this section, we report and discuss

ter sending the SWITCH packet, node D associates with tmee results. _ :

new AP by sending ASSOCIATION message on the new route_.There are two main design goals for the proposed protocol.
The ASSOCIATION message includes the previously asso jirst, the protocol should aIIow_ every node in thg network to
ated AP, which is AP2 in this case. When AP1 receives t '@d a route to a_t Iegst one AP, 'f. such a route eX|st. To G.WO'd
ASSOCIATION message, it informs AP1 through wired bac rast channel switching, we consider a route as valid only if all

bone network that node D has left AP1. All children of node H°d€s on the path are on the same channel. Second, within the
go through the same process to associate with the new AP, constraint that every node should have at least one route to an
" AP, the routing protocol should adapt to changing traffic con-

C. Route recover ditions on channels and balance load among them to maximize
’ y channel utilization.

Due to mobility or node failures, the primary route may fail. 1o see how well the proposed protocol utilizes available
The route recovery process of the proposed protocol is singlandwidth in available channels, we compare our protocol with
lar to route recovery process of ad-hoc routing protocols sugliy other protocols. The first one is AODV [7], which is a
as AODV. When the route is broken, the node which observ§§,g|e channel protocol. When running AODV, all nodes in-
the failure informs the source node using RERR (Route Errof),ding APs are assigned the same channel. The second one is
message. The source node initiates the recovery process. £@fulti-channel protocol, but each node selects routes based
example, consider the scenario in Figure 11. on the number of hops and there is no load balancing. We
call this protocol “MCP” (Multi-Channel Protocol). With MCP,
APs in a crowded area will have a correspondingly large num-

QUERY(D) ber of nodes in its route tree, and APs in other areas will have
small number of nodes associated with them. We call our pro-
posed protocol as “MCP-LB” (Multi-Channel Protocol with
Load Balancing), to distinguish with the other two protocol.

The goal of performance evaluation is to see how well the
proposed protocol, MCP-LB, meets the design goal. In the fol-
lowing, we first describe our simulation setup, and then report
the results.

wired network wired network

ASSOC\AT\ON\

ASSOCIATION

(a) Mobile node is the source. (b) AP is the source. . .
A. Simulation Setup

We have used ns-2 simulator [8] with wireless extensions
for our simulations. The simulation area is a 1008r1000m

In Figure 11(a), node C was trying to send a packet to AP&juare, where 64 nodes are randomly placed. The transmission
but B could not forward the packet to AP2. Then B sendange of each node is 250 m, and the channel bit rate is 2 Mbps.
an RERR message back to C. If node C does not have dmgch node uses IEEE 802.11 DCF for medium access control.
backup route, then it starts the scanning process again. If QJnless otherwise specified, 4 APs are placed at the center of
has a backup route as in this example, C selects the route, dmpladrants, as in Figure 12(a). There are 4 orthogonal channels
switches to the corresponding channel. After that, C sentgal, and each AP operates on a different channel. Among 64
an ASSOCIATION message on the new route. If it has childodes in the area, 16 nodes are randomly picked as destination
nodes, it sends SWITCH message to its children so that thegdes that receive traffic from the wired network. Constant bit
can switch their primary routes too (the switch process is simate (CBR) traffic comes from the wired network through the
lar to that discussed earlier). AP and the AP forwards the traffic to the destination node. The

Fig. 11. Route recovery process of the proposed protocol.



size of each packet is 512 bytes. To create unbalanced traffithe APs in the low-density area. Since these nodes are con-
load in the area, we have picked the destination nodes using tigeted via multiple hops, the actual throughput achieved is less

posed protocol. For all scenarios, the number of AP is set to 8,
—————— ——---- - ———— - and all APs are placed in the center of the area. For scenarios
[ [ with channels less than 8, there are multiple APs on the same
® 1 ©® 40% | 10% channel. 32 flows were generated for 32 different destination
: : nodes. The result is shown in Figure 14.

distribution shown in Figure 12(b). than the maximum achievable throughput, which is approxi-
mately 4Mbps.
| | In the next simulation, we varied the number of channels to
ONEENO 10% | 40% study its impact on the performance of the MCP-LB, the pro-
| |
| |

(a) Placement of APs (b) Placement of destina-
tion nodes Aggregate Throughput vs. Number of Channels, 4 APs, 64 MHs
4000 - Zlc(r:‘han‘nle\ " " " " " "
Fig. 12. Placement of APs and destination nodes. 3 Channels —--

*
L 4Channels &
3500 5 Channels --m—
6 Channels ---o--
7 Channels ----e---
3000 [ 8 Channels —-& PR

For the protocol parameters, we have set durdtipwhich is
the duration of time window used by an AP to measure the load,
as 10 seconds. Also, we have set the HELLO peridgdy;,, to
be 3 seconds and the minimum amount of tiMg,;+.;, to be
10 seconds. These parameters were explained in Section IIl.
Finally, the simulation time for each simulation is 400 sec-
onds, and each data point in the graphs are a result of 10 runs, 2
excep’[ for Figure 17 and Figure 18. °% 2000 20 300 provs 500 provs o 8000

Network Load (Kbps)

2500

2000

1500

1000

Aggregate Network Throughput (Kbps)

B Results Fig. 14. Aggregate Network Throughput Varying Number of Channels.
In the first simulation, we measured the aggregate throughpuiAs shown in the graph, the throughput increases as the num-
of the three protocols, varying the total network traffic. Theer of channels increase, almost in a linear fashion. We can
total traffic load is divided equally among flows. So if the totabbserve that even with 8 channels, the achieved throughput is
load is 4Mbps, the rate of each flow is 250Kbps. The results aigund 3Mbps, when the total network load is 8Mbps. This is

shown in Figure 13. because the average number of hops from source to the AP is
approximately 2 hops. If the APs are placed in uniform distri-
Aggregate Throughput vs. Network Load, 4 APs, 64 MHs, 4 Channels bution, the achieved throughput would further increase.
WL MO e T 1 This observation leads us to our next simulation. We have

AODV, 1 channel ---%--

simulated three scenarios with exact same setting, including the
placement of mobile nodes and selection of destination nodes.
2000 P s The only difference between three scenarios is the placement of
APs. In the first scenario, the 4 APs were placed in the center.
1 In the second scenario, the APs were placed in the center of
4 quadrants, as in Figure 12(a). In the third scenario, the APs
were placed at the 4 corners of the simulation area. The result

2500 [

1500

1000

Aggregate Network Throughput (Kbps)

s00 - f is shown in Figure 15.
Among the three scenarios, the throughput of MCP and
08 o 0 1o a0 00 00 a0 000 MCP-LB are the highest in the second scenario, where the APs
Networictoad (Kbps) are placed in the center of 4 quadrants. This is because in the
Fig. 13. Aggregate Network Throughput Varying Network Load. second scenario, the average number of hops is smaller, and the

number of hops do not increase much even when a node moves

As shown in the graph, the throughput of the AODV is limto associate with an AP in another quadrant. When the APs
ited to around 1000 Kbps. For MCP and MCP-LB, MCP-LBEare at the 4 corners, the benefit of load balancing is decreased
achieves higher throughput than MCP. This is because the th@cause when nodes move to other route trees, the number of
channels that the APs in the crowded area use are congeshegs in the tree is very large so that the amount of throughput
whereas the other two channels are under-utilized. Note thainmprovement is lowered.
the MCP, nodes select routes based on number of hops. SinceEhis result indicates that the density of APs is critical in the
the destination nodes are placed in a non-uniform distributigmerformance of our proposed protocol. If the APs are placed
80% of the nodes are associated with two APs in the crowdemb far away so that a node has to use 5 or 6 hops to connect
area, and only 20% of the nodes are associated with the othéth another AP, the benefit of load balancing is reduced. To
two APs. In MCP-LB, some destination nodes join route treeshieve significant benefit from load balancing, the APs have
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Fig. 15. Aggregate Throughput varying Placement of APs.

to be placed dense enough so that a node can find multiple ARG P, when the traffic load is unbalanced in the area.
in the range of 2 or 3 hops.

The next simulation is performed to see the performance of
the proposed protocol in relieving the congestion in hot-spots
by redirecting nodes to other APs. To make an extreme hot-There has been vast amount of effort in the research com-
spot, all destination nodes were selected from nodes in tiginity to improve performance of wireless networks. One re-
upper-right quadrant. In Figure 16(a), the aggregate througigarch direction that has gained increasing attention recently is
put of MCP and MCP-LB are shown. Since node associate with utilize multiple channels to improve network performance.
closest AP in the MCP, only one channel is used and other thitgghis section, we review and summarize the previous work on
channels are wasted. So the throughput is limited at 1Mbg8ulti-channel protocols and load balancing techniques, that are
However, MCP-LB redirects nodes to other APs to improvlevant to our work in this paper.
performance. Figure 16(b) shows the throughput achieved peilhere are several MAC protocols proposed that support mul-
AP. AP4, which is placed in upper-right quadrant where all deiple channels. Wu et al. [9] proposed a protocol that requires
tination nodes are placed, achieves a throughput of 1Mbps, b&#o NICs per node, one for data communication and one for
cause all destination nodes are in one-hop range of the AP. Eggchange of control messages. The channel for data commu-
AP1 and AP3, the throughput is around 40% of AP4. This inditcation is negotiated on the dedicated control channel, where
cates that the average number of hops the nodes connectingv@ry node is listening on. Then nodes switch their data chan-
these APs is approximately 2.5. Finally the throughput of AR#els accordingly. So et al. [10] proposed a multi-channel MAC
is the least among APs. Since AP2 is placed far away froptiotocol that requires only a single NIC per node. Instead of
AP4, nodes have to travel approximately 5 hops to commuthiaving a dedicated control channel, the protocol relies on tem-
cate with AP2. Although the throughput of the APs is differengoral synchronization to have the nodes negotiate channels at a
the proposed protocol regards this as balanced, because it gy&shronized time window. Bahl et al. [4], proposed a proto-
the weighted load metric, multiplying number of hops to theol that works with single NIC and does not require synchro-
actual load for a node. nization. Each node switches channels according to a pseudo-

In our final simulation, we studied the adaptive behavior s&indom sequence, and it is guaranteed that the channels of any
our proposed protocol. During 400 seconds of simulation timeyo nodes overlap periodically, so that they can communicate
we simulated 32 flows, one flow starting at every 10 seconds while their channels overlap.

We plotted aggregate and per-AP throughput for MCP-LB and Many routing protocols have been proposed for multi-hop
MCP. To create hot-spots, destination nodes were only selectedworks, that supports only a single-channel [11]. Recently,
from upper-right and lower-left quadrant. The result is showiouting protocols have been proposed for multi-channel multi-
in Figure 17. Comparing the two protocols, we can see thaop networks, that combine channel assignment and routing
the proposed protocol utilizes all 4 APs by redirecting node® that multiple channels can be utilized without changing the
to other APs, whereas with MCP, throughput of two APs afdAC layer protocol. Draves et al. [12] proposed a metric for
kept at zero. As a result, MCP-LB achieves significantly higheoute selection in multi-channel network. The metric, called
throughput than MCP. Weighted Cumulative Expected Transmission Time (WCETT),

In addition to the aggregate and per-AP throughput, we alselects high quality routes considering bandwidth and loss rate
plotted the weighted load at each AP to see how the propossdhe link, and also the amount of interference on the chan-
protocol balances the load among APs using the weighted laagl. This protocol assumes that each node has the number of
metric. The result is shown in Figure 18. This graph shows hdwnterfaces equal to the number of available channels. So et al.
the proposed protocol tries to balance the weighted load amdg] propose a routing protocol for multi-channel networks that
APs, in the changing traffic conditions. works with nodes equipped with a single NIC. Since a node can

In conclusion, the proposed protocol successfully utilizemly listen to one channel at a time, the protocol makes sure
available bandwidth in available channels, by balancing thieat when a route is established, all nodes in the path switch to
load among APs. So it achieves significant improvements owbe same channel. To allocate different channels to two flows

V. RELATED WORK
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Fig. 16. Aggregate and Per-AP throughput for the scenario with a hot-spot.
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i F T T T T =
2 2000 Aggregate  + +
S AP1  x o N
bt AP2  x +¢ww+ PR

- AP3 o et + o+ + .
2 1500 APa A . ++# +j ++ . Rt o +++: L ++tr o+ by e #trjt; b
Y A *#*# +++ R v T T P
IS Fag e e e o + h FEE R R, At
£ 1000 - ﬁwr‘#‘\d’ + +++#+#+ " LS S :w“* o t:}+ + Rt 4;
X
5
2
2 500
o
<
o
a 0

0

Network Load (Kbps)
(a) MCP-LB (Proposed), 4 channels
Aggregate and Per-AP Throughput, MCP

i - T T T T =
g 2000 - aggregate
4 AP1 X
= AP2 *
2 1500 - AP3 o e
=y AP4 &
=]
2
F 1000 ot e

B +t ﬁ*“ o Fh o b R et ey * A
g 4o #*ﬁ +##**‘**#+“ﬁ++hf#+ *ﬁﬂf 4;"& ++fﬁﬁ§*++ L ++ ++ﬁ+#+#t# ###+++++ e t‘* 1;:& + **7::: ++ﬁ*++# ++ﬁ 4#
% rwﬁﬂ*f’ ot . M@ALAAAAA%L * ot + N
Zz 500 | oA 20 AM AAAMAMA b Ot . Sesan, Ao
5 *
-2 . ‘ ‘

0 200 250 300 350 400

Time (sec)

(b) MCP, 4 channels

Fig. 17. Aggregate and per-AP throughput.

that intersect with each other, the intersecting node becomeshannels. Raniwala et al. [15], [16] proposed a multi-channel
“switching node”, which switches channels from time to timeouting protocol that also requires multiple interfaces per node.
so that it can forward packets on both flows (see below fdihe paper addresses two main issues: neighbor-interface bind-
comparison with the proposed protocol). Kyasanur et al. [14]g and interface-channel assignment. Since two neighboring
proposed a routing protocol that requires multiple network imodes need to be on the same channel to communicate, these
terfaces per node, the number of interfaces does not need¢ales need to have at least one interface that is on a com-
equal the number of available channels. Among multiple intemon channel. Within this constraint, the protocol tries to as-
faces, each node maintains one interface on a fixed channesigm channels to interfaces so that the load is balanced among
that neighboring nodes know on which channel it should transhannels.

mit to reach this node. The other interfaces are free to switch )
Our proposed protocol also assigns channels at the network
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Weighted Load at the APs, MCP-LB (Proposed)
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Fig. 18. Weighted load at each AP over time.

layer, and is most similar to [13] and [16]. Our protocol is simfor wireless networks. Hsiao et al. [17] at el. proposed a load
ilar to [13] in the sense that the protocol assumes a single Nb@lancing algorithm for wireless access networks. The protocol
per node. However, [13] assumes no infrastructure, and sigpilds a backbone tree rooted at the APs, similar to our pro-
ports on-demand route establishment between any two nogesed protocol. However, the protocol assumes that each node
in the network if they need to communicate. Instead, our prknows its load and the load information is reported to the AP.
posed protocol optimizes for when an infrastructure exists a@ir protocol do not assume that the load information is known.
only the routes between APs and mobile nodes need to be maiiso, in [17], the AP directs nodes to switch to another tree.
tained proactively. With the infrastructure, two mobile nodeEhis is not possible if the AP does not have the neighbor in-
can communicate if they are independently connected with foxmation of all the nodes, because AP does not know what
AP. As a result, our proposed protocol does not need nodes thiérnative routes the node can take if it decides to switch trees.
switch channels frequently, which reduces channel switchihg our protocol, each node independently decides whether it
overhead. The protocol in [13] tries to select a channel withould switch to another tree. Hassanein et al. [18] proposes
minimum load, but since there is no proactive route manage-use as the number of “active” paths in the neighborhood as
ment, the network cannot adapt to changes in the traffic contlie load metric. Also, Lee et al. [19] use the number of packets
tion on each channel. On the other hand, our proposed protoboffered in its interfaces as the load metric. We argue in Section
can adapt to changing traffic conditions so that the load is bélthat locally measured load may not reflect the actual load, and
anced among channels. propose thaveighted-loadmetric.

Also, our proposed protocol is similar to [16], because our
protocol assumes existence of infrastructure, and maintains
routes between mobile nodes and access points. Also, the goal
of our protocol is to balance the load among channels, so thatn this paper, we have proposed a routing and channel assign-
the channel utilization is maximized. There are several diffement protocol for multi-channel multi-hop networks that works
ences between [16] and our work. Our protocol does not requioe nodes equipped with a single NIC. The protocol ensures that
multiple interfaces per node. Supporting nodes with single ievery node in the network has at least one route to an AP, while
terface can be beneficial because equipping multiple netwalowing nodes to switch channels to associate with an AP with
interface can be costly for small and cheap devices. Also, wenimum load. We have argued that locally measured load may
use a different metric for estimating load in the route tree.  not reflect actual load, because the node does not know whether

Finally, we review the load balancing techniques proposeie low traffic indicates congestion near the AP, or the requested

VI. CONCLUSION AND FUTURE WORK



traffic was low in the first place. Thus, we proposed a load mets]
ric that considers number of hops from AP to the destination.
Using the proposed load metric, the load information is dis-
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Christian Tschudin, Richard Gold, Olof Rensfelt, and Oskar Wibling,
“Lunar - a lightweight underlay network ad-hoc routing protocol and
implementation,” inNext Generation Teletraffic and Wired/Wireless Ad-
vanced Networking (NEW2AN)004.

tributed via control messages, and each node can independerifly Charles E. Perkins and Elizabeth M. Royer, “Ad-hoc on-demand distance

decide to switch channels so that it can join a route tree with
minimum load. As a whole, the network adapts to changingg;
traffic conditions and balances load among channels. The sirf¥!
ulation results show that our proposed protocol can successfully
reduce congestion in hot-spots and avoid wasting channel band-
width due to unbalanced traffic load. [10]
Our proposed protocol has several limitations. First, the pro-
posed protocol only considers downlink traffic when measuriritf]
load. If there is significant amount of uplink traffic, it will re-
sult in incorrect measurement and unbalance in channel load.

vector routing,” inIEEE Workshop on Mobile Computing Systems and
Applications (WMCSA)1999.

VINT Group, “UCB/LBNL/VINT network simulator ns (version 2),” .
Shih-Lin Wu, Chih-Yu Lin, Yu-Chee Tseng, and Jang-Ping Sheu, “A
new multi-channel mac protocol with on-demand channel assignment for
multi-hop mobile ad hoc networks,” imternational Symposium on Par-
allel Architectures, Algorithms and Networks (ISPARDOO.

Jungmin So and Nitin H. Vaidya, “Multi-channel mac for ad hoc
networks: Handling multi-channel hidden terminals using a single
transceiver,” inACM Mobihog 2004.

E. Royer and C. Toh, “A review of current routing protocols for ad hoc
mobile wireless networks JEEE Personal Communication&pril 1999.
Richard Draves, Jitendra Padhye, and Brian Zill, “Routing in multi-radio,
multi-hop wireless mesh networks,” &CM Mobicom 2004.

Each node can measure the amount of traffic generated at[f3k Jungmin So and Nitin H. Vaidya, "A routing protocol for utilizing mul-

node itself, but it is expensive to have every node report to the
AP periodically so that the AP can update the load informatiqu]
considering uplink traffic too. A node can locally advertise its
load to its neighbors, but it is not only the neighbors that are zﬁ
fected by this load. Nodes in the other parts of the route tree are
also affected by this load. Second, the protocol only considi{%
traffic load and does not take into account the varying channe
conditions due to other environmental factors. For example,
one channel may have higher packet loss than other chann@id.
Also, channel conditions can vary in different regions. The loggk;
should be assigned accordingly so that the performance is max-
imized. Third, the protocol assumes that neighboring APs 318
assigned different channels, so balancing load among APs lead
to balancing the channel load. Although it is true that neighbor-
ing APs are unlikely to be assigned the same channel, it may not
be necessarily true. If two route trees that are close by are on the
same channel, the load balancing method of the proposed pro-
tocol will result in higher load in this channel. So in this case, a
node may need to consider the combined load of the two trees
as the channel load when it compares channel load to decide
whether it should switch to another channel. Finally, the load
metric proposed in this paper assumes that only one transmis-
sion take place at a time in the same route tree. This is not true
if the route tree has nodes that are large number of hops away
from the AP. Then simultaneous transmissions can take place at
the same time. To consider this, the weighted load metric can
be changed so that instead of multiplying the amount of traffic
with the number of hops the traffic needs to travel, it can use
a different coefficient so that the possibility of spatial reuse is
considered. All of these limitations are directions for our future
research.
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