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Abstract— Multi-radio multi-channel multi-hop wireless net-  deployed in some cities of the US, including Medford, Oregon
works recently have drawn considerable research attentionA  and cities in Minnesota [1].
number of results have been presented on joint optimization Unlike traditional wired network, close-by mesh routers
of routing, link scheduling, and channel assignment in such . . ' . ,
networks. Although dynamic channel switching has some beffiés, share certain Wl_releS_S channels and the capacity of Wgel_es
it also poses a number of challenges in managing the network mesh network will be increased tremendously when extending
protocols and causes delay in switching channels. In this per, from a single channel model to a multi-radio, multi-channel
we study the static channel assignment problem by statically multi-hop model. For example, if two nodes and v; could
mapping a channel to each radio of the nodes. We first show communicate with each other by chanrfg] and both nodes

that it is NP-complete to find a channel assignment such that h t least ilabl twork interf diwhi
the resulting network is connected while the number of assiged ave at least one more available network interface car Ic

channels to each node is at most the number of its Network could operate on another chantfg] if f is also available for
Interface Cards(NICs). Secondly, we give several novel meods both nodesy; andv; could use botlf; and f, to communicate

that only use a small number of channels while resulting in a simultaneously. When such cases are applied to more wéreles

connected network. Thirdly, we present a novel method to asgn — yqqes, the throughput of a wireless network will be incrdase
channels such that the network will support a large number of tremendously

simultaneous transmissions (thus possibly increasing theetwork . .
throughput). Fourthly, We theoretically analyze the expeted On the other hand, with the recent fast growing spectrum-
number of channels that a node needs to be able to operate sath based services and devices, the remaining spectrum deailab
it can result in a connected network with high probability. Finally,  for future wireless services is being exhausted, known as
we condgct extensive S|mu.lat|0ns to study the performancesf the spectrum scarcity problemThis is a serious problem
our algorithms. Our simulations show that our backbone basd . ) .
channel assignment method will give us a connected network 'n_ ;everal aspects: the cell phone companies have tolspend
without violating the NIC constraints with high probabilit y. billions of dollars to bid for a 20-30 MHz 3G spectrum; it is
difficult for new innovative technologies to enter the marke
competitively; it is difficult to provide a certain qualityf o
I. INTRODUCTION service f_or systems operating in unlicensed spectrl_Jms.l The
current fixed spectrum allocation scheme leads to significan
Wireless mesh network is a network implemented over spectrumwhite spacegspectrum that is not used at all for
wireless LAN, and its infrastructure type is decentralizedome period of time), where many allocated spectrum blocks
relatively inexpensive, reliable and resilient since thieeless are used only in certain geographical areas and/or in brief
routers are often static and not powered by batteries. i adderiods of time. As an example, thghared Spectrum
tion, the access points (routers) seldom change theiripesit Conpany performed spectrum occupancy measurements, and
in wireless mesh networks and some wireless nodes hdwand that the spectrum usages vary dramatically in time,
gateway functions to provide the connectivity to the In&rn geographic locations, and frequency. For example, thee wa
Therefore, such networks behave almost like wired networkisleast 87% ofvhite spacemeasured in New York City [13].
with infrequent topology changes and limited node failure¥hus, a huge amount of precious spectrum (below 5GHz),
Due to these good properties and potential applicationh syserfect for wireless communications that is worth billioofs
as providing commercial Internet access to residents adgdllars, sits there silently.
local businesses, wireless mesh networks have drawn a lot oft is widely agreed that opportunistic or dynamic spectrum
attention in recent years. For example, wireless mesh mk$wvousage will significantly mitigate the spectrum scarcity.- Re
are being used as the last mile for extending the Internsintly more and more researchers have been concentrating on
connectivity for mobile nodes. In addition, some commércidiow to reuse the licensed spectrums for secondary users when
deployments of multi-hop wireless meshes are already in tliee licensed spectrum is idle or secondary users use lidense
works. For instance, a number of mesh networks have bespectrums within some special interference temperatuye [9
such that secondary users interfere with the primary users i
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lower power, interferences, mobility and some other phalsic The rest of the paper is organized as follows: In section
barriers. In addition, using multiple channels and radimsld |l, we state our network models, interference models and the
mitigate such interference and improve the throughput teeso problems to be studied. We give an overview of related work
extent, but it could not eliminate interference completdly about multi-radio, multi-channel, multi-hop wirelesswetks
in all, the performance(capacity) improvement brought bip Section Ill. In Section IV, we study the transition phenom
multi-channel and multi-radio will be less effective or aveena which plays a key role for the connectivity of wireless
degrade if we do not handle them carefully. networks. We present our detailed algorithms in Section V,
In this paper, we address the problem of static chanreid Section VI describes our simulation studies of proposed
assignment in wireless networks with multi-radio and multalgorithms. Finally, Section VII concludes the paper.
channels under some network models and interference models
Assume that each wireless nodehas a givernx(u) number
of network interface cards and a subset of channels this node
may operate on. We need to choose a channel for each NIC ofn this paper, we will studystatic channel assignment
every node so that the resulting network has certain priggertfor a multi-radio, multi-channel, multi-hop wireless nek.
like being connected,e., assignings(u) channels to node. Our objective is either to minimize the used channels while
Here two nodes andv can form a communication links,v) —preserving a connected network, or to maximize a certain
if they share a common assigned channel. We prove that itnigtwork throughput using given radio and channel avaitgbil
NP-hard to decide whether we can assign channels to nogésill nodes.
such that the network is connected while the number of total
assigned channels to every node does not exceed the nu beﬁletwork Svstem Models
of NICs it has. We then propose several novel methods for y
assigning channels. One of our methods is based on node#/e first present the network model used throughout this
clustering: we first partition nodes into a number of clustepaper. Consider a sét = {vi,vs,--- ,v,} of n wireless
and connect these clusters via a backbone; we then findhades distributed in a plane. We first assume that each node
channel assignment for nodes on the backbone such that ¢hbas a transmission rangg- (i) that allows only those nodes
backbone is connected; finally, for each cluster, we perforwithin distanceRr (i) from v; to receive the signal frona;
a local channel assignment such that all nodes in a clusterrectly. Here we emphasize thgt;, — v;|| < Rr(i) is a
will form a connected subnetwork. One of the advantagescessary but not sufficient condition for two nodgsand
using the cluster based channel assignment is that the thethpto compose a physical communication lirkg, such link
can adapt to the dynamic channel availability. When a nodefsay not exist due to physical barriers. We assume that each
channel availability changes, we only need to update therminalv; also has an interference ranBe(i) such that every
channel assignment for one cluster if the node is not on theintended receiver would be interfered by the signal frgm
backbone. If it is on the backbone, we only need to additlgnawhen it is using the same channel@sdoes simultaneously.
update the channel assignment for backbone nodes, whagpically, Rr(i) < R;(i) < 8- Rr(i), whereg is a constant
amount is far less than the total number of wireless nodfstor and2 < 8 < 4 in practice. We use&z, = (V, E) to
in the whole network. Our extensive simulations show thaenote the complete communication graph, whéris the set
our backbone based channel assignment method inducesf all communication links.
connected network without violating the NIC constraints fo In addition, every wireless terminal (node) has one or
all nodes with high probability. more Network Interface Cards and each of them could operate
We also study how to assign channels to get a connectmtione or more spectrum radios. Here we {igg) to denote
network using as few channels as possible. By using fewttie number of NICs of a node;. Let F = {f1, fo, -+, fx}
channels, we leave more freedom for future channel assigtenote the set o orthogonal (could be non-orthogonal in
ment when new nodes join the network. We also study hawertain situations) channels which could be used by all sode
to assign channels such that the resulting network support¥. We generally assume that each NIC could only operate on
large number of simultaneous transmissions, thus incrib@se a subset ofF' channels due to the hardware constraints, and
network throughput of the resulting network intuitively. let F(v,4) be the set of channels that can be operated’by
As it is observed in the literature, many network propertidsIC for nodev, wherel < i < I(v). Let F(v) be the set
enjoy a transition phenomenon. We also show that the netwarkchannels that can be used by nadeia any of its NICs,
connectivity also has a transition phenomenon with resgecti.e., F'(v) = U; <;< () F'(v, 7). For each linke = (u,v) € E,
the number of channels available to a node when all othE(e) denotes the set of channels which could be used,by
parameters are fixed. Assume that the total number of chenntbht is F'(e) = F(u) () F(v). When F'(e) is empty, it means
in the network is fixed and each node can only operate timat the two end-nodes efcannot communicate directly over
s channels that areandomlychosen. Then we show that thee under the radio and channel constraints. For simplicity, we
network is connected with high probability sfis larger than a abuse the notation a little bit, we usé = (V, E') to denote
certain threshold value, depending on the numbef network the communication graph wheig now denotes all the links
nodes, the transmission radiu®f every node, the numbe&t e = (u,v) such thatu andv can communicate directly with
of available radios of every node, and the deployment regieach other under the radio and channel constraints of these
(typically assumed to be a unit-area square or a disk) two nodes.

Il. PROBLEM FORMULATION



B. Problem Formulation k" NIC of nodew; selects to operate on channglor not.
. . ObViOUSly,A(’Ui, k,fj) =0 if fj Q F(’Ui, k), .A(’Ui, k,fjl) +
Transition Phenomena of Network Connectivity on Chan- A(vi, k, f,) < 1 since one NIC of a node can only operate on

nel Availability: The first question we want t0 investigate, e channel under static channel assignment. When channel
is the effect of channel availability on the connectivity Oﬁssignment is given, we usé(v;) = {f; | A(vi, k, fj,) =
’ 1) — J vy g1 T

network G. Assume that due to designing or environmental ¢y "<y me NIG to denote the channels selected by some
constraints, a wireless NIC can only operate on a randomlycs of nodew.
5

selectedc channels out of total maximun#| = k channels.
It is not difficult to see that whemr is sufficiently smaller
than k, the network is more likely to be disconnected, an

when ¢ is sufficiently close tok, the network is more likely say that a channel assianmedis valid if the communication
to be connected (when the graph is connected). We thus Y '9 vaid| unicat

would like to study the asymptotical transition behavior ogr%thA (;s;(_:ognecie%g?phjhe tOtj chalnn;ahl_s used by all
the network connectivity in terms of the relation efand nodes under is denoted asy = U,y A(u). In this paper,

k and other parameters such as the numbaf nodes, the \év:tvtgsr}(svsﬁill(eau(;?r?n;esl éﬁf'gﬁ;enrglsth:st pgosdsliﬁis a connected
normalized transmission ranger. 9 P )

The remaining main challenge we will address here is thannel Assignment for Throughput: Although network
statically assign channels to the NICs of each node su@annectivity is an important property of a network, network
that the resulting wireless network has certain properéigs  throughput is a more meaningful criterion to optimize. How-
being connected while using the least number of channedger, a direct optimization of network throughput involves
At a first glance, the problem of assigning channels to wirgnany aspects of the networking such as traffic prediction,
less nodes appears to be a graph-coloring problem. Howewgliting, link scheduling and so on, which has drawn a signifi-
a standard node-coloring problem fails to assign channelgnt amount of research interests recently. A full studyhisf t
correctly because it does not capture the constraint wheji@blem in multi-hop multi-channel multi-radio is out ofeth
two adjacent communicating nodes of one link need to keope of this paper. Here we concentrate on assigning clsanne
assigned a common color (channel). In addition, an eddg-nodes such that the resulting communication graph psrmit
coloring formulation also fails to capture the constraimtt the maximum number of simultaneous transmissiaes,the
only a limited number of colors can be incident onto a nodgize of the maximum independent set in the conflict graph (to
due to the limited number of NICs for each node. Furthermornge defined later). Two links can transmit at the same time if
both formulations fail to capture the property that the l&sg  they will not cause interference with each other. Noticet tha
network must be connected. there is a distinction between the network throughput aed th

For simplicity, we first assume that we had fixed channelgaximum number of simultaneous transmissions permitted in
Notice that, in practice, we may have flexible channels. Fui-network. To study the network throughput under a certain
thermore, a node can merge several consecutive channels éiannel assignment, we need to specify the interferenceimod
one big channel and thus saves the network interface cardgibe used. Here we will adopt several widely used interfegen
needs. Actually, we can prove that an available flexible nb&n models as follows.
assignment only increases the throughput of the network, bugne of the main obstacles in designing wireless network

it will not dgtermine whether there is a channel aSSignmeﬁ‘rtotocoIs is the signal interference. A number of interfiere
that results in a connected network. models have been proposed in literature, such as the ptotoco
Channel Assignment for Connectivity: We first formally interference model [6], the RTS/CTS interference moded, an
define the channel assignment problem when only netwdhe signal-to-interference-and-noise ratio model, etw. €x-
connectivity is required. Remember that throughout thjsgpa ample, according to IEEE 802.11, a transmitter sends a RTS
we only considestaticchannel assignmerite., each NIC will frame to intended receivers before sending a data frame. If
select one and only one channel from its operable channtfle intended receiver is available to receive data framaillit

to operate on. We notice that in practice dynamic channelspond with a CTS frame to the sender. For every transmitter
switching is possible for some networking cards. Dynamieceiver pair, all wireless nodes within the interferenaege
channel switching clearly can potentially improve the ratw of either the transmitter or the receiver will refrain from
throughput performance. However, this is not without aqarictransmitting. In other words, for two simultaneous trarttinmg

the hardware needs to be specially designed, and the charinés xy and uv, x andy cannot be inside the interference
switching does have some overhead such as delay and gwgion of eitheru or v, and vice versa. The protocol model
chronization between transmitting nodes and receivingeeodPrIM) was first proposed in [6]. In this model, a transmissio
where they need to switch to the same channel almostfaim nodew; (transmitter) to node; (receiver) is successful
the same time period. In light of these possible overheadlsand only if the intended receiver; is sufficiently apart

we mainly consider the static channel assignment where edicdm any other transmitter transmitting simultaneousle,,
radio of every wireless node will operate on a pre-deterthindv, —v;|| > (14n)|/v; —v,||), wherev;, # v; and constang >
channel. The channel assignment problem is to determineSimilar with PrIM, Wanget al. [24] recently proposed the
which channel to operate exactly. Let(v;, k, f;) € {0,1} fixed transmission power protocol interference model §Brl

be the channel allocation function that denotes whether tivaere the transmission from to v; is successful only ib;

We define the communication graghy = (V, E’) induced
Hy the channel assignment methddas follows: E’ contains
alink e = (u,v) only if e € E and A(u) N A(v) # 0. We



is not within the interference range of any other transmitte
vy transmitting in the same time slot using the same channel,
that is ||vy — v;|| > R;(k). Another interference model is the

Transmitter Interference Model (TxIM) [27]. In this model, "@
transmission from node; is successful if and only if, for any @

(h8)
@.@
other transmitteny, transmitting in the same time slot using @

the same channely; —vi | > (1+1) (Rr (i) + Rr (k). Here, (@) conflict graph  (b) 1 nic per node  (c) 2 nic per node
7 is a system parameter. The physical interference model UggS2. The corresponding conflict graphs with RTS/CTS fetence model.
the signal-to-interference-and-noise ratio (SINR) tocdibe

the aggregate interference in the network. In this model, a

transmission from node; to nodew; is successful iff the 1. RELATED WORK
SINR at the receiver is at least the minimum SINR threshold
required. As we know, traditional multi-hop wireless networks are

The channel assignment and link scheduling is closefpmprised of single radio components, and using multieradi
related to the graph coloring of the conflict graph modelimg t @and multi-channel could efficiently enhance the througtgsut
wireless networks. Conflict graph modeling has been widelje whole wireless network by exploiting the multiple chan-
used to model interference in wireless mesh network, wiichnels and channel reuse opportunities. However, simplygusin
defined as follows. Consider a graph= (V, E) whereV is multi-radio and multi-channel without an efficient channel
the set of wireless devices atglis the set of communication @ssignment algorithm cannot effectively exploit the imsiag
links. The conflict graph’ = (V’, E’) corresponding ta5 bandwidth available, even decrease the network perforenanc
has verticed/’ corresponding to the links i, which means due to channel switching overhead and system management
that if there is a linkv;v; € E, there will be a vertew; ; in overhead. As noted in [15], [19], [22], there are a number of
G'. Conflict graphG’ has an edge between two verticeggh common issues concerning multi-radio, multi-channel,tmul
iff the corresponding links it denoted by these two verticeshop wireless networks including network connectivity, riig
in G’ conflict with each otherj.e., they cannot transmit at channels, switching channels dynamically and networkltopo
the same time slot using the same channel. Specifically,0@Yy-
two links v;v; andwv,v, in graphG conflict with each other, Concerning the subject of multi-channel multi-hop wirsles
there will be a linkv; jv,, in G’ between two vertices; ; networks, some researchers have proposed several apgsoach
andwv, ,. Notice that there will be a different conflict gragif  For example, in [8], [14], Jaiet al. proposed a Carrier-Sense
under constraints of different interference models fordshme Multiple Access (CSMA) protocol based on a modification
node set/, as well as a different channel assignment schen®. IEEE 802.11 for multi-hop wireless networks that uses
Take a simple example, shown in Figure 1, with four wireleggultiple channels and a dynamic channel selection method.

Their main idea was to divide the available bandwidth iMto
channels and the transmitting station selects the aptepri

o 1 channel to transmit packets based on the interference power
measurements on all available channels.ebal. [20], [21]
e e proposed a MAC protocol requiring only one transceiver per
el

host for ad hoc wireless networks. This MAC protocol en-
ables hosts to utilize multiple channels by switching clesn
dynamically, thus increasing throughput of wireless nekso
Unlike those approaches above which need to modify the
IEEE 802.11, Bahkt al. present a link-layer protocol called
nodes,V = {A, B,C, D}, each of them has at least twoSlotted Seeded Channel Hopping (SSCH) in [16]. SSCH
available NICs. We assume that nadeandC are not within increases the capacity of an IEEE 802.11 network by utiizin
the interference range of each other, nor are ndgdemd D. frequency diversity and each node in the wireless netwoek us
Figure 2(a) shows the conflict graglf under the RTS/CTS SSCH to decrease interference, thus improving the capatity
model without considering the channels and the radios of alireless networks. Dast al. [4] present two mixed integer
nodes. Assume nodé could operate on channel$, 2}, node linear programming models for solving the fixed channel
B could operate on channe{, 3}, C operates on channelsassignment problem with multiple radios through findingdixe
{3,4}, and D operates on channeld,4}. When each node channel assignment strategies to maximize the number of
has only one NIC, then clearly botd and B should use simultaneous bidirectional links.
channel2 to communicate with each other; similarty and There are other examples of other research concerning using
D should use channél to communicate with each other. Inmulti-NIC for each node, include [17] and [23]. The methods
this case, linksAB and AD cannot be activated at the samedopted in [17] require each node to have as many NICs as its
time. Figure 2 (b) shows this phenomenon of conflict whemeighbors have, and also require a sufficiently large number
channel availability is taken into account. Figure 2 (c)wvgbo of available channels. In [23], authors assume that theam is
that all4 links can be activated at the same time if every nodepriori and identicalchannel assignment to the NICs of each
has2 NICs. node, and the channel assignment for all wireless node is the

Fig. 1. A simple network represented by a graghwith four nodes.



same: binding#1 NIC with channell, #2 NIC with channel will not be operable by, and v although nodes andv are
2 and so on. However, as we know, such requirements goeysically within the transmission range of each other. We
unrealistic because the number of NICs each wireless natkfine a networkG(V,r,, s, k) as the set of linksiv where
has may be different and some NICs could only operate orja—v|| < r, andu andv have a common channel. Clearly, if
fixed subset of channels due to the hardware constraints, suc> % then it is guaranteed that two end nodes of a timkin
as802.11.X series NICs could operate dn channels. In this G(V,r,) will have a common channel to communicaie,,
paper, we assume that different wireless nodes may hav&'@’,r,, s, k) is connected as long a&s(V,r,,) is connected.
different number of NICs, and that the types of NICs do n&e want to know the critical value for (with fixed r,, andk)
need to be uniform. Furthermore, the actual available calannthat will allow the networkG(V, r,,, s, k) to remain connected.
for different wireless node could be different, which is mor Obviously, a linkuv remains inG(V, r,,, s, k) if they have
general than previous studies and more close to practice. a common channel, whose probability is

Other research such as [2], committed a joint channel (k) (k_s)
assignment scheme for throughput optimization in multi- Pps=1— 3222
radio wireless mesh networks. However, it assumes that all (s) (s)

nodes have the same transmission range and only considgfegery node only has one radio. When every node has same

the static channel assignment situation. In other wordsy thset of R distinctive radios, the probability that two nodes will
assume that for each nodethe number of available channelshave a common channel among any of th&seadios is

for it is no more than the number of NIQ%v). However, as R
we know, in practice, not only could the transmission ranges " (%)
of wireless nodes be different, but also nodes could adest t Pror=1- W
channels they operate on dynamically. SNE
Consequently, every link inG(V,r,) will survive in
G(V,rpn,s,k) with a probability P, s g, i.e, the network
G(V,rn,s,k) can be modeled as a Bernoulli model. From

Recent work [7], [12] has shown that, whennodes are [26], we know that the network:(V,r,, s, k) is connected
randomly deployed in a certain region, there is a critica¥ith high probability only if
transmission power,, required to ensure with high probability
that two wireless nodes in the network could communicate
with each other through one- or multi-hop paths if all nodes
have fixed power-,. In other words, such critical transmission —
power is also the threshold of keeping the whole network
connected, if the area of the plane and the number of the nodes
in the networks are fixed. Generally, it was known that, given
n nodes of sef randomly deployed in a unit area region
(such as a square or a disk) and every node with transmission
ranger,,, the unit disk graph network(V, r,,) formed byV
(which has a linkuv iff ||u—wv|| < r,) is connected with high
probability if 7nr2 > logn, otherwise it is disconnected with
high probability.

For multi-radio, multi-channel, multi-hop wireless netgig. 3. Transition phenomena in wireless networks.
works, several networking parameters will affect the nekwo
connectivity, for example, the transmission range of wsel  The simulation results of transition phenomena of network
nodes, the number of radios available for every node, thennectivity are reported in Figure 3. Here, theoordinate
number of channels that can be used by each radio. Traditioimalicates the number of available channels on which each
results on critical transmission range for connectivityuamsed node could operate during a period of time, andoordinate
that every wireless node only has one NIC and there is ordgnotes the connectivity of the whole wireless network. In
one channel to choose. In a wireless network with multieadi this simulation, we randomly genera3é0 and 400 wireless
we assume that channels which can be operated by a raddales respectively in 00 x 500 unit region and the difference
of a specific wireless node are randomly chosen from a dmitween these two cases is that the transmission range of the
of channels. Then we would like to study whether there fermer is 75 units and 50 units of the latter. Typically, atuni
a critical density of channels for the network connectivityepresents about one meter here. We assume the maximum
Clearly, we first need the transmission rangeto satisfy the number of available channels on which the wireless nodes
requirementrnr? > logn. could operate id1, in practice, this number maybe different,

In multi-radio multi-channel networks, we generally assunfor example, IEEE’02.11b specifies1l channels in the2.4
that there aré: channelsF available globally and each radioGHz spectrumy of which are orthogonal, and IEE®)2.11a
will be able to operate om channels randomly selected fromspecifies13 orthogonal channels in the 5 GHz. We vary the
F. Notice that when two end-nodes of a link in G(V,r,) number of available channels for wireless nodes frorto
do not have a common operable channel, then this dink 11, and the results indicate that the connectivity of a wirgles

IV. TRANSITION PHENOMENA
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network increases sharply fror to 4 available channels. a certain network property. Notice that giverwireless nodes
The whole wireless network is connected almt®d percent randomly distributed in a region, whether those nodes could
provided that the available channels are equal to or greatemrm a connected network or not has been determined when

than4. the attributes of nodes are given, such as the transmission
range, interference range, available channels and NICs of
V. OUR APPROACHES nodes.

In the previous section, we showed that for a network to
be connected, we need at least a certain number of chanmglsBackbone Based Approach
for each node if the channels are randomly available. InA th irel q domlv distributed i
this section, we are ready to present our approaches for ssume nere are wireless nodes randomly distributed in
static channel assignment while achieving connected mksyo aregion and_ each nodg has[(vi) NICs. The transmission
and/or networks permitting largest number of simultaneol@" 9% ofv; is Rr(i). Every nodev, has some adjacent
HransSMISSIons. neighbor nodes,_ d_enoted W(vi)__ H_ere ifv; € N(v;), then
v; should be within the transmission range @f and node
_ v; and v; should have one or more common channels, that
A. Complexity Result is F(i) N F(5) # . Notice that,u; € N(v;) does not mean
First of all, given a wireless network and the radio and; also belongs taV(v;) due to the different transmission
channel availability constraints of all wireless nodes,siew range ofv; andv;. Notice thatV(v;) could be empty in some
that it is NP-complete to decide whether we have a chanmsglecial case, and the netwogk is then not connected. We
assignment that results in a connected network withoutmélanalways assume that the network is connected by having enough
switching. channels to wireless nodes. On the other hand, assume we have
Theorem 1:1t is NP-complete to decide whether we have anough channels and we would like to minimize the number
channel assignment that results in a connected networlkutith of channels needed to guarantee the whole network connected
channel switchingi(e., the number of assigned channels to Our first method is a Backbone Based Approach (BBA).
each node is no greater than its number of NICs). Obviously, the centralized method will get the best channel
Proof: Clearly the problem is NP since we can checkssignment performance. However, a centralized approach,
whether a given assignment is valid in polynomial time. Wetting some node collect information of all other nodes in
then show that it is NP-hard from the induction of a NPthe network, is almost impossible due to the low memory and
complete problem finding a minimum-degree spanning treepotentially high mobility of wireless nodes. Even if podsib
It is known that it is NP-complete to decide whether a giveit is unwise because the whole network would be full of
graphG has a spanning tree whose maximum node degreensssages regarding the information of wireless nodes,hwhic
at most a given integeP [5]. Given the grapttz = (V, E) and will sharply decrease the throughput of networks. The main
integer D, we construct a channel assignment problem foridea of our backbone based approach is to let every node
networkG’ as follows. The networks’ = (V' E’) is the same only record some necessary information of some neighboring
as@, and each wireless node &f will have D radios. There nodes, typically at most 3 hops away. Our backbone based
arem total channels, where each channel corresponds to approach will partition the wireless nodes into clusters: a
edge in the grapld”. The set of channels on which a wirelesslusterhead in each cluster will be in charge of the channel
node can operate is the set of channels corresponding toasifignment for all nodes in the cluster; the clusters are con
incident edges of this node . We then show that grapfi nected via gateway nodes which will ensure that the regultin
has a spanning trég with a maximum degre@® iff there is a network is connected. The benefits of using backbone based
channel assignment f@¥ that results in a connected networkapproach are that (1) the majority channel assignment will b
without channel switching. restricted to a small local neighborhood, thus, it is pdesib
First of all, if such a treel’ does exist, then our channelfind the optimal assignment for this small local neighboidioo
assignment for the networ&” will work as follows: a node (2) the backbone is sparse and already connected, thus gnakin
u is assigned a channel represented by the edifjec is an it much easier to have a channel assignment that results in a
edge incident on: in the treeT. Clearly, the total number connected network. Through the backbone, a nodeould
of channels assigned to every nodeis at most D, and communicate with any other nodg in the network through
the network induced by the channel assignment is obviousipe or multi-hop communication.
connected sinc& will be a subgraph of the induced network. In BBA, we divide all nodes into three different type sets:
Secondly, assume there is a channel assignment that indugeminators Dominateesand Connectors A typical method
a connected network. Since each node has at thostdios, for building a dominating set typically works as follows.
the number of channels assigned to every node is at mustially all nodes are marked as white (whose status is not
D and thus the induced network has the maximum degrdetermined yet). A white node claims itself to be a dominator
D. Consequently, any spanning of the induced network isifait has the largest ID (or some other ranking methods such
spanning tree folG whose maximum degree is at mast as the number of radios or the node degree) among all of
This finishes the proof. B its neighbors, then it will broadcast a mességmDominator
In the remainder of this section, we propose several nowelits one-hop neighbors, and mark itsBlddminator. Here we
methods to assign channels to every node in order to achieassume that each node knows the IDs of its one-hop neighbors.



When a white node receives EamDominatormessage, it will wireless backbone.
mark itself as @ominateeand then broadcasdmDominatee
to its one-hop neighbors. Through the procedure abovegthe s
of dominators is actually a maximal independent set in which
there are no adjacent nodeg( two nodes could communicate
directly in one-hop). For simplicity, a dominatee node will
choose only one dominator from possibly several neighigorin
dominators. If the shortest path connecting a dominatand
a dominatorv; is k-hops, we say; is a k-hop dominator-
neighbor ofv;, and vice versa. Typically, in this paper, we
needk to be2 or 3.

Here we also define another criterion caltdthnnel-degree Fig. 4. Backbone of a wireless network.
for selecting dominators. Assume that a nedbask one-hop
neighborsV(v;) and for a neighboring nods, the number of

common channels betweenandv; is ¢;;. Then the channel-
method can select a small number of gateway nodes; how-

degree of node; is _, ¢y, ¢ij- When channel-degree is : : .
used for building a maximal independent set, we select aewhft/e"h if the backbone is too dense, it may not be good for

node to MIS if it has the largest channel-degree among all fyr channel assignment. Not|ce_that we need to result in a
white neighbors. connected network, thus, more links in the backbone means
After getting the dominator set and dominatee set, the ndRtt OUr channel assignment should satisfy more conssrgant

step is to choose some nodes from dominatee set as gate rﬁxn the backbone poses a constraint such that the endsnod
nodes (also called connectors) to connect all dominatoesiod" i 'il'nl; sI:]_ouId be assigned at Ieas';]one common chan_nel).
and thus the backbone of whole network. There are sevefal'9nt ot this, we propose t? use the minimum spanning
different centralized approaches to find connectors. tree to build the backbone, which is the sparsest backbone we

One way is to let the dominatees which are dominated [G9U!d 9et. For every pair of dominatorsandv that are2 or
most dominators have priority to become connectors. First0PS away, we assume that there is a virtual link connecting
all dominatees are in the candidate set of connectors. We pie€m With the cost delﬁned as the Euclidean _dlstdhee vll
the dominatee with the most dominators from the candidate S§MWeen them, ok The intuition behindzry7r;
and make it a connector. Then we delete it from candidate s&t.

that we want to connect pairs of dominators who have
Second, we find the next dominatee with the most dominatdPQre channel availability, which will make it easier to get a
from the remaining candidates, if this dominatee could echn

connected network without channel switching. For distieiou
at least one unconnected dominator or connect two differdfiPlémentation, we can also apply a local minimum spanning

trees composed of dominators and connectors, it claimié itsi€€ structure proposed in [10], [11]. _

to be a connector; otherwise, we delete it from candidateVVe then study how to assign channels to dominatees,
set. We find the next candidate node and repeat the ab&z;@eu_ally all nodes dommategi by one specific dominatoenod
procedure until all dominators are connected completedyeH On€ Simple approach could just use the star structure: every

we assume that every dominatee node knows how many SHagninatee node is connected to the dominator node and we
which dominators could dominate itself want to assign channels to them such that these links between
Another way to connect dominators is known as Steiner trd2€ dominator and the dominatee nodes will have common
algorithm. This straightforward approach gives the apjmax channels. This simple approach clearly will put a heavy eard
tion ratio ¢ - (H(A) + 1), wherec is the approximation ratio ©N the dominator node since its channel assignment needs to

for the unweighted Steiner tree problem. Currently, thet beddlisfy the connections tall its dominatees, which may be
ratio for c is 1 + % ~ 1.55, by Robins and Zelikovsky [18]. impossible. We adopt another simple approach as follows.

However, all of the approaches above are centralized asd t§{€ build some sort of minimum spanning tree to connect
is not practical. the dominator and all its dominatees (excluding the coramect
We use two different approaches to elect connectors frdipdes). The selection of the link cost will clearly affeceth

dominatees and construct the backbone of a wireless netwBR¢formance. If Euclidean distance is used, we know thateve
with dominators. node has at most neighbors in the minimum spanning tree;

therefore, it only needs to ensure that it has common channel
with these neighbors. Algorithm 1 illustrates our approach

f constructing local minimum spanning tree based on the
?lr?annel availability of different nodes.

Minimum Spanning Tree (MST) Backbone: The above

Locally Selected ConnectorsOne efficient approach is that
for each pair of dominators; andv; that are at moss hops
away from each other, we find one shortest path connecti
them and add all links of this path into the backbone. ft
has been proved in [3], [25] that the size of the backbone )

constructed as above is at most a small constant factor of fhe SPanning Tree Based Approach (STBA)

optimum when the network is modeled by a unit disk graph. In this subsection, we propose another minimum spanning
Notice that it is possible that there may be multiple pathsee method to find a structure as a base of our channel
selected to connect two dominatarsaandwv, thus making the assignment. We will also compare the performances of MST-
backbone more robust. See Figure 4 for an illustration ofkesed structure and cluster-based structure. Assume dhere



Algorithm 1 Spanning Tree for Local Neighborhood Algorithm 2 Minimum Incremental Spanning Tree Structure
Input: Assume there aren wireless nodesV = Input: G = (V,E)

{v1,v2,...,v,} in the local areazZ, including one dominator Output: Spanning Tree€Z s = (V', E').

and a number of dominatees, aftlis the set of all possible 1. v/ — ¢: ' — () Let ¢; be the channel that could be
links (edges) whose start points and end points arg.ihet operated by the most links.

E be all links formed by node$” wherev,v; € E iff they 5. pick a random links; v, with a common channet,. Add
are within the transmission range of each other and share a ,, andv, to V’. Let C be the set of channels assigned to

common operable channel. nodes inV’ so far.
Output: A spanning treez = (V, E'). 3: while |E’| <n —1do
LV =0, =0 4:  Pick a linkv;v; such that eithep;, ¢ V' orv; ¢ V' or
2: Collect all available channels which could be used by both, and there is a common channel betwegmand
all links in E, and save these channels into the Get v; using channels frong.
{e1,¢2,...,cr} by decreasing order of usage, thatads, If no such link exists, find a channelthat is used by
is the channel which could be operated most by all links. the most links with at least one end-nodes frdm-
Seti = 1. V’. Then pick a linkv;v; such that eithep; ¢ V' or
3: while i < k do v; ¢ V' or both, and it has a common channrelLet
Find all links v,v, that can operate on channg| here C=CuU{c}.

v, andv, are from different connected components of Add link v;v; to B andV’ = V' U {v;,v;}.
graphG = (V, E’). The set of such links is denoted as 5: end while
E;.

5. for each linkv,v, € E; do

6: Add vyv, to B’ if v, and v, are from different assignment may not always be valid: sometimes the number
connected components 6 = (V, E’), and update of assigned channels to a node may be more than the number
graphG accordingly. of the NICs it has.
7 Remove linkv,v, from E;. When the structuréf is a tree, we actually can perform the
8. end for channel assignment as follows. Assume that the tree isdoote
9: Updatei =i+ 1. Pick a leaf node and assign and its parent node a channel
10: end while c that is mostly used by links incident an Remove node
and its incident link from the treé/. Repeat the above steps
until H becomes empty.

n wireless nodes in a regiog, and C = {¢1,ca,...,ck}

is the set of channels which could be operated on bynall VI. PERFORMANCEEVALUATION

nodes. Assume each node must have at least one NIC which ) ) ) )

could operate on one of channelsdh We adopt two ways In this section, we present our simulation results that
to compute the weight of links. One is to use the Euclidedtyaluate our algorithms to study the performance gain of
distance||v; — v;|| as the weight of linky;v;. We use Prim's USing multi-radio, mulltl-channel anq _multl-hop for wirege .
algorithm to implement the Minimum Spanning Tree. ThEesh networks. Besides the transition phenomenon which
all nodes, which means when we choose one link from &f Poth the Backbone Based Approach and the Spanning
candidate links, we always pick up the link that will lead td"e€ Based af)proach. In our simulation, we assume that each
a minimumincrease of the number of channels already us¥dreless node’s NIC could operate on all channels, and the

by all selected links. Algorithm 2 presents our method thaireless node will not dynamically switch the channel dgrin
constructs a spanning tree for channel assignment. a certain time period. We assume there 30@ wireless nodes

randomly distributed in 00 x 500 units (meters) area and
) the transmission range for each wireless node is 75 units.
D. Assign Channels We first compare the performance of two channel as-
After the structures have been constructed, we now asignments obtained by our Backbone Based Approach and
ready to show how to assign channels to radios of every noBpanning Tree Based Approach respectively. Figure 5 shows
such that the resulting network will be connected. Given the results of the minimum number of channels required by
structureH (typically a connected spanning tree), we propo$8BA and STBA to keep the whole network connected. We
two different approaches to assign channels to links of thary the number of available NICs frofto 11, and randomly
structure H. The first approach will always find a channelpind each NIC with one ofi1 channels. Through the two
sayc, that can be used by the greastest numbamaissigned curves we know that BBA needs fewer channels to make the
links in H and then assigmr to all appropriate links in  wireless network connected under the same condition.
(i.e. the end nodes of these links); these links are calledWe then study the number of simultaneous transmission
assigned. Originally, all links inf are unassigned. Noticelinks that can be supported by the resulting network from a
that Algorithm 2 also produces such an assignment at thwen channel assignment method. To some extent, the more
time of constructing the spanning tree. Observe that such simultaneously transmission links exist, the more thrqugh
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channel assignment method produces the least amount bf tota
link interferences.

Notice that in a channel assignment produced by some of
the above approaches we cannot simultaneayslyanteghat
the resulting network is connected and the number of asdigne
channels to a node is not greater than its number of NICs.
Remember that it is NP-hard to decide whether we can achieve
the above for an arbitrary network. If a node has more asdigne
channels than the number of NICs it has, then clearly this
node needs to perform channel switching during the routing,
and this causes not only delay but also some other overhead
in routing. We then study the number of NIC violations the
network will have to get a connected network under a certain
channel assignment method. Here the NIC violation of a
node is defined as the number of assigned channels to this
node minus the number of NICs this node has if assigned
channels are larger than the number of NICs; otherwise, it
is 0. We then conducted extensive simulations to study the
expected number of violations in a channel assignment. In
our simulations, we randomly generate 300 nodes and the
transmission range of each node is 75 units. The number of
NICs for each node is 3 and every NIC could operate on 3 of
11 channels. We randomly generat® network instances and

Fig. 6. Comparison result between BBA and STBA on the numtier $h€n produce data for Table I. Notice that when the number
simultaneous transmitting links.

TABLE |
NUMBER OF AVERAGENIC VIOLATIONS FOR A CHANNEL ASSIGNMENT.

of the whole wireless network will be obtained. As can be seep—zorchannels] 6 = 8 9 10 T 11
from Figure 6, the maximum number of links which could CDS | 2.2608 | 2.2556 | 1.3622 | 0.422 | 0.02| 0
transmit data simultaneously in the resulting wirelessvoet MST 0 0.1111] 0.0165] 0.0035] 0 | O

obtained by our two approaches have a little difference too. _ _ N o
Clearly, the Spanning Tree Based Approach performance b@ftavanal?le channels 6 or 7, the connectivity of the original

ter than the Backbone Base Approach does on this point. Hgigtwork is very bad (aboui network instances out 300

we assume for each node, R;(i) = 1.5 x Ry(i), and the samples are connected in our simulations). When the number
interference range of a link (v;v;) is Rr(e) = Ry (i)UR;(j). of NICs_ comes t®, 9, 10, the netwc_;rk is conn_ected with high
We adopt the RTS/CTS interference model in our simulatigdfobability. The number reported in Table | is the average of
and thus if a linke’ has any one end in th&;(e), and if ¢/ the performances of these network instances where thenatigi
and e are assigned the same channel in channel assignm@giwork is connected. Based on our simulations, we found

method, they will interfere with each other. We also measutigat MST often will have fewer NIC violations: most times it
will only have aboutl channel switching needed in the whole

] network. On the other hand, when the original network is

6500

6000

5500

— Backbone Based
—— Spanning Tree Based

connected, the connected dominating set (CDS) also only has
an insignificant number of NIC violations. These simulasion
confirm that our backbone based channel assignment method
indeed will give us a connected network without channel

switching with high probability.

We also conducted extensive simulations to study two dif-
ferent channel assignment methods and found that the channe
assignment assigning the most widely used channels first
always has the best performances compared with the method
specifically designed for the tree.

Number of Violations

4500
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Fig. 7. Total link interferences among all links in the netiwo

the number of total interference among all links. Obsena th VII. CONCLUSION

the number of total interference directly influences otesués  In this paper, we studied thetatic channel assignment
like link scheduling, and thus influences the throughput g@iroblem by statically mapping a channel to each radio of the
whole network. Figure 7 presents the result of our simutatiomodes. We showed that it is NP-complete to find a channel
concerning this total interference number for all links ofAssignment such that the resulting network is connected.
connected wireless network. We found that the backbonalba$e then gave several novel methods that only use a small
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